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Abstract

Agricultural and industrial activities require extensive use of raw materials and generate large amounts
of nutrient-rich waste streams. These have been linked to a drastic and widespread increase in the
pollution of aquatic systems, and incidence of eutrophication events. The need to reduce nutrient run-
offs and preserve the presently available water resources is a major concern and a great opportunity to

develop nutrient removal and recovery processes for waste streams.

Microalgae have been exploited for the treatment of different industrial wastewaters, coupling microalgal
biomass production with resource recovery and waste valorisation, demonstrating the potential of

microalgal-based systems to integrate a circular economy model.

Outdoor microalgae production systems are susceptible to seasonal variations in radiation intensity,
photoperiod, and temperature, which impact the annual productivity and economic feasibility of large-
scale operations. As these parameters are unique to every location, it is important to study their patterns
within the geographical area of interest before the implementation of any production unit. In this sense,
this work aims to assess the performance of a naturally established endogenous microalgal assemblage
for the bioremediation of a nitrogen-rich effluent derived from an industrial fertilizer production plant. The
experiments were carried out by operating a 700 L pilot-scale raceway pond in semi-continuous mode
from 2020 to 2021. Data acquired in 2019 were integrated into this analysis to allow the assessment of
the system’s long-term performance accounting for year-round variations. Nitrogen removal efficiency,

biomass productivity, and the ecosystem’s species evolution were the parameters evaluated.

Additionally, several production cycles were performed under different pH values (6.5, 8.0 and 9.5), to
promote alterations in the microalgal assemblage and, consequently, in the biomass batches obtained.
The biomass was processed into three extracts which were tested as biostimulant priming treatment
products in rice (Oryza sativa L. Japonica) under optimal and salinity stress conditions (80 and 160 mM)

to assess their impacts on germination.

Keywords: Microalgae, Open raceways, Nutrient recycling, Wastewater bioremediation, Circular
economy, Plant biostimulants.






Resumo

Atividades agricolas e industriais requerem a utilizacdo de grandes quantidades de matérias-primas,
gerando também grandes quantidades de residuos ricos em nutrientes. Estes residuos estao
associados a um aumento drastico e generalizado da poluicdo de sistemas aquaticos e incidéncia de
eventos de eutrofizacdo. A necessidade de reducéo da introducdo excessiva de nutrientes no ambiente,
e de preservacdo dos recursos hidricos ainda disponiveis, é preocupante; no entanto, compde uma
oportunidade para o desenvolvimento de processos de remocao e recuperacao de nutrientes de aguas
residuais.

As microalgas tém sido exploradas para o tratamento de diferentes efluentes industriais, acoplando a
producéo de biomassa a recuperacao de recursos e valorizagao de residuos, demonstrando o potencial

de sistemas de producédo de microalgas para integrar um modelo de economia circular.

Sistemas de producdo abertos séo suscetiveis a variagbes sazonais na intensidade de radiagéo,
fotoperiodo e temperatura, que impactam a produtividade anual e a viabilidade econdémica de
operacdes em grande escala. Uma vez que estes parametros s@o especificos para cada localidade, é
importante estudar os seus padrdes dentro da &rea geografica de interesse, antes da implementacao
de qualquer unidade de producéo. Este trabalho, apresenta uma avaliagdo do desempenho de um
consorcio de microalgas enddgenas, naturalmente estabelecido, na biorremediacéo de um efluente rico
em azoto proveniente de uma industria de producdo de fertilizantes. Foi utilizado um raceway
convencional & escala piloto (700 L), que foi operado em modo semi-continuo entre 2020 e 2021. Dados
adquiridos em 2019 foram incluidos nesta analise, para possibilitar a avaliagdo do desempenho do
sistema a longo prazo, considerando a sazonalidade. Efetuou-se o acompanhamento da eficacia de
remocao de azoto, produtividade de biomassa e da evolucédo das espécies do ecossistema.

Foram ainda realizados vérios ciclos de producdo a diferentes valores de pH (6,5, 8,0 e 9,5), para
promover alteracdes ao nivel do consoércio e, consequentemente, dos lotes de biomassa obtidos. A
biomassa foi processada em trés extratos que foram avaliados como biostimulantes agricolas, para o
tratamento de priming em sementes de arroz (Oryza sativa L. JapOnica). Os extratos foram testados

sob condi¢Bes Gtimas e de stresse salino (80 e 160 mM), para avaliar os seus impactos na germinagéo.

Palavras-Chave: Microalgas, Raceways abertos, Reciclagem de nutrientes, Biorremediacdo de
efluentes, Economia circular, Bioestimulantes vegetais.
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1. Motivation

Economic development, populational growth and industrial expansion are coupled with increased
reliance on natural resources. Aquatic ecosystems have been greatly compromised by decades of
continued resource overexploitation, poor ecosystem management and pollution. Agricultural runoffs
and discharge of untreated wastewaters are major contributors towards water quality degradation,
through the introduction of pathogenic organisms, heavy metals, organic pollutants, and high amounts
of nutrients — particularly of nitrogen (N) and phosphorous (P), which cause the increased occurrence
of eutrophication events.l'-31 From 2008 to 2019, the global number of dead zones nearly doubled,
seriously threatening global public health, food security, and biodiversity.] Meeting the targets
established by the United Nations, to ensure the preservation of water resources, drinking water,
hygiene and sanitation by 2030, requires the pace of progress to quadruple.lt! Therefore, extending
scientific knowledge and technical expertise on sustainable management of natural resources is crucial

for the development of water conservation and reuse systems.1]

Over recent years, the environmental risks of the current economic model have been increasingly
considered, with political and societal pressure pushing industries to reduce the generation of waste and
its unregulated discharge. Additionally, due to climate warming and water scarcity, farmers have been
considering non-conventional sources of water, looking at wastewater as a potential resource for nutrient
recovery and water reclaim. The recycling of wastewaters after appropriate treatment can provide

environmental and financial benefits, incorporating the concept of a circular economy. 58]

In this sense, the company Algae for Future (A4F) developed a collaborative project with a chemical
fertilizer production company to evaluate the viability and effectiveness of microalgae-based open
systems for the bioremediation and valorisation of the nitrogen-rich effluent derived from their production

process.

1.1. Bioremediation of a N-rich Effluent Derived from Industrial Fertilizer Production —

Overview and Background of the Assay

The industrial production of chemical fertilizers comprises different processing steps and numerous
types of equipment, which must be washed and maintained after each production cycle, generating
large amounts of aqueous effluents that hold a high concentration of the fertilizers’ constituents, most

notably in this particular case, nitrogen compounds.

As nitrogen is at the base of plant and algal nutrition, microalgae-based bioremediation systems might
be interesting from an environmental perspective, while simultaneously providing an alternative source
of income for the fertilizer production companies; since microalgal biomass might hold potential to be
transformed into new and ‘greener’ agronomic products. Additionally, reducing the volume of effluent
discharges into the sewage system will decrease expenses associated with the payment of legal fees

that come with the introduction of high amounts of nutrients into wastewater treatment facilities.
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In March of 2018, A4F installed a pilot-scale conventional raceway pond in an industrial fertilizer
production plant (IFPP), which has since been operated in semi-continuous mode. Effluent

bioremediation is achieved by a naturally established assemblage of endogenous microalgal species.

This work presents an analysis of the data acquired from January 2019 onwards; seeking to evaluate
the system’s performance, considering the impact of year-round environmental variations on biomass

productivity, nitrogen removal efficiency and the evolution of the ecosystem’s microalgal species.

Additionally, to test the agronomic potential of the biomass derived from the bioremediation process,
several production cycles were performed at different pH values, to promote changes in the microalgal
assemblage. Different biomass batches were harvested and processed into extracts which were tested
as seed biostimulant priming products in rice (Oryza sativa L. Japonica), under both optimal and salinity

stress conditions.
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2. Literature Review

2.1. The Earth’s Planetary Boundaries

The Earth’s environment has undergone many periods of significant change; however, it has been stable
for the past 11,700 years — period termed the Holocene.[”l During this geological era, environmental
changes were subtle and naturally occurring, remaining favourable to human development.
Temperature, freshwater availability, and biogeochemical flows, all stayed within relatively narrow
variation ranges; yet this equilibrium has been disturbed since the 1800s Industrial Revolution.
Thereafter, human reliance on fossil fuels, and industrialized forms of agriculture among other actions,
have been pushing the Earth system’s stability, triggering rapid and global environmental changes, with
potentially catastrophic and worldwide consequences, such as extreme weather events; turning the

Earth into a less conducive setting to human development.3.7]

To guide the preservation of the Holocene state, Rockstrom, Steffen, and Noone et al.[389 developed a
scientific proposal, based on the current understanding of the functioning and resilience of the Earth
system; intended to quantify safe operating limits to guide social-economic development, as to reduce
its detrimental environmental impacts and preserve the Earth’s intrinsic biophysical processes — The
planetary boundaries framework.! It introduces boundaries for nine areas identified as fundamental for
the maintenance of the Earth system equilibrium and states that their transgression will severely change
the Earth system, with dangerous consequences for humanity.® The current status of the Earth’s

Planetary Boundaries (PBs) is represented in Figure 2.1.

CLIMATE
CHANGE

BIOSPHERE 7
INTEGRETY STRATOSPHERIC
OZONE
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ATMOSPHERIC
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LAND-SYSTEM
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OCEAN
\ ACIDIFICATION

FRESHWATER USE

Figure 2.1 — Global status (2022) of the control variables for the nine areas which regulate the Earth System
equilibrium. The green section represents the safe operating space (below the planetary boundary — represented
by the dashed circle), and the orange scale represents the zone of uncertainty and the high-risk zone. Processes
for which global-level boundaries are not yet quantifiable are represented in grey. Designed by Azote for Stockholm
Resilience Centre based on the analysis of Persson, and Steffen.[310]
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The conceptual framework for the PB approach, describes the safe operating space, uncertainty range,
and danger level for the core areas identified.[3° The established boundaries are not equivalent to a

global tipping point, but rather to a value upstream of each parameter’s threshold (Figure 2.2).13!

Planetary Global
Boundary Threshold
A

]
l Safe Operating Space I Uncer!ainty Range Da_

Increasing risk of impacts High risks of serious impacts

Figure 2.2 — Representation of the conceptual framework for the planetary boundary approach. Adapted from
Steffen et al.l%l

2.1.1. Biogeochemical Flows — Nitrogen and Phosphorus

The present work is included in the thematic of the Earth’s Planetary Boundaries, addressing the issues
related to the Earth’s biogeochemical flows; particularly the nitrogen (N) cycle and N recovery. The PBs
established for this core area, have been set to eliminate the risk of widespread eutrophication of aquatic

ecosystems.[3

Eutrophication is the natural ageing process of aquatic ecosystems, typically of somewhat confined and
slow-flowing waterbodies, such as lakes, reservoirs, rivers, and freshwater wetlands.®1 It occurs over
a geological timescale, and results from the progression of the ecosystems’ nutrient profile, whereby
changes in the relative proportion and accumulation of chemical forms of N and phosphorous (P),
stimulate aquatic plant growth, causing the production and build-up of organic material. This build-up
limits light penetration throughout the water column, eventually causing algal death, and enhancing
bacterial aerobic oxidative decomposition of the gathered biomass. The decomposition process causes
the depletion of dissolved oxygen (DO), leading to hypoxia or anoxia', and ultimately acidification of the
waterbody; resulting in the deterioration of water quality and death of the existing fauna, disrupting the

system’s overall ecology.[213]

Despite it being a naturally occurring phenomenon, anthropogenic activities have caused a drastic and
widespread increase in eutrophication events.21214 The intensified use of chemical fertilizers and
manure in agricultural production, has significantly improved crop yields and food security for the
growing human population. However, the improper or inadvertent discharge or run-off of large amounts
of nutrient-rich waters, has had a major impact on N and P cycling in global continental waters, leading
to the rise of anthropogenically-driven eutrophication events (cultural eutrophication, Figure 2.3).1312 As
a result, the evaluation of the Earth’s biogeochemical flows is currently achieved through the
quantification of the N and P inputs to croplands, through fertilizer application. The established boundary

values are indicated in Table 2.1.

lwater systems with DO concentrations under 2 mg L* are termed hypoxic. Once oxygen is depleted, the system
becomes anoxic usually being referred to as a ‘dead zone’.['%?]
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Figure 2.3 — Functional linkages between hydrology, anthropogenic nutrient inputs, eutrophication (phytoplankton
blooms), and hypoxia/anoxia in estuarine and coastal aquatic ecosystems. Sourced from Paerl.[*%

It would be most appropriate to use the N and P flows from soil to freshwater systems, as the control
parameters for the establishment of PBs for biogeochemical flows, due to their direct relationship to the
risk of eutrophication.l®l However, as fertilizer application is the main form of anthropogenic perturbation
of both the N and P cycles, and it is known that around a third of the N applied to agricultural lands is
not removed with crop harvest!!®]; the application rate of fertilizers containing N fixed by the Harber-
Bosch process and mined P, were the variables selected for the establishment of these boundaries.
This was an important decision, as it is an easier parameter to measure and track, simplifying policy

regulation and management.®!

Table 2.1 — Control variables used to assess the state of Earth’s biogeochemical flows, proposed Planetary
Boundaries and safe operating limits at a global scale (uncertainty ranges); and current values globally expressed.
Adapted from Steffen et al.l®!

Control Variable Planetary Boundaries & Uncertainty Range Current Global Value
Fertilizer-N addition 62-82 Tg N year™ =150 Tg year™

to croplands *Equivalent to the addition of 41-55 kg N ha* year* (82% beyond uncertainty range)
Fertilizer-P addition 6.2-11.2 Tg P year? =14 Tg year?

to croplands *Equivalent to the addition of 4.1-7.5 kg P ha! year? (25% beyond uncertainty range)

*Assuming the total global cropland area determined by Bouwman et al.'”] — 1494 x 10° ha.

The current global N and P application rates (150 Tg N year?and 14 Tg P year! — Table 2.1) exceed
the environmental limits by 82 and 25% for N and P, respectively; transgressing the proposed PBs for
this core area (Table 2.1). The same has been verified for most of the critical areas established (Figure
2.1). Additionally, after downscaling the PBs through an equal-per-capita allocation approach, it was
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verified that not only does the European Union significantly exceed its ‘fair share’ of the global safe
operating space for biogeochemical flows, but that it also surpasses the global P and N consumption

average by a factor of two and three, respectively. 18]

Despite fertilizer-derived nutrient inputs being the most significant towards cultural eutrophication, the
introduction of these nutrients to waterbodies, through direct or indirect discharges of poorly treated
industrial and urban effluents, is also an important contributor to this phenomenon, due to their high N
and P contents.[!® Therefore, it is important to address this thematic, since with the expected increase
in the global population and development of the industrial sector, its implications on the Earth’s

biogeochemical flows, will inevitably increase; and countermeasures need to be timely established.

2.2. Wastewater Treatment and The Circular Economy

The Circular Economy action plan is included in the European Green Deal? and seeks to accelerate the
transition towards a sustainable and regenerative growth model, decoupled from resource exploitation,
respecting the Earth’s PBs.[2021 This transition can deliver substantial material savings, through the
development of strategies to extend overall products’ lifespan, increasing the use of renewable
resources and repurposing waste streams; ultimately slowing, closing, and narrowing material and
energy loops (Figure 2.4Erro! A origem da referéncia ndo foi encontrada.), maximizing resource

value, while meeting the goals set for both sustainability and economic competitiveness. 2022

M Linear supply chain

Material . Designand Distribution End-of-first
—> 2 > .
supply manufacturing and use life

Figure 2.4 — Linear versus circular economy practices. Sourced from UNIDO, 2019.

Sewage treatment is essential for the protection of human and environmental health. Despite their high
cost, current wastewater treatment techniques are effective in N and P removal, but not in their recovery

for reuse; mainly focusing on cleaning wastewater to allow its safe reintroduction to the environment.[523]

2Package of policy initiatives, intended to set the path for the European Union’s green transition, with the goal of
achieving climate neutrality by 2050; while supporting its transformation towards a fair and prosperous society with
a modern and competitive economy.[124]
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Circularity can be supported by transitioning Urban Wastewater Treatment Plants, recently re-named
Water Resource Recovery Facilities (WRRF), from the role of costly ‘pollutant removal units’ to profit-
generating ‘resource factories’ for waste valorisation and nutrient recovery. To improve the sustainability
of wastewater treatment processes, efforts must be put into achieving greater water recovery, lowering
energy and chemical consumption, and resource extraction; creating a variety of useful end products,

through the implementation of various extraction stages.[®23.24

Nutrient recycling is important to avoid the depletion of non-renewable resources and reduce the
environmental impacts linked to their extraction, manufacture, and use; despite it being an
underexplored approach.l23 In theory, if it were possible to recover the total amount of N and P present
in global food, animal and human waste streams; the amount of nutrients attained would be 2.7 times
higher than that contained in the total volume of chemical fertilizers currently used.l?3l However,
agricultural nutrient requirements are still met through the overapplication of mineral fertilizers.[®
Therefore, as nutrient recovery technologies are not yet fully mature, it is important to expand research
on this topic, for process development and optimization, towards the enhancement of their full-scale

commercial applicability.[®

2.2.1. Conventional Wastewater Treatment — an Overview

Composition of Wastewaters

Agro-industrial production generates large volumes of effluents, containing high concentrations of
nutrients, organic matter, and microorganisms.[192% [arge industries, such as those from the pulp and
paper, metals, energy, and chemical sectors, often have on-site treatment facilities. In contrast, small-
scale manufacturers, typically discharge their effluents into the sewage system.! Consequently,
WRRFs receive water from several sources, in varying strength and volume according to the lifestyle
and activities practised in each considered location. The sewage system may receive domestic
wastewaters, surface rainwaters, effluents derived from manufacturing industrial plants, run-off from
agricultural lands and leachates from solid waste disposal sites.[1928] This causes the composition of the
raw sewage to be complex and variable, generally comprising mixtures of both natural organic and
inorganic materials, pathogenic and non-pathogenic microorganisms, as well as synthetic compounds

such as pharmaceuticals.[19.25.26]

Conventional Wastewater Treatment Process

Wastewater treatment primarily aims at the degradation and removal of organic matter, so that effluent
discharge does not compromise public health or extensively damage the environment.[*°-28] The degree
of treatment required, depends on the effluent characteristics and susceptibility of the disposal site. 2%
Complete sewage treatment comprises a combination of physical, chemical, and biological steps, which
fall into four major categories — Preliminary, primary, secondary, and tertiary or advanced treatment!19.25,

as is represented in Figure 2.5.
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As advanced effluent treatment, usually follows secondary treatment processes, it is often referred to
as tertiary treatment; however, these steps are not necessarily independent, and only primary and

secondary treatment processes are widely applied.[1926]

Raw sewage
from sewers

Ry

Bar screens -

Grit chamber -

—— Process key
i o Primary settling tank

Preliminary or clarifier - ¢

® Primary
® Secondary
® Tertiary treatment

® Aerobic sludge digestor

® Aeration
Tank - d

® Secondary
settling tank - e

Towards land

application
e Sand or mixed
media filters - f
- ® Disinfection tank - g
Discharge to
open water

Figure 2.5 — Standard wastewater treatment process of modern WRRFs. Only the steps relevant to this chapter are
specified. Adapted from Gerba & Pepper.[*9]

|. Preliminary and Primary Treatment

Consists of the physical separation of large materials.l*261 During preliminary treatment, the sewage
water passes through a metal grating, which blocks the passage of large solids. A moving screen (Figure
2.5a) then filters out smaller objects, and the wastewater flows through a grit chamber (Figure 2.5b),
where sand and gravel settle out of the waste stream. Primary treatment begins once the wastewater is
pumped into a primary sedimentation tank (Figure 2.5c), where approximately half of the suspended
organic solids settle to the bottom of the tank forming the primary sludge.!*%2¢1 The liquid effluent derived
from primary treatment often contains large amounts of suspended organic material and high

biochemical and chemical oxygen demand (BOD and COD)3.[23

3BOD measures the amount of DO required by microorganisms during biochemical oxidation of organic matter;
while COD measures the DO consumed during chemical oxidation of organic matter.[*!
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Il. Secondary Treatment

Presently, activated sludge treatment processes, are the most widely applied forms of biological
secondary treatment, due to their efficiency, simplicity, and cost-efficiency. These accomplish the
reduction of the wastewater's BOD, through the biochemical oxidation of suspended solids; for the
protection of the receiving water body’s DO balance.['>22 Air is diffused into an aeration tank (Figure
2.5d), homogenizing the mixture and providing the necessary oxygen, for heterotrophic bacteria to
decompose up to 90% of the effluent’s organic matter.['925 The waste stream then flows into a
secondary settling tank (Figure 2.5e), for decantation of the activated sludge; generating a clear and
apparently clean effluent which is at this stage, generally discharged into natural water bodies. However,
it is still loaded with inorganic forms of N and P (mainly nitrate, ammoniacal nitrogen and phosphate),
which contribute to the disturbance of both its biogeochemical flows. The sludge derived from water
cleaning is often incinerated, with the heat being converted into power which is applied to the treatment

processlt9:2%]

Despite secondary treatment achieving the elimination of up to 90% of pathogenic microorganisms,

when no further treatment is applied, the effluent is disinfected before discharge (Figure 2.5g).[21.27]

Ill. Tertiary or Advanced Treatment

Advanced effluent treatment is applied when further reduction of suspended solids, BOD/COD, turbidity,
N and P, metals, or pathogens is required; with its main target often being the removal of inorganic N
and P.11925 Currently, N removal is primarily achieved through bacterial nitrification-denitrification
processes, while P compounds are removed through chemical precipitation using metal salts.[6:19.25.26]
Many physicochemical methods have been developed for nutrient removal; yet, biological nutrient
removal methods (BNRs) are more advantageous from an environmental and financial standpoint and

are thus the most widely implemented.[26-28]

2.2.1.1. Biological Nutrient Removal Methods

BNRs methods vary according to the sequence of conditions contained in the multistage bioreactors’
sections. Some are designed to achieve simultaneous N and P removal, fusing secondary and advanced
effluent treatment, and replacing the fourth step of conventional treatment (e.g., the modified five-step

Bardenpho process — Figure 2.6).1927]

In the Bardenpho process, the effluent derived from primary clarifiers flows into a five-section multistage
bioreactor, with each division providing the appropriate conditions for the development of the
microorganisms responsible for nutrient removal: an anaerobic fermentation zone (Figure 2.6a),
characterized by very low DO levels and absence of nitrate (NO3), where BOD and COD are reduced
and the population of phosphorus accumulating bacteria (PAOS) increases; an anoxic zone (Figure
2.6b), with low DO levels, where heterotrophic bacteria conduct denitrification of NO3 to nitrogen gas

(N,); an aerobic zone (Figure 2.6c), where the mechanical addition of oxygen allows aerobic bacteria to
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transform ammonium (NH}) to NOj3 through nitrification, and PAOs to uptake orthophosphate; a second

anoxic zone (Figure 2.6d); and a final aeration zone (Figure 2.6e).[19:27]
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Figure 2.6 — Five-section multistage Bardenpho bioreactor. PAOs — Phosphorous accumulating bacteria; BOD —
Biological oxygen demand; COD — Chemical oxygen demand; POﬁ_ — Orthophosphate; O, — Molecular oxygen;
NO3 — Nitrate; NHZ — Ammonium; N, — Nitrogen gas; 1 — increase; | — decrease; bold arrows — flow direction.
Adapted from Gerba & Pepper.[t9

Nitrogen is released as N, and nitrous oxide into the atmosphere, or incorporated into bacterial biomass,
and P is incorporated by PAOs. Nitrogen and phosphorous are then removed from the waste stream

through the separation of the aqueous phase from the produced sludge.

BNR methods generate fewer secondary waste streams compared to chemical methods. However,
these are highly dependent on aeration for O, supply and require spatial and or temporal separation of
its different steps, resulting in a significant increase in energetic requirements, investment expenses and

the need for stricter monitorization and maintenance of the involved equipment.[6.19.25.26]

It is estimated that 0.6 to 3.0% of the total electricity generated in developed nations is expended on the
treatment of wastewater, with approximately 60%, being used on aeration.[?9-31 Therefore, reducing
aeration requirements of conventional BNRs might be a key factor to reduce the processes’

environmental impacts and energy requirements.[32

2.2.1.2. Phototrophic Enhanced Biological Nutrient Removal Systems (Photo-BNRS)

Photo-BNRs have been proposed as sustainable and cost-efficient alternatives to conventional BNRs,
due to their low oxygenation requirements and improved nutrient recovery compared to anaerobic
digestion technologies of WRRFs.[633.34] These rely on the spontaneous development of microalgae-
bacterial consortia, where microalgae produce the oxygen required for heterotrophic bacteria to
biodegrade carbonaceous material, leading to the release of CO3, which is fixated by microalgae with
simultaneous use of inorganic nutrients for growth (simplified representation in Figure 2.7).[26:32,34,35]

Microalgal-bacterial interactions play an important role in nutrient removal due to their synergistic
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relationship. Previous studies have demonstrated that wastewater treatment with microalgal-bacterial

consortia achieves better nutrient removal efficiencies than strictly bacterial or algal systems.[36:37]
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Figure 2.7 — Microalgal-bacterial interactions during photosynthetic oxygenation in BNR systems. Adapted from
Mufioz and Guieysse.!34

The environmental and economic benefits of photo-BNRs lay in the ability to recover nutrient resources
in the form of microalgal/bacterial biomass, which can be used as feedstock for the development of a
wide array of different products such as biostimulants and biofertilizers, fuels or bioplastics. Coupling
wastewater treatment with microalgal biomass recovery and transformation supports the creation of a
circular bio-economic model, where waste is economically re-used.[2338] Therefore, microalgal biomass
derived from bioremediation processes, has been gaining increasing attention due to its potential to be

used as feedstock in different sectors.[39:40]

2.3. Open Microalgal Cultivation — Raceway Pond Systems

There are several bioreactor designs available to enhance growth and facilitate biomass recovery.
These include suspended and non-suspended systems, being sub-categorised into open or closed
systems. Suspended cultures enable the microalgae cells to move freely within the medium and are

most used in microalgal wastewater treatment.[41]

Open raceway ponds (RWPs) are open, shallow (0.12-1.00 m) lagoon-based systems, composed of a
closed loop, where a paddlewheel continuously circulates the medium, with an average velocity range
of 0.15 to 0.40 m s (Figure 2.8).[42:43]

Figure 2.8 — Industrial microalgae production farms. Cyanotech in Hawaii (a.) and Earthrise in California (b.).
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These have been widely considered for biological wastewater treatment, as their design creates optimal
conditions for microalgal growth and oxygen production; promoting acceptable nutrient removal within

a shorter time-frame and less area, compared to other lagoon-based systems.[44-46l

Commercial Microalgae Production

Currently, RWPs are among the most widely used bioreactor designs for industrial microalgae culture.
One of their main advantages is that they are easier and cheaper to construct and operate and present
lower energy requirements compared to most closed systems. As CO: diffusion between the
atmosphere and water cannot satisfy the carbon requirements of high-yielding autotrophic microalgal
production, industrial-scale systems require the injection of gaseous CO: into the culture; acting both as

a source of carbon for microalgal growth and as a method for pH regulation.[26:41.42]

Open production systems also present significant drawbacks, such as high evaporative water loss, CO2
diffusion to the atmosphere, large spatial requirements and poor light utilization by the cells.[1347:48]
These are also highly susceptible to microbial contamination, making it difficult to maintain year-round
dominance of the desired microalgal species. Hence, these are mostly used for the cultivation of
microalgae which are tolerant to extreme conditions, such as alkaline or acidic pH and high salinity,

which discourages the growth of other species.1348]

Nonetheless, their cost-efficiency compensates for their low biomass productivity and operational

constrains.[13.46]

2.3.1. Factors to Consider for Open Microalgal Cultivation

Environmental Parameters

Microalgae are sensitive to their living environment, with factors such as light, temperature, pH, nutrient
concentrations, and optical density (turbidity) influencing their performance.!fl Open systems are more
susceptible to changes in environmental conditions, which fluctuate within two different timescales — the
diurnal cycle, where radiation, photoperiod, and temperature vary throughout the day; and the seasonal
cycle, accounting for the year-round variation of these parameters, which depend on the climatic

characteristics of the geographical location of the habitat in which the algae are being produced.!*3]

Light availability is one of the main regulators of microalgal performance.[26:43.46-48] Culture depth has a
direct influence on both medium temperature and light availability, impacting the systems’ microalgal
species diversity, photosynthetic performance, and operation costs. Deeper ponds present increased
temperature variations and decreased light availability through the water column, potentially limiting
microalgal growth, and increasing harvesting costs due to the high water content of the culture.3.46.47]
Opposingly, decreasing pond depth leads to an increase in the bioreactor’s required surface-to-volume
ratio, intensifying water evaporation losses. Thus, increasing pond depth decreases land footprint,
capital and operational costs required for treating a given volume of wastewater, thereby improving the

economic viability of RWPs.[38]
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The biomass concentration within the culture medium also impacts light availability, with high
concentrations causing an increase in turbidity and self-shading, reducing the photosynthetic potential
of the system. Efficient culture homogenization is important to avoid biomass sedimentation and to

promote efficient light utilization.[41:42:45.46]

Maintaining the dominance of any desired species during the cultivation of microalgal assemblages in
open systems would require the control of specific environmental conditions that allow its dominance in
the first place. Changes in the structure of these communities are often triggered by fluctuations in one
or more environmental parameters, or in biological interactions such as competition for resources and
selective predation by zooplankton grazers.i*9 However, the influence of these parameters in the

composition of microalgal assemblages is still poorly understood.?!

By increasing the knowledge around this subject, it may be possible to manipulate and favour the growth

of desirable species in open production systems.[45:50

2.4. Microalgae — General Introduction

The emergence of the term ‘Algae’ as a classifier derived from the need to distinguish plants from other
taxonomically unrelated photosynthetic organisms, that due to their physiological traits, cannot be
included in this same group. This classification includes organisms, which do not forcibly share a
common evolutionary origin, and even derive from different kingdoms of life (Bacteria, Plantae,
Chromista, and Protozoa — Figure 2.9).51.52 These present very distinct cellular structures, shapes,

colours, and organization levels; comprising distinct metabolic and ecological requirements.53.54]

Bacteria
/
Fungi Cyanobacteria
Single-celled
ciollan ] Green algae Coccolithophores
Multi-celled Red algae Algae Dinoflagellates
Brown  Diatoms Other single
algae celled algae

Phytoplankton

Classification Golden

E—— Yellow-green Euglenids Cryptomonads

algae algae

Figure 2.9 — Simplified taxonomical classification of phytoplankton. Adapted from Kosek et al.[%%

‘Microalgae’ is an equally generic subdivision of the ‘Algae’ group, which includes all prokaryotic
(cyanobacteria) or eukaryotic microbial scale photosynthetic organisms.52 Most microalgae species are
unicellular, despite the existence of some multicellular, filamentous, and colonial forms. They are

ubiquitous to most ecosystems and habitats and can grow attached to solid substrates, in soil, and in
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symbiosis with plants. However, microalgae are mostly found in fresh and marine aquatic systems, as
well as in wastewater streams from varied sources, some presenting motility, while others simply exist

in suspension.[1352,54]

2.4.1. Prokaryotic and Eukaryotic Microalgae

Despite the broadness of the microalgae classification, a defined difference between microalgal species

occurs at the cellular level, between prokaryotic cyanobacteria and eukaryotes.

Cyanobacteria belong to the bacterial domain, implying their strictly prokaryotic nature. Prokaryotic cells
lack internal compartmentalisation and membrane-bound organelles; presenting no separation between
the cytoplasm, DNA and the machinery involved in photosynthesis and cellular respiration. Instead,
these cells contain elongated thylakoid membranes which are arranged to hold the light-absorbing

pigments and the biochemical components necessary for the photosynthetic process (Figure 2.10).

Eukaryotic cells are significantly more complex, presenting internal compartmentalization of their various
organelles. In eukaryotic microalgal and plant cells, thylakoids are enclosed within chloroplasts,

organelles which are home to all photosynthetic processes (Figure 2.10).148.54]

Eukaryotic Photosynthetic Cell Prokaryotic Photosynthetic Cell

Nucleus - enclosing Circular DNA
chromosomal DNA

Cytoplasm

Phycobilisomes
Thylakoid (cyanosomes)
photosynthetic
lamellae

Stroma

Figure 2.10 — Eukaryotic and prokaryotic photosynthetic cells. Only the organelles relevant to the explanation of the
photosynthetic process are indicated.

2.4.2. Photosynthesis

Photosynthesis is the process of sunlight energy conversion, conducted by photoautotrophic organisms,
which harvest and utilize the sun’s electromagnetic radiation energy to convert inorganic compounds
into organic molecules, which are in essence, biocompatible chemical energy forms.[135456]

Virtually all of Earth’s organisms are directly or indirectly dependant on photosynthesis, as a source of

both organic matter and energy for their metabolism and growth; placing photosynthetic organisms at
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the base of most food webs, serving the role of primary producers. Algae, in particular, are responsible
for more than 50% of global photosynthetic activity, making them very important primary producers in

both freshwater and marine ecosystems.[13.5457],

The photosynthetic transformation of electromagnetic energy, into organic molecules, is achieved

through the conversion of CO2 and water into carbohydrates (equation (2.1))¢!:

Chlorophyll a
nCOz + nH20 + Light ———— (CH20)n + nO2 (2.1)

This process is divided into two consecutive and mutually regulatory stages, () the light-dependent and

(1) light-independent reactions (Figure 2.11).[56:57]
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Figure 2.11 — Schematic representation of the photosynthetic reactions in eukaryotic cells. Adapted from Raven.[>®!

|. Light-dependent reactions

These take place in the cell’'s photosynthetic lamellae and involve light-driven electron and proton
transfers, that generate high-energy biocompatible molecules. Electrons are transferred from water to
nicotine adenine dinucleotide phosphate (NADP"), forming NADPH. This reaction is coupled with the
transfer of the water-derived protons, leading to the phosphorylation of adenosine diphosphate (ADP)

into adenosine triphosphate (ATP).[56.57]

Il. Light-independent reactions

These occur in the stroma or cytoplasm, in eukaryotic and prokaryotic cells, respectively. The NADPH
and ATP produced during light reactions, are used as an energy source for the sequential biochemical
reduction of CO2 into G3P via the Calvin cycle; regenerating ADP and NADP™.5657] These are later used
in a wide range of metabolic pathways, for the synthesis of molecules such as amino acids, lipids, or

sugars.[56:57]
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2.5. Microalgal Biomass Composition and Potential Applications

Microalgal biomass is manly composed of carbon, oxygen, hydrogen, nitrogen, sulphur, and
phosphorus. Calcium, potassium, sodium, chlorine, magnesium, iron, and silicon are present and
required in smaller amounts. The former are thus termed macro- and the latter micronutrients. Additional

elements occur in trace amounts as they are needed only in catalytic quantities. 54

The synthesis of organic molecules through photosynthesis and subsequent metabolic pathways greatly
depends on nutrient availability and stoichiometry. Therefore, both these parameters need to be
considered when analysing the nutritional requirements of microalgae.®¥ Due to their prevalence in
microalgal biomass, carbon, nitrogen and phosphorus are the most determinant macronutrients for
growth®l; changes in their ratios can affect cellular health causing changes in size, shape, growth and
biochemical composition. In natural environments, changes in N and P relative abundance are often

responsible for changes in phytoplankton communities.[48.54.60]

The biochemical composition of microalgae has been attracting the interest of several industries, for the
production of lower-cost commodities (e.g.; fuels, feeds and foods) and higher-value products (e.g.; B-
carotene, polysaccharides).061-651 They are gaining wide acceptance for agricultural applications, as
their bioactive compounds, including carbohydrates, minerals, trace elements, and phytohormones have
been shown to enhance plant productivity and ability to withstand abiotic stress. Hence, microalgae are
being considered for the production of cleaner and more sustainable alternatives to conventional

biofertilizers and biostimulants.[40.61-65]

2.5.1. Microalgae in the Agricultural Sector

2.5.1.1. Impacts of Salinity on Rice Development

Nowadays salination is one of the major causes of soil degradation, and the most significant factor
behind crop vyield reduction, at both a European and global level. It is characterized by the
overaccumulation of soluble salts to an electrical conductivity (ECe) value equal to or greater than 4 dS
m?® (= 40 mM of NaCl)* with sodium chloride (NaCl) being the primary culprit behind this
phenomenon.[66-70]

Rice (Oryza sativa L.) is a worldwide staple food crop, being the primary source of food for around half
of the human population.[8:71.72] |t is also the most salt-sensitive cereal crop and is at greater risk of
exposure to brackish waters due to sea level rise, especially in delta regions where it is mainly

produced.[6872]

Generally, salination reduces plants’ ability to uptake water and nutrients, leading to osmotic stress, ion
toxicity, nutrient imbalances, and water deficit. It often causes significant reductions to plant growth and

chlorophyll content; with the accumulation of salt ions in plant tissues injuring young photosynthetically

4Soil salinity ranking: ECe <2 dS m — Non-saline; ECe 2-4 dS m — Slightly saline; ECe 4-8 dS m* — Mildly
saline; ECe 8-16 dS m™* — Moderately saline; ECe = 16 dS m™ — Strongly saline.[™®
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active leaves, leading to chlorosis and premature leaf senescence. Salt exposure is particularly
detrimental during germination and seedling growth stages.[67-69.73.74] |n rice, susceptibility to salt varies
along the plants’ life cycle and depends on its genotype and organs considered; with seedling and

reproductive stages being more susceptible compared to the vegetative stage.[68.75.76]

Genetic engineering can provide crops with improved stress tolerance; however, this strategy is still
broadly rejected by the public. Identification of salt-tolerant varieties and the development of
management strategies are very important to reduce the impacts of salinity and enhance crop
yields.[’2.78] Biostimulants have been proposed as agronomic tools to counteract the detrimental effects
of abiotic stress, as these contain bioactive molecules with the potentially to improve plants’ ability to

face abiotic stress conditions, by acting on their primary or secondary metabolism.39

2.5.2. Microalgae-Based Biostimulants (MBS)

Biofertilizer products typically contain microorganisms and natural substances that can improve the
soil's chemical and biological properties, restoring their fertility, and thus potentiating plant growth and
development.[3240.54  Contrastingly, the organic substances and microorganisms contained in
biostimulants, interact with plants’ metabolic pathways, stimulating growth and development under both
optimal and stress conditions; independently of the product’s nutrient content.[3%40.54 These often
contain mixtures of amino acids and short peptides that are believed to help reduce nutritional
deficiencies by increasing root biomass, improving nutrient uptake and translocation, and enhancing
enzymatic activity related to nutrient assimilation9; thus having the potential to reduce the amount of
chemical fertilizers required for crop production, and the agricultural sector’s negative impacts on the N

and P biogeochemical flows.

Biostimulants are usually applied in small quantities through different methods and at distinct plant
developmental stages: as foliar sprays, mixed with soil or as seed priming treatments; at sowing to
protect seedlings’ early development, during blooming or fruit setting.[3940.54 The diverse and complex
biochemical composition of these products, hinders the identification of the compounds that most impact

plant’ metabolism, and the mechanisms activated by biostimulant application. 39

Due to the abundance of microalgal species (approximately 800,000)52! and the wide range of possible
applications, these have been regarded as promising feedstocks for the development of biostimulant
and biofertilizer products, to improve the sustainability of agriculture; being considered eco-friendly and
cost-effective alternatives to synthetic products.® These can be used as substitutes, or in conjunction
with synthetic products; enhancing soils’ nutrient availability, increasing cellular metabolism and leaf
chlorophyll content, improving rooting, crop quality and yields, as well as enhancing tolerance to abiotic

stresses.[40.62]
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2.5.3. Germination and Seed Priming

Germination and seedling development are determinant for the establishment of plants under both
optimal and stress conditions.[’7.781 Germination begins with the start of water uptake by the quiescent
dry seed and ends once the embryo first emerges from the enclosing tissues (represented in Figure
2.12). It is typically divided into three phases: (I) Seed imbibition — passive hydration of dry tissues; (I1)
Metabolism activation: activation of cellular repair processes, including DNA repair pathways and
antioxidant mechanisms essential for the preservation of genome integrity; (lll) Cellular elongation and
radicle protrusion (growth).l’l Phases | and Ill both involve an increase in the water content, which
remains stable during metabolic activation. The germinative process is reversible until the end of phase

II, as tissue tolerance to desiccation is lost with the initiation of phase 111.[7]
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Figure 2.12 — Seed germination phases and hydration curves of both unprimed and primed seeds. Adapted from
Lutts et al.[8%

The germinative ability of seeds is not only a genetically controlled character but may also be affected
by different external factors. Seed priming techniques take advantage of the metabolism activation
achieved during germination phase I, to favour germination and the seeds’ ability to withstand exposure
to stressful environmental conditions. It consists of the controlled hydration of seeds, which is arrested
before the seed transitions into the third germination stage.!l”! Different substances can be used as seed
priming treatments, including osmotic solutions, mixtures of beneficial live microorganisms, bioactive

molecules, plant or microalgal extracts or simply water (hydropriming).l7

Seeds subjected to priming treatments show faster and more synchronous germination behaviour with

plants raised from primed seeds, often showing greater tolerance to abiotic stress and higher yields over
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unprimed seeds. Priming treatments concern not only the germinative performance of seeds but the
development of the whole plant system, as it provides plants with the ability to react more rapidly and
efficiently to abiotic stress conditions. However, the success of seed priming depends on several factors
including the chosen priming method, the species and populational genotype, as well as on the viability
of the seed lot.[66.79-81]
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3. Research Objectives

Under the context of improving the sustainability of our current social-economic model, this thesis was
integrated into a collaborative project developed between A4F and a chemical fertilizer production
company. The project targets the evaluation of the viability and effectiveness of microalgae-based open
systems for the bioremediation and valorisation of the nitrogen-rich effluent derived from their industrial

fertilizer production process. The specific goals of this thesis are:

|. To develop an accurate forecast of the annual average biomass productivity and nitrogen removal
efficiency, on the location being considered for the implementation of a full-scale
production/bioremediation unit; through the analysis of the data acquired from January 2019 to

December 2021, considering the impacts of seasonality on the performance of the pilot-scale RWP.

Il. To analyse the year-round variations in the microalgal community’s genera composition,
considering seasonality and identifying the environmental drivers that trigger changes to the

community.

[Il. To evaluate the impact of the ecosystem’s dominant microalgal species, on the system’s biomass

productivity and N removal efficiency;

IV. To preliminarily assess the potential of the microalgal biomass derived from the bioremediation

process, for the development of alternative agronomical products; through the elaboration of a seed

priming and germination assay, under both optimal and salinity stress incubation conditions.
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4. Materials and Methods

4.1. Bioremediation of a N-rich Effluent Derived from Industrial Fertilizer Production

4.1.1. Effluent Characteristics

The IFPP’s effluent was sent for elemental analysis in 2019, which revealed a high N concentration in
the form of both nitrate and ammonium. The analysis also detected the presence of phosphorous,
calcium, magnesium, copper, iron, and zinc, which are essential for microalgal development. However,
when present in high amounts, these may be toxic or inhibitory for the growth of some species. This is
particularly relevant for copper and zinc, as these elements were detected in higher concentrations than

those reported as being toxic for some eutrophic microalgae, such as Scenedesmus spp.82-85

Table 4.1 — General nitrogen profile of the effluent lots produced in the IFPP from 2019 to 2021 (mean = SD, n =
29) — a.; Nitrogen profile of the effluent lot used throughout the assay (composition determined in 2019) — b.

a. General nitrogen content of the IFPP's effluent

Nitrate (NO3—N) Ammonium (NHz—N) Total Nitrogen

7.70 (+ 3.50) g L' (59%) 5.42 (+ 2.75) g L' (41%) 13.12 (+ 5.39) g L (100%)

b. Nitrogen content of the effluent lot used from 2019 to 2021

28.29 g L (59%) 19.32 g Lt (41%) 47.61 g L (100%)

4.1.2. The Bioreactor — Main Components and Configuration

Figure 4.1 presents the schematic depiction of the RWP installed in the IFPP’s industrial, which was
used in this assay. It presents a depth of 0.25-0.30 m and a total photosynthetic area of 5 m2. Its most

relevant components and respective importance will be explored bellow.

Paddlewheel

The paddlewheel (Figure 4.1c) is one of the most cost-efficient means of maintaining the continuous
circulation and homogenization of the culture.l®® In this case, a single six- bladed paddlewheel,
controlled by a Techtop® MS 632-4 B5 motor (Figure 4.1d), homogenises the culture at standard speed
to ensure appropriate mixing and recirculation, while minimizing biomass sedimentation and biofilm

formation (exact speed undisclosed due to confidentiality).
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Figure 4.1 — Schematic representation of the RWP installed in the IFPP.

Carbonation Circuit

As CO:: diffusion between the atmosphere and water cannot satisfy the carbon requirements of high-
yielding microalgal production systems*, and the effluent does not supply the culture with a carbon

source, industrial-grade CO: is supplemented to the culture media.

The provision of COz is activated in response to the culture’s requirements. A sensor (Yokogawa FU20-
20-T1-NPT) is submerged into the culture (Figure 4.1h), continuously measuring the system’s pH; with
the electrovalve (Figure 4.1f) inserted in the carbonation circuit, between the bottle and the diffuser
(Figure 4.1qg), opening only when the pH exceeds the predetermined setpoint value. As microalgae
uptake CO: from the system, the culture’s pH rises, transgressing the setpoint and activating the
overture of the electrovalve, allowing CO:z to enter the system. Once the culture’s pH setpoint is re-

established, the electrovalve closes, interrupting CO: flux.

Control Panel

The control panel (Figure 4.1i) holds the control apparatuses for the systems installed in the RWP,
where the paddlewheel’s rotation speed and pH setpoint can be programmed, and the culture’s weekly

pH and temperature profiles can be examined (Figure 4.2).
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Figure 4.2 — Yokogawa controller’'s LCD display — (a) pH and (b) temperature graphs.

4.1.3. Overview of the Bioremediation Strategy

The initial process optimization conducted in 2018, revealed that the effluent's high nutrient
concentration was unsuitable for microalgae establishment or growth. Freshwater was therefore chosen
as the culture medium, with the effluent being used as a nutrient solution, to a final N setpoint

concentration of 4.0 (£ 1.0) mM.

To ensure the nutritional requirements of microalgae were met, A4F developed a second nutrient
solution (NutSupp), to complement the effluent’s macro- and micronutrient profile. When combined, the
solutions match the composition of the nutrient solution currently used for their industrial-scale

microalgae production (composition undisclosed due to confidentiality).

Once the cultivation strategy was outlined, and the spontaneous establishment of a microalgal
assortment occurred, the RWP was operated in semi-continuous mode; meaning that after reaching the
exponential growth stage, a portion of the culture was discarded to be replaced with freshwater and
nutrients (effluent + NutSupp), initiating a new production cycle. The nutrient concentration was
controlled through weekly analysis of the medium’s N content, and concentrations were re-established

in fed-batch mode (further explored in section 4.1.4).

4.1.4. Experimental Design — Standard In-Situ Operational Procedures and Culture
Maintenance

Being it an outdoor system, exposed to weather fluctuations, some parameters were defined as standard
(Table 4.2), being monitored and corrected to maintain culture stability, throughout and among
cultivation cycles. The bioreactor was installed in the IFPP, and was monitored one to three times a
week, being intervened according to the state of the culture and maintenance requirements. This
allowed the assessment of the ecosystem’s responses to seasonal environmental fluctuations and its
long-term performance.
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Table 4.2 — Bioreactor’s standard operational parameters.

pH Setpoint Working Volume Nitrogen Setpoint

8.0 750 (+ 100) L 56.0 (+ 14.0) mg L't (equivalent to 4.0 + 1.0 mM)

To perform the analysis necessary for the evaluation of the system’s performance — state of the
microalgal assemblage; biomass growth and nutrient removal efficiency, two samples were collected
during each monitorization visit. Before sampling, the culture was homogenized using a scraper, and
sampling was conducted in the same area of the RWP, with 0.5 L wide-mouth glass flasks to minimize
error. The 1t sample was taken right after culture homogenization, and the 2" ensuing correction of the

working volume and effluent addition.

Analyses were carried out at A4F’s laboratory. Operational decisions regarding system renewals and
effluent addition were made one week in advance, upon comparison of the analytical results obtained

in the two previous weeks (schematic representation in Figure 4.3).

Sampling Sampling
e Weekl °
I Culture Volume Effluent and
Homogenization Correction NutSupp Addition
Sampling Sampling
o |WeeklIl o

Culture Volume Effluent and
Homogenization Correction NutSupp Addition
Sampling Sampling

)
e WeekIII o

ﬁ Culture Volume Effluent and
Homogenization Correction NutSupp Addition

Figure 4.3 — Schematic representation of the strategy behind each week’s operational decision-making. The black
rectangle marks the samples whose results' comparison determines the amount of NutSupp and effluent that needs
to be added in the subsequent week (marked in yellow).

Culture pH and Temperature Monitorization

As described in section 4.1.2, the pH setpoint programmed into the Yokogawa controller was regulated
through CO:z provision according to the system’s requirements and was monitored by inspecting the

weekly pH profile presented on the Yokogawa'’s display (Figure 4.2).

Despite 8.0 having been set as the standard pH value for most of this three-year assay, it was

sporadically altered according to the assay’s objectives’ adjustments.

Temperature control followed the same procedure conducted for pH monitorization.
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Unexpected deviations, from the predicted pH or temperature profiles, at any given week, were
indicative of potential productivity variations; Thus, the importance of monitoring these parameters, for

the assessment of the system's behaviour.

Both the pH and temperature profiles were photographed at each monitorization visit, to allow for later

analysis.

Culture Volume Management

A volumetric ruler created specifically for this RWP (50 L sensitivity), was used to measure the culture
volume. The working volume was seasonally adjusted according to the observed weather conditions.
Variations in atmospheric temperature and rainfall, resulted in more or less significant variations in
culture volume, having stronger impacts as their significance increased. The culture volume was reset

at each visit, through:

I. Freshwater addition — To compensate for water loss derived from evaporation or to re-establish the
working volume after system renewals.
Il. Culture removal — To counteract water level rise caused by rainfall, or to re-establish the culture

volume during renewal procedures.

To conduct these operations, two @15 mm hoses (2 and 10 m long); and a flexible impeller pump with

a suction lift of 3 m, and a maximum flow of 3000 L h-! were required.

System Renewals

Renewal procedures were conducted before the culture reached the stationary growth stage, as to avoid
the decrease in biomass productivity and nutrient removal efficiency, which are characteristic of this
stage. These consisted of the removal of a fraction of the culture volume — designated as the renewal

rate, which was in this case standardized at 80% of the theoretical working volume (Table 4.2).

As operational decisions were made with a week lag period, upon arrival, the system’s actual volume
would vary considerably from the theoretical volume, as a result of the weather conditions verified in the
week preceding the operation. This meant that the renewal percentage practised, often differed from
the standardized 80%; resulting in final biomass and nitrogen concentrations that could slightly vary

from the estimated results.

The culture volume and N setpoint were afterwards re-established, through the addition of fresh medium
(tap water) and nutrients (effluent + NutSupp). Each renewal intervention dictated the end of the ongoing

cultivation cycle and start of the following.

The culture volume removed was occasionally collected for biomass harvesting, although being
routinely transferred as waste into an intermediate bulk container that was managed by the IFPP.
Despite the removed culture having been discarded throughout this experimental assay, the final goal

of the project is to develop an industrial-scale system, in which the produced biomass is harvested to
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be further transformed into agronomical products, and the water reintroduced into the production

process.

Nitrogen Setpoint

The N-setpoint was adjusted seasonally, considering the culture’s final N concentration and its expected
N removal rate, which depends on the temperature and radiation conditions verified during each
considered month/season. The setpoint was defined at a high enough concentration to sustain
microalgae growth amidst visits, but not to cause toxicity or unnecessary effluent disposal during culture
volume correction or renewal procedures. Therefore, the effluent volume to be added to the system was
determined to offset the N incorporated in the biomass produced within the previous week, considering

the theoretic N-content of microalgal biomass (11%)23], and to re-establish the predetermined setpoint.

4.1.5. Production Cycles Conducted at Different pH Setpoints

To assess the impact of pH on the ecological succession of microalgal species, and their respective
productivities, three cultivation cycles were conducted at different pH setpoints — 6.5, 8.0 and 9.5. These
cycles were led between May and August of 2021, months which present the highest and most similar
daily solar radiation averages, thus minimizing the impact of this parameter on the obtained results. The
culture was renewed before the initiation of each cycle, and NaOH or HCI solutions were added to
establish the pH setpoints defined for the trial cycles (described in Table 4.3). The system was provided
with an adaptation period before data acquisition, and the cycles conducted at pH 6.5 and 9.5, were

separated by a month-long pH 8.0 cultivation period, to equate the starting conditions of both cycles.

Table 4.3 — Parameters and duration of the pH cycles, and their establishment procedures.

Cultivation Conditions

Cultivation pH Working  N-Setpoint PH Establishment Cycle Duration
Cycle Setpoint*  Volume (L) (mM)
1 pH 8.0 800 5.0 Renewal 3rd May 2021 — 26th May 2021

2 pH 9.5 800 5.0 Renewal + NaOH toafinal i 5 10 5001 _ 14th June 2021
concentration of 0.9 mM

Renewal + HCI to a final
3 pH 6.5 800 5.0 concentration of 0.1 mM 26th July 2021 — 14th August 2021

*All pH conditions were maintained by automated CO: injection.
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4.1.6. Biomass Harvesting and Storage

The biomass produced during the pH trial cycles was harvested by centrifugation using a disc stack
centrifuge. An appropriate biomass preservative® provided by the IFPP was added to the harvested
concentrates, according to the product’s specifications. The biomass concentrates were then reserved
in appropriate flasks and stored in a freezer at -20°C, for later assessment of their potential as

biostimulants for seed germination (explored in section 4.2).

5The preservative’s formulation and active ingredient was not disclosed by the company.
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4.1.7. Analytical Methods
4.1.7.1. Determination of Biomass Concentration

For Liquid Culture

Microalgae biomass concentration was estimated through dry weight (DW) determinations. The samples
were homogenized using a 50 mL syringe to degrade small aggregates and reduce error. A set sample
volume (V) was filtered through pre-weighed (m,) 0.7 um pore and @47 mm microfiber filters, with
filtration ramps and a vacuum pump (Feixing XZ-1B). The filters were afterwards dried (m¢) at 180°C in

a moisture analyser (AND MS-70 — 71 g = 0.1 mg), and the biomass was quantified using equation (4.1:

me—m
DW (L") = ——— (4.1)

Where, m,: mass of the pre-dried filters (g); m¢: mass of the filters with the filtered biomass after drying

(9); V: volume of the filtered culture sample (L).

For Microalgal Paste (or Concentrate)

The biomass concentration of the harvested microalgae paste was assessed through dry weight
determination. The paste samples were homogenized, and a pea-size paste portion (= 0.5 g) was evenly
spread onto the surface of a pre-weighed (m,) aluminium dish (@90 mm), for measurement of its initial
fresh weight (m;). The dish was dried (m¢) at 105°C in a moisture analyser, and the biomass was

guantified using equation (4.2:

DW (%) = —Ezf — 2‘3 x 100 “2)

Where mg: mass of the pre-dried aluminium dishes (g); m;: mass of the aluminium dish with the fresh

paste sample (g); m¢: mass of the aluminium dish with the paste sample after drying (g).

4.1.7.2. Nitrogen Quantification

As the effluent contains N in both the form of nitrate and ammoniacal nitrogen (NH;/NHs, hereon referred
to as NH3-N), the determination of nitrogen concentration required two distinct spectrophotometric

analyses.

Samples were prepared using the same method for both nitrate and ammoniacal nitrogen quantification.
The culture was centrifuged (HERMLE Z 400) at 3500 rpm for 15 minutes, and the supernatants were

collected for analysis.
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Nitrate lon Concentration

The supernatants were diluted with deionized water (DI), and HCI was added to a final concentration of
3% (v/v), to degrade compounds such as carbonate and hydroxide anions, which can interfere with the

spectrophotometric reading.

Duplicates were read against DI water at 3% (v/v) HCI, in quartz cuvettes with 1 cm path length using a
UV-Vis spectrophotometer (Genesys UV-Vis 10S). Readings were conducted at 220 and 275 nm
wavelengths to account for dissolved organic matter present in the samples, as both nitrate and
biomolecules (such as aromatic amino acids) absorb at 220 nm. Since only the biomolecules absorb at

275 nm, NOj3 absorbance was determined by equation (4.3:

Abs NO3 = Abs(220 nm) — 2 X Abs(275 nm) 4.3)

The nitrate absorbance measurements were used for its quantification through a calibration curve

developed for a standard potassium nitrate solution.

Ammoniacal Nitrogen Concentration

Samples were diluted using DI water and treated with a commercial ammoniacal nitrogen content
determination kit (Sera). Quadruplicates were read against DI water with the kit's reagents, in 96-well

plates, using a UV-Vis spectrophotometer (BMG Labtech, SPECTROstar nano) at 690 nm.

The absorption readings allowed ammoniacal nitrogen quantification, through the use of a calibration

curve, developed for a standard ammonium nitrate solution.

The measurement of ammoniacal nitrogen concentration was implemented in December 2019.

4.1.7.3. Microscopic Analysis

The ecosystem’s species assemblage was evaluated after each monitorization visit, with the collected
samples being analysed under a microscope (Olympus BX53) at a magnification range of 100 to 800x.
Cell measurements were conducted using a calibrated eye graticule, allowing microalgae to be identified

to genus level based on the taxonomic descriptions of Bellinger and Sigeel®3! and associated literature.

The consortium's microbial composition was estimated after observation of several lamellae
preparations, following a qualitative rating approach. Both protozoan and microalgal microorganisms
were rated from one to five, according to their relative abundance: 1 — present in trace amounts, 2 —
rare, 3 — few, 4 — common, and 5 — abundant. The most dominant microalgae genus was distinguished,

being marked with the number seven.

For data treatment purposes, the protozoans’ scores were summed according to their corresponding
phylum (e.g., Rotifera, Ciliophora or Amoebozoa), providing a relative measure of their populational

density, inside the ecosystem, at the time of sampling.
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Microorganisms’ behavioural and stress indicators were noted, to allow the association between

external factors and alterations in the ecosystem’s ecology.

The ecosystem’s microbiological assessment was only thoroughly monitored throughout 2021. Hence,
the seasonal dynamics of the microalgal assemblage cannot be compared to the previous years of this

experiment.

4.1.7.4. System’s Behaviour and Performance Indicators

Total Biomass Produced

The total biomass production verified between monitorization visits, was determined using equation (4.4,

which considers the culture volume measured at the time of sampling (Vgwp), and the sample’s DW:

Total Biomass Produced (g) = (DW X Vyywp)p — (DW X Vrwp)a (4.4)

Where (DW X Vrwp), represents the total biomass (g) that was present in the bioreactor upon arrival on
week Il — cultivation day b; and (DW X Vywp), the total biomass, present in the bioreactor after being

intervened in week | — cultivation day a, (schematic representation shown in Figure 4.3).

Areal Biomass Productivity

The areal biomass productivity was evaluated weekly, after applying the following equation:

: . 2 DW,, — DW,
Weekly Areal Biomass Productivity (g m™2 day™1) = —p_—a (4.5)

Where DW, and DW, represent the biomass concentration results derived from equation (4.1 (section
4.1.7.1), expressed in g m?2, for the sample taken after intervention in week |, and the sample taken
before intervention in week Il — cultivation days a and b, respectively (schematic representation shown
in Figure 4.3). The monthly areal productivity was later determined by the sum of the weekly

productivities calculated.

Total Nitrogen Removal and Areal Nitrogen Removal Rate

To determine the total nitrogen removal, and N removal efficiency among monitorization visits, the same
equations used for biomass evaluation were employed; equations (4.4 and (4.5 respectively. However,
as nitrogen consumption occurs in both the form of nitrate and ammoniacal nitrogen, the sum of both

nitrogen ions’ quantification must be applied in place of the DW parameters included in the equations.
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Radiation, Temperature and Photoperiod Data Acquisition

Local weather patterns were followed from 2019 to 2021, through In-situ temperature and radiation
measurements were taken at 15-minute intervals, by a nearby weather probe. Monthly photoperiod data

was acquired from Weather Spark.[8]

4.1.7.5. Statistical Analysis

Correlation Between Parameters

The correlation between variables was calculated using RStudio Version 4.1.2. Pearson product-
moment correlations (r) were used to compare continuous variables (i.e., temperature, solar radiation,
nutrients and biomass concentrations), while Spearman’s rank correlation coefficients (r;) were used for
comparison between discontinuous, as well as between continuous and discontinuous variables

(microorganisms’ relative abundance).

For both cases, the value of r varies between negative and positive one; |r| = 1 represents perfectly
correlated variables, while |r| = 0 is indicative of uncorrelated variables. Positive and negative r values,

respectively imply a direct and inverse relationship between the considered variables.

To assess the existence of an association between the ecosystem’s biomass productivity and N removal
rates, with either the regional temperature or radiation patterns, cultivation cycles where operational
problems occurred, were excluded from the dataset (e.g., cycles with equipment failure — CO2 addition
system or paddlewheel; or where culture renewal was extensively delayed, resulting in

overconcentration of biomass and ultimately self-shading).
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4.2. Assessment of the Biomass’ Potential as an MBS for Seed Priming

To assess the potential of the microalgal biomass derived from the bioremediation of the IFPP’s effluent,
for the development of agronomical biostimulant products, the biomass batches derived from the trial
pH cultivation cycles (described in section 4.1.5) were processed and applied as priming solutions to
commercial rice seeds. The latter were evaluated for susceptibility to salinity stress (at 0, 80 and 160
mM of NaCl), when unprimed, after priming with the microalgal treatments, and with DI water. Seed
germination was followed for 10 days, and the obtained seedlings were morphologically assessed on
the 12™ incubation day.

4.2.1. Biological Material

Rice Seeds — Oryza sativa L. cultivar Japonica

Commercial Oryza sativa L. cultivar Japonica (variety Euro) seeds were acquired from Aparroz (Figure
4.4). This variety was chosen as it belongs to the carolino rice cultivars, one of the most cultivated
varieties in Portugal. The seeds used belonged to the same monovarietal lot and arrived with the
fungicidal pre-treatment that is standardly applied to all the company’s dried seeds, as to avoid early
developmental diseases. The composition of the applied fungicidal treatment was not disclosed by the

company.

Figure 4.4 — Oryza sativa L. cultivar. Japonica seeds.

The seed lot was visually inspected, and seeds were selected according to their size and morphology.

Seeds with smaller sizes, presenting deformities or visual signs of fungal contamination were excluded.
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Microalgal Extracts

The three microalgae concentrates were taken from the freezer and placed in a fridge at 4°C to thaw.
Subsequently, to release the microalgae’s intracellular contents and produce compositionally
homogeneous extracts, the different lots were separately processed in a laboratory-scale High-Pressure
Homogenizer (GEA Lab Homogenizer PandaPLUS 2000) — Figure 4.5.

Microalgae
concentrate

Figure 4.5 — High-pressure homogenization process (GEA Lab Homogenizer PandaPLUS 2000).

The biomass concentrates had a DW concentration of 50 g L, and the goal was to produce priming
solutions with a final concentration of 50 and 25 gow L, according to application concentrations
described by Garcia-Gonzales and Sommerfeld.[f] However, the rheological properties of the
concentrates were causing the homogenizer's circuit to preclude, requiring the dilution of the
concentrates to a final DW concentration of 30 g L. After 3 milling cycles at a flow rate of 150 mL min-
1 and 60 (+ 5) MPa, the extracts presented a homogeneous microscopical appearance with complete
cell lysis and were therefore bottled and stored at 4°C for later use.

Microalgal Priming Solutions

The three microalgal extracts attained were tested as priming solution, at three different concentrations

each — 30, 15 and 5 gow L%, being diluted with DI water just before application.
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4.2.2. Experimental Design

Tree replicates were used to test the different priming treatments and incubation conditions, each being
composed of a group of ten equally prepared seeds. The experimental conditions are presented in Table

4.4. A nomenclature key was attributed to each incubation condition and treatment applied — Table 4.5.

Table 4.4 — Summary table for the number of replicates used to assess the effects of each incubation condition,
and priming treatments applied. Conditions used as control are marked with an asterisk.

o Biomass Extract  Biomass Extract = Biomass Extract Hvdrooriming* No
Salinity Stress n°1 (gow L1 n°2 (gow LY n°3 (gow L) yarop g Priming*
Condition — [NacCl]
5 15 30 5 15 30 5 15 30 - -
0 mM* 3 3 3 3 3
80 mM 3 3 3 3 3
160 mM 3 3 3 3 3 3 3 3
Total Seed Count 990

Table 4.5 — Abbreviation key used for the priming treatment and incubation conditions of the seed priming assay.

Code Definition

Bl Biomass extract n°1.

B2 Biomass extract n°2.

B3 Biomass extract n°3.

CsgiL Extract concentration of 5 gow L.

Cisgi Extract concentration of 15 gow L.

CsogiL Extract concentration of 30 gow L.

B1_Csg Biomass extract n°1 at 5 gow L.

Bl Cusgi Biomass extract n°1 at 15 gow L.

B1_ Csogi Biomass extract n°1 at 30 gow L.

B2 CsgiL Biomass extract n°2 at 5 gow L.

B2_ Cisg Biomass extract n°2 at 15 gow L.

B2 CsogiL Biomass extract n°2 at 30 gow L.

B3_ CsgiL Biomass extract n°3 at 5 gow L.

B3_ Cusgi Biomass extract n°3 at 15 gow L.

B3_ CsogL Biomass extract n°3 at 30 gow L.

[NaCl]lomm Incubation under optimal conditions, no salinity.
[NaCl]somm Incubation under moderate salinity stress, at [NaCl] = 80 mM.
[NaCl]i6omm Incubation under high salinity stress, at [NaCl] = 160 mM.

Seed-Surface Disinfection and Priming

The un-hulled seeds were manipulated in a laminar flow chamber (Teslar® Bio Il Advance Plus, Class
II) using either autoclaved or disinfected materials, to reduce the risk of introducing microorganisms
foreign to the priming solutions at study. To achieve surface sterilization the seeds were soaked in an

ethanol 70% (v/v) solution for 5 min, rinsed 5 times with autoclaved DI water and embedded in a 2%
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(v/v) commercial bleach solution for an additional 5 min, which was finally removed through eight washes
with autoclaved DI water.

The seeds were hand-dried with paper towels, and distributed in 24-well plates, with each well containing
four seeds and 1 mL of the respective priming solution. The plates were placed in an orbital incubator
at 25 (£ 0.5)°C and 80 rpm in the dark for 24 hours. Following the 24-hour priming (soaking) period, the
seeds were removed from the wells and separated according to the priming treatment applied. Paper
towels were used to pat-off the excess biomass, and the seeds were placed in sterile @90 mm Petri
dishes, which were placed back in the orbital incubator at 25 (+ 0.5)°C and 0 rpm in the dark for a 24-

hour drying period.

Incubation Conditions

The germination assay included the top-of-paper germination strategy as described by Biodiversity
International.[®8] Sterile Petri dishes were lined with two layers of previously cut and autoclaved 100%
cellulose coffee filters, which were soaked with 3 mL of the designated autoclaved incubation solution
(DI water at 0 mM; 80 mM and 160 mM of NaCl). The plates’ lids were secured with two trips of 3M

micropore paper tape and placed in the orbital incubator in the dark at 25 (+ 0.5)°C and O rpm agitation.

4.2.3. Evaluation of the Seeds Germinative and Early Developmental Performance
4.2.3.1. Germination

Despite the 14-day incubation period proposed for rice germination assays®8l; due to time constraints,
germination parameters were only monitored until the 10" incubation day. Plates were checked at 24-
hour intervals, to assess the number of germinated seeds. Germination was considered successful once

2 mm of either the radicle or shoot had emerged, as suggested by Biodiversity International.88l

4.2.3.2. Seedlings’ Morphological Evaluation

Seedling Root and Shoot Length Measurements

On the 12 day, the plates were removed from the orbital incubator and seedlings were placed on top
of a dark surface, covered with a glass slide and photographed for later measurement of the longest
root and shoot lengths, using ImageJ Version 1.53n (Figure 4.6). A ruler was included in all photographs

for size referencing. Measurements were taken for all seedlings.
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Figure 4.6 — Length measurements on ImageJ.

Regarding measurements of the shoot length, it is important to mention that in cases where the leaf
blade was the only organ present above the seedling collar (Figure 4.7a); the collar was considered the
upper limit for height measurements. On the other hand, when seedlings presented growth past the
collar (Figure 4.7b), the highest point verified excluding the leaf blade was used as the upper limit for

height measurement.

Figure 4.7 — Indication of the upper limit established for measurement of the shoot length. Where, — indicated the
location of the seedling collar, where the highest measurement was taken when no growth was verified past this
structure (a); ==~ represents the location of the highest measurement for seedlings presenting leaf growth past the
collar (b).
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Seedling Dry Weight Determination

For each seedling, both the root system and shoot were excised from the seed structure using a scalpel.
The excised shoots and root systems of each of the replicate’s seedlings were compiled and placed in
separate pre-dried and weighed paper bags, for oven drying — 48 hours at 70 (x 1)°C. After the time
elapsed, the bags were placed in the desiccator until second weight measurements were taken on an
analytical scale (OHAUS PIONEER, PA114C - 110.0 g + 0.1 mg).

Seedlings whose size noticeably differed compared to the remaining seedlings of the same replicate
were placed in individual paper bags for separate weighing. If the weight measurements for these
seedlings were close to the average DW of its corresponding group (considering a 10% error), it was
included in the replicate’s weight; otherwise, these individuals were considered to be morphological

outliers and were not included in the statistical analysis.

61



4.2.4. Analytical Methods

4.2.4.1. Germination and Early Developmental Performance Indicators

Final Germination Percentage (FGP)

Is an indication of the viability of the seed population represented by the sample tested, as well as its

germinability under the incubation conditions applied.61

n
FGP (%) = 1% 100 4.6)

Where n represents the total number of seeds germinated at the end of the assay and N is the total

number of seeds used.

Mean Germination Time (MGT)

Was proposed by Edmond and Drapalal®®, and consists of a measurement of the mean length of time

required for maximum germination of a seed lot under the experimental conditions applied.

K n xT,
MGT (days)= % 4.7)

Where k is the duration of the germination assay, Ti is the time taken from the start of the experiment to
the ithincubation day, n; is the number of newly germinated seeds on the ith day, and n represents the

total number of seeds germinated at the end of the assay.

Germination Index (Gl)

The germination index proposed by Melville et al.l®ll, describes the relationship between germination
percentage and spread. The formula attributes maximum weight to the seeds germinated on the first
incubation day, and gradually decreasing importance to those germinated on subsequent days. A higher
Gl value denotes a higher percentage and germination rate.[?0.92]

(k+ 1D - T)ny] (4.8)

[=
G FGP

Where k is the duration of the germination assay, Ti is the time taken from the start of the experiment to

the ithincubation day, and n; is the number of newly germinated seeds on the ith day.
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Seedling Vigour Index (SVI)

As proposed by Abdul-Baki and Andersonl®3, seedling vigour provides an indication of the seedling’s
performance and resilience under the incubation conditions it is exposed to. Higher SVI values are

indicative of more vigorous seedlings.

SVI = Total Seedling Length X FGP (4.9)

4.2.4.2. Statistical Analysis

The statistical analysis was performed using RStudio Version 4.1.2.4 A two-way analysis of variance
(ANOVA), was used to determine differences among the groups’ means; followed by the Post-Hoc
assessment for significant differences between the priming treatments and incubation conditions, via
Tukey’s range test (Shoot and Root’s DW). Data which did not initially satisfy the ANOVA’s assumptions
were subjected to arcsine transformation before the analysis (Gl and SVI). Those which did not meet
the assumptions even after mathematical transformations were assessed via the Kruskal-Wallis
evaluation of medians, with Post-Hoc analysis conducted through Dunn’s test with Holm correction
(FGP, MGT, Seedling DW, Seedling Length, Longest Root, Seedling Height). The level of significance
was set at p < 0.05, for all the statistic tests conducted. The data is expressed by the groups’ means +

standard deviation.
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5. Results and Discussion

5.1. Bioremediation of a N-rich Effluent Derived from Industrial Fertilizer Production

5.1.1. Experimental Site and Environmental Variables

Impact of Seasonality on the Performance of Open Systems

In outdoor microalgae production systems, seasonal variations in radiation intensity, photoperiod, and
environmental temperature, significantly impact the annual productivity and economic feasibility of large-
scale operations.[*3l As these parameters are unique to every location and cannot be controlled, it is
important to study and recognize patterns within the geographical area of interest before the
implementation of any production unit. In this sense, this section presents an analysis of the data
acquired from 2019 to 2021, for the pilot-scale RWP installed in the IFPP’s premises, as to assess the

system’s seasonal behaviour and establish a forecast of its performance.

The practical component of this thesis included the operation of the RWP from November 2020 to
December 2021, however, data from the two previous years were included in this analysis to allow a
more robust assessment. Three main parameters were considered in this analysis: N removal, biomass

productivity and the evolution of the ecosystem’s microalgal assortment.

Impacts of Environmental Temperature and Incident Radiation on the System’s Productivity

Throughout the three years analysed, the system’s average annual biomass productivity curve generally
followed the trend of both the average environmental temperature and solar radiation curves, with
greater proximity to the shape of the solar radiation (Figure 5.1). The Pearson product-moment
correlations conducted for the weather data acquired in this period, corroborate this observation,
showing a slightly stronger link between biomass productivity and solar radiation (r =0.61;p =
1.91 x 10~1%), compared to that of biomass productivity and environmental temperature (r = 0.53;p =
5.63 x 10711). This was expected, not only due to the photosynthetic nature of microalgae, which greatly
depends on light quality and intensity but also because the temperature data used in the correlation,
corresponds to environmental temperature, rather than to culture medium temperature. Culture medium
temperature increases mainly due to the absorption of heat derived from incident radiation!®3l, which in
turn is influenced by radiation intensity and nebulosity. It is thus very different to evaluate the
performance of open systems in response to each of these two temperature parameters, as the former
is not necessarily a direct indication of the latter.[294 Accordingly, environmental temperature might not

be the most appropriate parameter to assess the performance of these systems.

Nonetheless, despite microalgal health and ecosystem dynamics being substantially affected by culture
temperature, different species present distinct sensitivities to temperature fluctuations, with some being
tolerant to broader variation ranges.®®l In this case, as an open bioreactor with an ecosystem derived
from spontaneous colonization of endogenous microalgae, it is expectable that seasonal variations in

both environmental and culture temperatures would promote the establishment of other local species,
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as the environment becomes less favourable for the microalgae species dominating at any specific time
of the year (temporal ecological succession). This behaviour also supports the lesser impact of
environmental temperature on biomass productivity, as the surrounding ecological environment
provides the system with the ability to respond to temperature variations, thus not significantly impacting
the overall biomass outputs.

Contrarily to what was verified for biomass productivity, the average N removal rate showed a stronger
link with environmental temperature (r = 0.65;p = 1.11 X 10~7) compared to solar radiation (r =
0.60;p = 1.16 x 107%). Additionally, N removal strongly correlated with biomass productivity (r =
0.68;p = 9.59 x 107?), likely as a result of its constitutive role in all structural and functional proteins of

cells, with its incorporation being fundamental for microalgal growth.4

Figure 5.1 presents a summary of the productivity results obtained during the 36 months of this assay.
However, important considerations regarding this graphical representation and analysis are disclosed
in section 5.1.2.

Biomass Productivity (gpy m™ day™")
(L_Aep LW B) eyey |eroway N
T
=
(4) pousdoloud !(, Aep . w rN) uonelpey Jejog
(D,) @injesedwa) [ejusLUOIAUT

oy @t (< O @ (e oy NCC o' we' o
o ¢ dotY e po W W 3 pod 639"6(“ o “0\‘6,;(\ oec'eﬁ\
Av. Biomass Productivity Av. N Removal Rate Av. Solar Radiation ___ Av. Environmental
(gow m* day™) (g m?day™) (MJ m? day™) Temperature (°C)
Av. Photoperiod (h) Av.Sol.Rad. - SD Av.Env.Temp. - SD

Figure 5.1 — Summary of the system’s performance from January 2019 to December 2021. The error bars represent
the SD for the average values verified for each parameter in the months evaluated.

5.1.2. Considerations for the Analysis of the System’s Seasonal Performance

To establish an accurate representation of the system’s seasonal behaviour, data attained for months
where unexpected events or external conditions majorly impacted the state or performance of the
ecosystem, were excluded from the dataset analysed (Figure 5.1). Hence, Figure 5.2 presents a timeline

indicative of the available data, followed by a discussion about which were disregarded and why.
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Figure 5.2 — Chronological representation of the data included in the analysis of the system’s performance. Months
for which data was analysed are represented by a continuous line; months for which data is unavailable are
represented by an intermittent line, and months excluded from the dataset present no line. Temperature and
radiation data are available for the 3 years.

Excluded Data

2019 — NH;—N only started being quantified in December 2019; thereby, the total N removal rates
presented in Figure 5.1, from January to March and May to July, derive from averaging the data acquired
in 2020 and 2021. Conversely, April’'s N removal results correspond solely to the outputs of 2020; and

those presented from August to November to 2021’s outputs.

2020 — Precautionary measures implemented in response to the COVID-19 pandemic, restricted access
to the IFPP, hindering the proper maintenance of the system and ultimately causing the culture to crash
in August 2020. The bioreactor remained inoperative until November of that same year, and after
reestablishment, it underwent an adaptation period of two months, during which performance was not
representative of the settled ecosystem. Consequently, productivity results obtained during this period

were excluded from the graphical summary and analysis.

2021 — At the beginning of April 2021, the culture suffered a gradual change in its macroscopical
appearance, with a significant increase in biomass agglomeration and discolouration, resulting from the
accumulation of dead cells, organic debris, and an increase in micro-grazer abundance. Simultaneously,
the proportion of insects and larvae increased along the bioreactor’s margins, indicating the poor state
of the ecosystem. The system’s biomass productivity and N removal, significantly decreased over 10
days, followed by biomass loss. The culture recovered after several interventions for the removal of
biomass clusters and partial system renewals. However, since this month’s results were considerably

affected, these were excluded from the analysis.

It was later found that in the area surrounding the bioreactor, herbicidal applications are conducted
triannually and that one of these took place in the week preceding this event. It is thus likely that the

culture was contaminated and affected by the product.

Coincidently, and despite no previous report of such an event, a drastic yield reduction was verified in

March 2020. If herbicidal applications take place at around the same period each year, this might have
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been the cause behind the observed productivity decrease. However, as this assumption was not

confirmed, the data acquired in March 2020 were included in the analysis.

5.1.2.1. Factors that Likely Contributed Towards the System’s Monthly Results Variability

Despite the environmental conditions having remained similar throughout the three years of this assay,
and productivity being strongly correlated with solar radiation; the system’s monthly performance results
present some variability (Figure 5.1). The outputs of open production systems are expected to fluctuate;
however, it is important to identify and discuss inherent and extrinsic factors that might have influenced

the results obtained for this particular system.

Firstly, as a significant portion of the data was excluded from the analysis (Figure 5.2), the sample size
available for each parameter differed for each of the 12 months evaluated. This ultimately increased the
variability of the monthly averages calculated for smaller datasets, due to the inverse mathematical
relationship between sample size and variability.l®7 Along with the problems listed in section 5.1.2, other

aspects might have contributed towards the observed variability:

|. Placement and Conditions Surrounding the RWP

Activities led at the industrial site, have influenced the system’s performance on several occasions, as
the site is not always managed towards the protection of the RWP. The before mentioned herbicide
applications are one example, but throughout the years, countless other activities took place at the site
of this experiment. The installation of temporary fences, and placement of large construction machines
and materials near the bioreactor, may have led to the temporary reduction of the photosynthetic area,

inevitably causing a decrease in the culture’s productivity potential (exemplified in Figure 5.3c and d).

Figure 5.3 — Raceway used for this assay. Photographs a. and b. represent the typical disposition of the bioreactor
in the industrial site. Photographs c. and d. were taken in September 2021, when construction work was initiated
and is still ongoing.
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Il. Biological Factors

Open cultivation systems are susceptible to biological contamination, with organisms ranging from
macroscopic insects to microscopic and unsought microalgal species, herbivorous zooplankton as well
as fungi and bacteria. Grazing can greatly reduce biomass yields, cause crop loss, and in extreme
cases, lead to culture crash; threatening the profitability of the production process.[3895.98-100] Ag
previously referred, the ecosystem’s macro- and microorganisms, were mostly monitored in 2021, thus
it is not possible to assess the overall impact of biological contamination on the system’s productivity
throughout the three years. Additionally, for 2021, no significant correlation was verified between the
presence of macro- and micro-grazers and the system’s performance. Although for valid conclusions to
be drawn, this parameter should be followed for several years, as to unveil the influence of endogenous

species; in the ecosystem’s yearly ecology and performance.

Ill. Equipment Malfunctions

As this system was maintained by different employees throughout the years, important information
regarding the state of the culture and operational problems verified, ended up getting lost; making it
impossible to identify all the factors that may have influenced its performance from 2019 to 2020.
However, malfunctions in the carbonation circuit were reported for several of the months that presented
unusually low productivity results. These usually lead to abrupt changes to the culture’s pH, disrupting
the ecosystem and ultimately causing a decline in monthly productivity.

IV. Frequency of Intervention and Effluent Addition

Following the previous point, despite the system having been mostly operated according to the
experimental design and setpoint parameters specified in sections 4.1.3 and 4.1.4, the frequency of
intervention, and consequently of nutrient addition, varied slightly throughout the assay. Additionally, as
the volume of effluent required to maintain the established N setpoint was calculated with a one-week
lag period (Figure 4.3), in weeks when productivity unexpectedly increased, the system may have been

deprived of N, limiting biomass productivity and N removal rate.

5.1.2.2. Nitrogen Removal Behaviour

Ammoniacal nitrogen is the preferential N source for microalgae since the metabolic cost to reduce
NH;—N to organic matter is lower than to reduce other N forms.13] As the effluent contained a lower
NH;—N concentration compared to that of NO3—N (Table 4.1), NH; was often depleted within the first
days after supplementation, leaving microalgae with NO3 as their only nitrogen source until the following
intervention. Consequently, either NO3—N removal surpassed that of NH;—N or both were
proportionately removed. This dynamic was strongly dependent on the supplementation frequency and
the N setpoint in effect. If effluent was added with enough frequency to sustain NH;—N availability,

amidst interventions, NH; was likely to be removed in greater amount. This was especially true during
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summer months, when the N setpoint was higher, as the presence of NH; has been verified to suppress
the expression of genes involved in the nitrate assimilation pathway, up until a given inferior
concentration limit, which varies depending on the considered species.[101-105]

The N removal results obtained for June of both 2020 and 2021, clearly showcase the impact of
supplementation frequency, on the system’s N removal behaviour and selectiveness between NH; and
NO3 (Table 5.1).

Table 5.1 — Environmental and operational conditions verified in June 2020 and 2021 with the respective productivity
results obtained. Environmental parameters are represented by mean + SD, with n = 30 for both years.

Environmental and Operational Conditions

June Average Solar Radiation  Average Environmental Nitrogen N° of Interventions &
(MJ m2 day?) Temperature (°C) Setpoint Effluent Supplementation

2020 25.8 (£ 4.3) 20.2 (£ 1.8) 56 mg L (4 mM) 3 (2 Production Cycles)

2021 26.5(£5.7) 19.9 (+ 2.0) 70 mg Lt (5 mM) 8 (3 Production Cycles)

Total Effluent Supplementation

June Added Volume (L) N Equivalent (g)* NO3-N Equivalent (g)*  NH;—N Equivalent (g)*

2020 2.7 127 75 52

2021 3.0 143 85 58

Obtained Results

June Total N Removed () NO3—N Removed (g) NH;—N Removed (g) Biomass Produced (kg)

2020 105.7 (83.3%)" 76.1 (72.0%)° 29.6 (28.0%)° 0.9

2021 113.1 (79.2%)" 61.0 (53.9%)° 52.1 (46.1%)° 0.9

*Approximate theoretical values, calculated based on the effluent composition determined in 2019 (Table 4.1b),
slight variations in the elements’ proportions might have occurred throughout the assay. "Removal percentage
regarding the total N supplied to the system in the respective month and year. “Removal percentage regarding the
total N removed for the respective month and year.

For both years the environmental conditions were analogous: same photoperiod (= 14:50 hours), similar
daily solar radiation average (25.8 MJ m-2 day!in 2020 and 26.5 MJ m2 day in 2021) and average
environmental temperature (20.2°C in 2020 and 19.9°C in 2021). Additionally, the system was
supplemented with approximately the same total effluent volume (2.7 L in 2020 and 3.0 L in 2021).

As a result, the total biomass produced in both years was virtually the same (896.4 gow in 2020 and
896.6 gow in 2021), as was the total N removed from the system (105.7 g in 2020 and 113.1 g in 2021).

However, the uptake proportion between NH;—N and NO3—N significantly differed.

In June 2020, of the total N removed, 72.0% corresponded to NOj3, and 28.0% to NH; removal.
Contrastingly, in 2021 both N forms were proportionally removed, with 53.9% corresponding to NO3
removal and 46.1% to the removal of NH;. This was likely a result of the different supplementation
frequencies practised in June of both years, with the system being intervened three times less frequently
in 2020 compared to 2021 (Figure 5.4).

After the initiation of a new cultivation cycle on the 1st of June 2020, the system was intervened a total

of three times, with the analysis conducted indicating that it was nearly depleted of both N sources at

70



the time of each supplementation (Figure 5.4a). Contrarily, in 2021, effluent supplemented was frequent
enough to maintain a high NO3 concentration and extend NH; availability; thus, allowing microalgae to

have prolonged access to their preferred N source and increasing its removal percentage.
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Figure 5.4 — RWP’s Biomass, NO3-N and NH;—N profiles, throughout June of 2020 (a) and 2021 (b).

As there was only one bioreactor available for this project, it was not possible to simultaneously test
different operational procedures or perform technical replicates. Since the evaluation of the impacts of
supplementation frequency, on the ecosystem’s N removal behaviour was not accounted for in the
experimental design, only the data attained in June 2020 and 2021, was found do suit this analysis. The
analysis of these results alone is insufficient to confidently determine the impacts of such operational
differences, this would require additional monthly comparisons, using year-round data, ideally acquired

following an assay plan previously designed for this purpose.

Nonetheless, these indicate that modifying operational procedures may cause marked differences in the
removal proportion of both nitrogen forms, although not interfering with total N removal or biomass

productivity. Thereby, the system will be evaluated in its total N removal efficiency.
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5.1.3. System’s Performance as a Function of the Daily Solar Radiation

5.1.3.1. System’s Overall Performance from January 2019 to December 2021

Given the correlation found between solar radiation and biomass productivity, the system’s behaviour
will be further analysed in function of the daily solar radiation. Additionally, as radiation averages and
productivity results were most similar between months belonging to different seasons, to simplify the
results’ interpretation; these were clustered into three groups, according to their daily radiation averages,
with those in group 1 presenting the lowest, and in group 3 the highest average values. The monthly
biomass productivity and N removal results are presented in Table 1.1 (Annex 1), the groups’
environmental parameters are indicated in Table 5.2, and their biomass productivity and N removal rates

are represented in Figure 5.5.

Table 5.2 — Groups ranked by average daily solar radiation range. The average daily radiation and environmental
temperatures are presented for groups 1, 2 and 3 (mean = SD, n = 70; n = 39; n = 79, respectively).

Average Solar Average Daily Average Average
Group  Radiation Range  Solar Radiation Included Months Photoperiod Environmental
(MJ m2 day?) (MJ m2 day?) (hh:mm) Temperature (°C)
January, February, October, . ,
1 [6.7-13.4] 9.0 (x2.3) Novernber & December 10:14 ( 36') 14.2 (+ 2.3)
2 [13.4-20.0] 17.3 (£ 0.3) March, April & September 12:34 (£ 32)) 17.7 (£ 3.3)
3 [20.0-26.7] 24.7 (£ 0.6) May, June, July & August 14:21 (+ 28’) 211 (x1.5)

The three groups presented considerably different productivity results, increasing from groups 1 to 3.
Since group 3 simultaneously presents the highest productivity and daily solar radiation average, there
is no indication that the highest radiation values reached in this geographical location, hamper biomass
productivity through photoinhibition, for this bioreactor design, placement and operational conditions

employed. The monthly productivity results, presented in Figure 5.1, support this observation.
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Figure 5.5 — Summary of the solar radiation groups’ daily biomass productivity and N removal rates. The number
of observations used to calculate the groups’ mean and SD, for daily solar radiation, environmental temperature
and biomass productivity was n = 70, n = 39, n = 79; and for N removal rate determination, n = 39, n =21, n =48
for groups 1, 2 and 3, respectively.
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Despite the productivity increase verified between groups 1 and 2, and groups 2 and 3, their percentual
rise was not proportional among the evaluated parameters (daily solar radiation, biomass productivity

and total N removal rate).

The most significant percentual rise in daily biomass productivity was verified between groups 1 and 2,
with an 81% increase from 2.34 + 0.98 gow m2 day to 4.23 + 0.65 gow m?2 day!, respectively. The
increase verified between groups 2 and 3 was considerably less steep, with a 26% surge to a final
biomass productivity of 5.35 + 1.06 gow m2 day!, for group 3. These results were consistent with the
percentual increase verified for daily solar radiation; which rose by 91% from group 1 to group 2 and by

43% from group 2 to 3 (values indicated in Table 5.2).

Despite the percentual increase in the group’s average photoperiod and environmental temperature,
also being greater between groups 1 and 2, it was much more subtle; with the average photoperiod and
environmental temperature having increased by 23% and 25% between groups 1 and 2; and by 14%

and 20% for groups 2 and 3 (values indicated in Table 5.2).

In contrast to what was verified for biomass productivity, the percentual increase verified for N removal
was less steep between groups 1 and 2, with a 44% increase from 0.27 + 0.09 g m2day*t0 0.39 £ 0.10
g m2day?. An 80% increase was observed between groups 2 and 3, to a final N removal rate of 0.70 +
0.12 g m2 day®. This agrees with the higher correlation result obtained between N removal and

environmental temperature, versus that with solar radiation.

It is important to consider the size difference between the datasets available for N removal and biomass
productivity, as it might interfere with the interpretation of results. Nonetheless, these parameters were
strongly correlated, and the estimated amount of N removed per gram of biomass produced, did not
greatly differ among the groups: Group 1 —11.9%; Group 2 — 11.1%; Group 3 — 14.1%; annual weighed
average — 12.5% (using the data described in Figure 5.2).

The increased N/biomass ratio obtained for group 3, may result from an increase in micro-grazer density
in warmer months, as a slight positive correlation was verified between micro-grazer density and
environmental temperature (Figure 5.9). This would mean that group 3’s biomass productivity was
higher, with microalgal growth contributing towards N removal, and with grazing causing a slight
decrease in the system’s total biomass, affecting the presented ratio. If this were to be true, these results

would fully agree with the reported N-content of microalgal — 4 to 12% (w/w, DW basis)[13:106],

Productivity Results Within each Solar Radiation Group

Group 3 - Includes mostly summer months, presenting the highest daily irradiation average and longest

photoperiod. As a result, this group presented the highest biomass productivity and N removal rate.

June showed the highest biomass productivity result, both within group 3 and compared to the remaining
months. July’s daily radiation average and biomass productivity results were similar to June’s (June’s
radiation average and biomass productivity — 25.68 + 0.73 MJ m2 day! and 6.30 + 0.46 gow m?2 day;
July’'s — 24.69 + 1.42 MJ m2 day! and 6.00 + 1.45 gow m2 day'), despite it simultaneously presenting

the highest average N removal rate and environmental temperature (0.88 + 0.03 g m2 day; 22.75 +
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1.27°C). Nonetheless, due to the dataset’s limitations (section 5.1.2), no definitive conclusion can be

drawn relative to months presenting the highest N-removal potential.

August was the group’s least productive month, presenting an average biomass production of 3.57 +
0.40 gow m2 dayt. This month’s N removal rate is only available for 2021, thus its removal average
cannot be assessed.

Finally, the presented productivity results are consistent with the average irradiation and photoperiod
verified for this group’s months; with June presenting the highest values for both parameters, July
coming as a close second, and August holding the lowest results. The same tendency was observed

for environmental temperature and N removal rate, which were highest in July and lowest in May.

Groups 1 & 2 — As previously observed, the months presenting the highest photoperiod and daily
irradiation averages, also showed the highest biomass productivity results. April was the most productive
month within group 2, and October within group 1; showing an average biomass productivity of 4.91 +
1.38 gpw m2 day?! and 3.98 + 0.25 gow m?2 day, respectively.

Despite it not holding the lowest photoperiod or solar radiation averages, November showed the lowest
biomass productivity out of all 12 months — 1.42 + 0.78 gow m2 day1. This month’s biomass productivity
average was calculated using data obtained in 2019 and 2021; and in the latter year, the culture’s pH

was affected by malfunctions in the carbonation circuit, causing a decrease in biomass productivity.

Considering that November’s biomass productivity result may be an anomaly, it is important to determine

this group’s second least productive month, which was January.

January’s biomass productivity result was roughly the same as December’s (1.66 + 0.49 gow m2 day-!
versus December’'s 1.68 = 0.28 gow m2 day?); which in turn was the month presenting the lowest
photoperiod and daily irradiation average, granting that these were still very similar (December’s
photoperiod and radiation average — 9:30 h and 6.76 £ 0.05 MJ m2 day'; January’s — 9:48 h and 7.42
+ 0.59 MJ m2 day1).

Despite the stronger link identified between photoperiod and daily solar radiation with biomass
productivity, compared to that of productivity and environmental temperature; which would justify
December’'s biomass productivity result; January presents the lowest environmental temperature. It
significantly differed from that verified for the remaining months, including from December’s average
value, which was 2°C higher than January’s (13.12 + 0.59°C versus 11.01 + 0.80°C).

Most importantly, January's environmental temperature came very close to the lower limit of the
temperature range described as suitable for microalgae species growing in temperate regions (10-
25°C)B491: and despite environmental temperature not being the most appropriate parameter to
evaluate microalgal growth, it is an indicator of the culture medium'’s temperature, and in this particular
case, of the observed results. Nonetheless, it is very important to emphasize that the differences
highlighted in this discussion fall very close or even within the SD values associated with the calculated

means; hence more data would be required to settle these observations.
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5.1.3.2. System’s Performance in 2021

The monthly biomass productivity verified in 2021, showed an identical performance pattern to that of
previous years, either coming very close to prior results or surpassing them altogether (Figure 5.6). As
a result, its annual biomass productivity was very similar to the annual average verified between 2019
and 2021 — 3.82 gow m2day! versus 3.92 gow m2day.

Within 2021, April and November showed lower biomass productivity compared to previous years, the
first resulting from herbicidal contamination, and the latter from malfunctions in the carbonation system.
July showed the highest average daily solar radiation (26.65 MJ m-2 day-1), biomass productivity (7.18

gow m2day?) and N removal rate (0.84 g m2day?), being the best-performing month of this year.
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Figure 5.6 — Comparative representation of the system’s performance in 2021 versus 2019 and 2020. As NH;—N
was not quantified up until December 2019, and data from August to December 2020 were excluded from the
dataset; the graph lacks the vertical T-shaped bars for N-removal from August to December.

As this was the only year where both N forms were quantified all-year-round, and no mathematical
relationship was established between biomass production and N removal (due to the system’s
characteristics); it is not possible to compare the bioremediation results verified in 2021, with previous
years. The bioremediation outputs of 2021 are presented in Table 5.3.

Table 5.3 — Total biomass produced and N removed, in the pilot-scale RWP in 2021.

Production Total NO3—-N Total NH;-N Total N Total Effluent Total Biomass
Time (Days) Removed (g) Removed (g) Removed (g) Volume Treated (L) Produced (kgow)

365 410 452 862 18 7
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This system was successful at achieving total nitrogen depletion. However, it presents the most widely
reported limitation of algae-based wastewater treatment systems — significantly longer hydraulic
retention time compared to bacterial-based systems.[24-281 This means that it is not a viable system if
implemented exclusively for wastewater treatment purposes, as up-scaling would present high areal
requirements and rising treatment costs. Therefore, assessing the value of the produced biomass is

very important for the development of a cost-efficient waste valorisation strategy.

5.1.4. Composition of the Phytoplankton Community in 2021

The microalgal assemblage verified throughout 2021, mainly included species from the Chlorophyta
phylum (green algae). Additionally, several morphologically different cyanobacteria (often referred to as
blue-green algae, belonging to the phylum Cyanophyta), a single Xanthophyte (yellow-green algae) and
a Bacillariophyta (diatom) were also identified, despite their generally reduced abundance. Most of the
identified microalgae are members of a morphological group classified as non-motile Chlorococcales,
which are known to be prominent in shallow and highly enriched systems; including wastewater

microalgal assemblages.[49:53.107]

The most prevalent genera identified throughout this assay are shown in Figure 5.7. However,
microalgae which were observed in very low relative abundance and with no reoccurrence were not

included in the community composition analysis.

Chlorophyta
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Figure 5.7 — Most prevalent microalgae phyla and genera throughout 2021. The Scenedesmus genus was
subdivided into two groups based on general morphological traits (marked with an asterisk).

The reviewed studies describing the use of open cultivation of microalgae consortia, for the
bioremediation of nutrient-rich waters, present significant differences among them and especially when

compared to this work. Particularly, these studies mostly use urban effluents pre-treated to different

76



degrees, all presenting high levels of organic matter, which is absent in this industrial effluent. The RWPs
used are often considerably larger and are usually operated in continuous mode. Additionally, these
were conducted in very different geographic locations, subjecting the biological systems to distinct
weather patterns. Despite the variability verified among the mentioned parameters, many similarities
were identified among the studies, and between them and this assay, especially regarding the identified
biota; with most microalgal genera being common to all publications.[26.45.49.50.108,109]

The total count of identified microalgae was lower than what is reported in some of the analysed
studies.*>50 However, these present microalgae identification at the species level, and such
classification was not conducted due to the lack of molecular biology tools. Nonetheless, the genera
identified in the RWP were described in most publications. Additionally, the species usually reported as
being highly abundant have very similar morphological characteristics to the individuals identified in the
RWP’s microalgal assortment. It is thus likely that some of the individuals included in the genera and
groups indicated in Figure 5.7 belong to different species within the identified genera, or different genera

altogether, as slight morphological variations were logged throughout the assay.

Microalgal Diversity

The number of different microalgae simultaneously occurring in the pond was low, ranging from three
to ten, with a median count of six. Similar results were described in other studies*5°0.197-109] and low
species richness has been reported in many hypertrophic waterbodies, with numerous authors

suggesting a decline in diversity adjacent to the intensification of eutrophication.9.53]

Similarly to other analysed studies, the community was mostly dominated by a single species. However,
codominance events occurred in several instances with varying duration (ranging from one week to
nearly a month) and were mostly associated with changes in species dominance (turnover
events(!11]) 1110l The length of time a given species dominated the system was variable and seemingly
arbitrary, with no apparent connection to the seasonality indicators evaluated. This is noticeable in the
graphical representation of microalgae relative abundance, as no single genus seems to be restricted

to a specific season and all show variable relative abundance throughout 2021 — Figure 5.8.

The Spearman Rank correlation coefficients calculated, corroborate this observation, showing no
evident seasonal pattern for microalgal diversity (no significant correlation (p < 0.05) with average daily
solar radiation or environmental temperature). Diversity was also not correlated to culture pH; however,
despite the low correlation value obtained, the abundance of different genera showed a negative
correlation with N concentration (r; = —0.28, p = 0.03), favouring the hypothesis of an inverse
relationship between diversity and eutrophication (Figure 5.9Erro! A origem da referéncia néo foi

encontrada.).

A weak positive correlation was identified between microalgal diversity and micro-grazer density (r; =

0.27, p = 0.02), despite it not correlating with micro-grazer diversity.

Regarding the system’s productivity, microalgae diversity was also not significantly linked with either

biomass productivity or N removal rate (in any of its available forms). Additionally, as presented by
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Assemany et al. and Sutherland et al.#55%, no significant correlation was identified between individual
genera and biomass productivity or N removal; indicating that functional groups may be more important
for the maintenance of the system’s performance than individual species, suggesting high functional

redundancys.
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Figure 5.8 — Qualitative representation of the relative abundance of microalgae genera throughout 2021.

Contrarily to what is described in most studies, the amount of available N was found to not significantly
affect biomass productivity. However, the biological systems described, are dependent on the N content
of the influent (which is variable), and consistently presented a lower N concentration than what was
established for this assay (averaging from 0.24 mM to 2.20 mM, with most presenting N concentrations
inferior to 1.00 mM). In this system, the effluent was added to the system, in enough amount and
frequency to exceed the microalgae’s ability to achieve N depletion, thus not limiting microalgal growth.

It is therefore understandable that no significant correlation was found between the two parameters.

In contrast with the analysed studies, zooplankton density was not significantly correlated to biomass
productivity. As mentioned in section 5.1.3.1, months presenting higher daily solar radiation averages
and photoperiod presented increased biomass productivity and N removal results. However, the N
removal rate showed a slightly stronger correlation with environmental temperature compared to solar
radiation, with the opposite being observed for biomass productivity (section 5.1.1). The fact that micro-
grazers’ abundance was favoured by warmer temperatures (Figure 5.9), might indicate that grazing
causes some degree of biomass loss, as warmer months also were verified to present higher N removal
per biomass production ratio (section 5.1.3.1). This disparity might result from the size of the available

dataset.

6Ecological theory which defends that the environment selects for life forms that share similar roles in ecosystem
functionality, rather than specific taxa.*?%
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Dominant Microalgae and Turnover Events

The success of a microalgal assemblage is influenced by the comparative performance of each of its
species under the prevailing environmental and biotic conditions. Changes in these conditions, such as
competition for resources and selective predation by zooplankton grazers, can lead to the temporal
succession of both the assemblage population and its dominant microalgal species.*dl The system’s
most prevalent microalgae showed distinct correlation results to the bioreactor’'s physicochemical and
biotic parameters, as represented in Figure 5.9Erro! A origem da referéncia néo foi encontrada..

These were mostly consistent with the concepts described in the bibliography.

Most studies describe seasonality and grazing pressure as being important contributors towards the
occurrence of species’ turnover events while recognizing that these events are most often triggered by
the interaction between several factors, including operational constrains and changes in the influent’s
composition. The acquired data, suggests that seasonality did not drastically contribute towards the
turnover of species, since these occurred with equivalent frequency throughout the year. Sutherland et
al.*l also verified that these events were not set off by seasonal changes. On the other hand, most
turnover events coincided with culture renewal interventions and planned or inadvertent changes to the
culture’s pH, with the herbicidal contamination incident (described in section 5.1.2) having triggered one
of these events (Figure 5.10). Thus, these seem to have been important triggers of these events, likely
by collectively exerting selective pressure and influencing the zoo- and phytoplankton species which

were able to readily recolonize the system.

Despite zooplankton grazing not having individually caused any of the turnover events verified, their
presence was related to the maintenance of reduced abundance of the microalgal species these were
reported to feed on, and seem to have contributed, in interaction with the indicated factors, to the
success of species turnover. Namely, rotifers with similar morphology to those consistently observed in
this system, have been reported to graze on Monoraphidium, but not on Scenedesmus, due to their
structural characteristics.[99199 Accordingly, Monoraphidium shows a low negative correlation with
rotifers’ abundance, and no correlation was found between Scenedesmus and rotifers. Some ciliates
are known to be Scenedesmus predators®109; however, throughout the year some were noticeably
unable to graze on S. spp. 2, despite their ability to ingest S. spp. 1. The Spearman’s correlations
conducted, corroborate this observation, with a strong negative correlation between ciliates and S. spp.
1 and strong positive correlation with S. spp. 2 (Figure 5.9). Additionally, when the two Scenedesmus
groups occurred simultaneously, only one of them showed high relative abundance, likely due to the
grazing pressure exerted by these protozoans. These dynamics are apparent in the qualitative

representation of microalgae genera and their respective predators’ abundance (Figure 5.10).

Adding to the fact that most turnover events seemingly coincided with changes in culture pH, among all
the environmental parameters evaluated, pH was the one which correlated significantly with the highest
number of identified genera. As it has been widely described as an important factor affecting the

development of microalgae.[1354.96]
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Monoraphidium Scenedesmus  Scenedesmus Ciliates Rotifers Micro-gr_azer Mif:roal_gal
spp. 1 spp. 2 Density Diversity
Scenedesmus spp.1 - 1.0
Scenedesmus spp.2 - -
Ciliates -
Rotifers -0.24* - - - 05
Micro-grazer Density -0.30* -0.43* _ 0.24*
Microalgal Diversity - - 0.42** 0.32** 0.31** 0.27*
Biomass Productivity - - - - - - - 0
N Removal Rate - - - - 0.35** - -
Culture Medium initial [N] - - -0.29* -0.33* 0.32* - -0.28* 05
Medium pH 0.39* 0.42** -0.41** -0.27* - -0.37** -
Av. Environmental Temperature -0.27* -0.38** 0.37** - 0.27* 0.28* -
Av. Solar Radiation - - - - 0.43** - - -1.0

Figure 5.9 — Representation of the significant Spearman Rank coefficient results between the most prevalent microalgae, environmental and biological variables. Correlations were calculated
using the data acquired from each culture sample acquired within 2021 (n = 71). **p < 0.01 — high statistical significance, *0.01 < p < 0.05 — moderate statistical significance.
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Figure 5.10 — Qualitative representation of relative abundance of the most prevalent microalgal species and respective zooplanktonic predators, verified at each intervention. The letters indicate
species codominance (C) and turnover events (T). The section marked with red indicates the period where the system was contaminated with herbicide; the first grey section indicates the period
when the bioreactor was operated at pH 9.5 and the second when the pH setpoint was altered to 6.5. The pH trend line was constructed using the pH values verified at peak radiation hours,

between interventions.
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5.1.4.1. System’s Performance Under Different pH values

In 2021, during the months of greatest productivity and closest daily radiation averages (Table 5.2, group
3), the system’s pH was separately altered to 9.5 and 6.5, as to explore this parameter’s impacts on
biomass productivity, total N removal rate, and microalgal assemblage composition. The experiment
was designed to include a two-week production cycle for the two pH values tested, interleaved with a

cultivation cycle at pH 8.0, to equate the starting point for both trial cycles.

The cycles performed under standard pH conditions, from 2019 to 2021 within May and August, for
which no significant operational problems had been reported, and both NO3-N and NH;—N had been
quantified (Figure 5.2) were used for comparative analysis. Five pH 8.0 cycles were selected, three
conducted in 2020 and two in 2021. Their average results were lower than those acquired from both pH
trial cycles, with an average biomass productivity and N removal rate of 6.29 + 0.90 gow m2 day* and
0.79 £ 0.20 g m2 day?, respectively. Only one of the standard cycles (conducted in June 2020)
presented a biomass productivity equivalent to that of the pH trial cycles — 7.86 gow m2 day! versus the
7.54 and 7.90 gow m2 day?, verified for the 9.5 and 6.5 pH cycles. The results of both the standard and
test cycles conducted in 2021 are represented in Figure 5.11.
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Figure 5.11 — Biomass productivity, N removal rates, and relative abundance of the microalgal genera present
throughout the trial and standard cycles, performed from May to August of 2021. The results correspond to
production cycles completed upon stabilization of the system, under the new pH setpoint established.

Due to the short time frame imposed by seasonality, the trial cycles were not repeated, preventing the
identification of the most appropriate pH value, to maximize this system’s performance. Nonetheless,
both trial cycles showed greater biomass productivity and N removal rates compared to the considered
standard cycles. Additionally, the system seems to perform better under lower pH, since the pH 6.5
cycle was the best performing while being subjected to a shorter photoperiod and lower solar radiation

average, compared to both the pH 9.5 and 2" standard cycles. It would therefore be interesting to repeat
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this assay for a prolonged period, as to acquire more information on the ecosystem’s behaviour under
the tested conditions.

Both pH alterations caused the dominant microalgal genera to shift (Figure 5.10). However, the
assemblage suffered the most drastic change under pH 6.5 (Figure 5.11), with Scenedesmus spp. 2
presenting itself as the dominant species for the entirety of the cycle and the longest period within the

whole year.

The biomass produced during the 15t 8.0 pH cycle of 2021, and both the 6.5 and 9.5 trial cycles was
harvested, producing three distinct batches which were evaluated for their potential as seed biostimulant

treatments.

Composition of the Biomass Batches Produced During the pH Trial-Cycles

The three biomass batches presented different microalgal genera compositions (Figure 5.12), likely
providing them with distinct biochemical properties. Each biomass batch was processed using a
pressure homogenizer to produce cellular extracts which were used as seed priming treatments to
assess their potential benefits as biostimulant treatments (section 5.2).

Biomass Batch 1 (B1) Biomass Batch 2 (B2) Biomass Batch 3 (B3)
14t of July 2021 31 of May 2021 12 of June 2021

== Micractinium Stigeoclonium Lyngbya mmm  Oscilatoria

m  Monoraphidium Scenedesmus spp.2 w Tribonema Microcystis Nitzschia
Figure 5.12 — Microalgal genera composition of the biomass batches derived from the pH trial-cycles conducted

from May to August 2021. At the top of each pie-chart, is the batch’s harvest date; in their centre is the production
pH setpoint, and at the bottom is a photograph of the culture before harvest (200x amplification).
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5.2. Assessment of the Biomass’ Potential as an MBS for Seed Priming

Several studies have explored the potential of using microalgae as plant biofertilizers and biostimulants,
with some applying the microalgal genera identified as predominant in the harvested biomass batches;
all stating positive effects.[406163] This study aims to preliminarily assess the potential of the harvested
biomass to be transformed into agronomical biostimulant products. Particularly, to understand its
potential to improve plants’ performance under salinity stress conditions, given the worldwide increase
in soil salination, including in some areas of Portugal.''!] Rice was the plant chosen for this germination
assay, due to its global importance as a food crop, and its susceptibility and increased risk of exposure
to salinity stress. In this sense, the three microalgae cellular extracts produced were applied as seed
biostimulant treatments, at different concentrations, providing information regarding the suitable

application dosage for the plant species selected.

5.2.1. Biostimulant Effects of the Microalgal Extracts in Rice Germination and Early

Development

In this assay, salt exposure significantly affected all the developmental parameters evaluated (p < 0.05),
with only some being influenced by priming. Despite seed-groups primed with microalgal extracts and
water, having generally shown greater germination and early development results compared to their
unprimed counterparts, for most parameters hydropriming did not cause these differences to be
statistically significant. This likely resulted from the reduced number of replicates used in the study, as
hydropriming has been widely reported to benefit rice germination.[79112.113] Repeating this assay would
likely help consolidate the obtained results and unravel additional interactions that were not detectable

due to the observed variability.

The assay’s results are summarized in Tables Table 5.4 and Table 5.5, and graphically represented in
Figure I1.1, Figure 1.2 and Figure 11.3, located in Annex Il. The key to all the abbreviations attributed to
the different priming treatments and incubation conditions applied is summarized in Table 4.5 (section
4.2.2).

5.2.1.1. Germinative Performance

Seed germination was initiated after two incubation days, independently of the priming treatments and
incubation conditions applied. Several studies describe the final germination percentage (FGP), of
different rice varieties, to be significantly impacted upon exposure to low NaCl concentrations (20-50
mM).[7478.1141 However, in this assay, only the seed-groups incubated under high salinity — [NaCl]isomm,
suffered a slight impact on FGP — 93.4 + 7.8%, versus the 97.3 + 5.7% verified for seeds incubated
under no salinity — [NaCllomm, and 96.1 = 5.0% for those incubated under moderate salinity — [NaCl]somm
(Figure 5.13). This is not only indicative of the high viability of the seed population used, which presented

a global FGP of 95.7 £ 6.4%; but also, of the individuals’ resilience to salinity stress during germination.
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Seed priming did not significantly affect FGP, under any of the incubation conditions tested (results in

Table 5.4, and graphical representation in Figure 1l.1a, Annex Il).

Despite FGP not having been affected by priming, and salinity only causing a significant impact at
[NaCllisomm; the time taken for maximum germination percentage to be achieved (mean germination
time — MGT) was inversely correlated with salinity, and significantly reduced by priming, under both

control and salinity stress conditions; agreeing with what is reported in other rice germination
studies.[74.78,114-116]

Upon [NaCllomm incubation, only the seeds primed with B1_Csg1, experienced a significant reduction in
MGT compared to unprimed seeds, with hydropriming not significantly improving this parameter. Seed-
groups grown under [NaCl]somm, Were equivalently benefitted by hydropriming and most microalgal-
extract solutions. However, under [NaCl]isomm incubation, all priming treatments significantly decreased
MGT, with B2_Csg1 causing a significant reduction compared to both the positive and negative treatment
control groups (hydropriming and no priming). Most notably, seeds primed with B2_Csg. and incubated
under [NaCllisomm, presented an MGT equivalent to that of unprimed seeds incubated under [NaClJomm
— 3.2 £ 0.3 versus 3.3 + 0.2 days, respectively (Figure 5.13, Table 5.4 and Figure Il.1b, Annex II).

The germination index (Gl) formula applied, considers both the FGP and germination spread, providing
a comprehensive measure of the seeds' germinative fithess, and complementing the information
provided by MGT (Table 5.4 and Figure Il.1c, Annex Il). It revealed extract-priming to also benefit
germination under [NaCljomm, with the seed-groups primed with B1_Csgr and B1_Caogi, showing the
best germinative performances compared to both treatment control groups. It also reinforced the direct
correlation between priming-benefit and salinity concentration, with the most impactful solutions having
increased the seeds’ Gl by 16.5%, 26.0% and 85.5%, compared to the unprimed group, under [NaClJomm,

[NaCl]somm and [NaCl]isomm, respectively.

As was verified for MGT, under [NaClJsomm incubation, no statistically significant difference was verified
between the Gl results of hydro- and extract-priming treatments, despite both exceeding that of the
negative treatment control group. Likewise, all priming solutions improved the Gl of seeds incubated
under [NaCl]isomm, With B2_CisgL priming having increased Gl by 27.3% and 85.5%, compared to

hydropriming and no priming respectively.
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Figure 5.13 — Germinative behaviour of all priming treatments and salinity incubation groups. Each point derives from the average germination percentage verified with n = 3. No SD bars were

included, due to the small variance verified between replicates.
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Table 5.4 — Summary of the parameters used for evaluation of germinative performance. Values represent mean +
SD, with n = 3 for each treatment group. Results marked with the letter a. differ significantly from the positive control
(hydropriming), while those marked with b. are significantly different from the negative control (no priming),
considering the same incubation conditions. The last row summarizes the influence of salinity upon each evaluated

parameter (p < 0.05).

Priming Treatment FGP (%) MGT (Days) Gl Svi
No Salinity — [NaClJomm
B1_CsgL 96.7 (+ 5.8) 2.1(x0.1)° 89.3 (+ 1.2)2P 8.8 (x 2.3)
B1_Cisgl 100.0 (+ 0.0) 2.3(+0.3) 86.7 (+ 2.5)° 8.9 (+ 0.4)
B1_Csogn 93.3 (+ 11.5) 2.2(+0.3) 88.3 (+ 2.9)2P 9.0 (+ 0.9)
B2_CsglL 93.3 (+ 11.5) 2.5 (£ 0.2) 85.3 (+ 1.6) 8.6 (+ 2.4)
B2_CisgL 96.7 (£ 5.8) 2.2 (£0.2) 88.3 (+ 1.5)° 8.8 (+ 1.1)
B2_Caogl 100.0 (+ 0.0) 3.1(x0.2) 78.7 (+ 1.5) 8.3 (+ 0.5)
B3_CsgL 96.7 (+ 5.8) 2.4(x05) 85.6 (+ 4.9)° 9.0 (+ 0.4)
B3_Cisgl 96.7 (+ 5.8) 2.6 (+0.1) 84.4 (+ 1.4) 9.8 (+0.7)
B3_CaoglL 96.7 (+ 5.8) 2.4 (+0.2) 85.9 (+ 0.8) 8.6 (+ 0.6)
Hydropriming 100.0 (+ 0.0) 27(x0.2) 83.0 (+1.7) 9.2(+1.3)
No Priming 100.0 (+ 0.0) 3.3(x0.2) 76.7 (+ 1.9) 8.0 (+ 0.5)
Moderate Salinity — [NaCl]somm
B1_CsgL 96.7 (+ 5.8) 2.4 (£ 0.2)° 85.9 (+ 1.6)° 8.8 (x 1.0)
B1_CusgL 100.0 (+ 0.0) 2.7 (x0.1)° 83.0 (x 1.0)° 9.8 (+0.1)
B1_Csogt 93.6 (£ 5.5) 2.9 (£0.2)° 84.0 (2 2.5)° 9.6 (+ 0.4)
B2_CsgiL 100.0 (+ 0.0) 2.4 (+0.2)P 85.7 (+ 1.5)° 11.0 (+ 0.5)°
B2_Cisgi 93.3 (£ 5.8) 2.9 (x0.3)° 81.1 (+ 2.9)° 9.6 (+0.8)
B2_Caogl. 96.7 (+ 5.8) 3.3 (+0.3) 77.5 (+ 2.8) 9.7 (+ 1.4)
B3 CsgL 93.0 (£ 6.1) 2.7 (£ 0.6)° 80.5 (+ 4.9)° 8.5 (+ 1.3)
B3_Cusgi 96.7 (+ 5.8) 2.9 (x0.3)° 81.3 (+ 3.1)° 9.1(x1.2)
B3_Caogi 96.7 (+5.8) 3.0(£0.3) 79.7 (+ 2.6) 10.6 (+ 0.4)°
Hydropriming 96.7 (+ 5.8) 2.9 (x0.1)° 81.4 (+ 0.7)° 9.0 ( 1.3)
No Priming 93.3 (£5.8) 4.1 (£0.3) 68.2 (= 3.4) 7.6 (£ 0.5)
High Salinity — [NaCl]isomm
B1_CsgtL 93.6 (+ 5.5) 4.6 (£ 0.5)° 66.7 (+ 9.1)° 4.7 (+ 1.1)
B1_CisgL 100.0 (+ 0.0) 45(x0.7)° 64.7 ( 6.7)° 5.8 (+0.1)
B1_Csogi 96.7 (+ 5.8) 4.9 (x03)° 60.8 (+ 3.3)° 5.6 (+ 1.8)
B2_Csgl 90.0 (+ 10.0) 3.2 (£0.3)2P 77.8 (+ 3.02P 6.3 (x0.9)
B2_Cisgi 93.3 (£ 5.8) 4.7 (£ 0.3)° 63.0 (+ 2.6)° 5.5 (x 1.1)
B2_Caogi 93.3 (+ 5.8) 4.8 (£ 0.9)° 62.3 (+8.7)° 6.2 (+ 1.8)
B3_CsgL 96.7 (+ 5.8) 4.1 (£05)° 69.1 (+ 5.4)° 4.8 (+1.1)
B3_Cisgi 96.7 (+ 5.8) 43(x03)P 66.9 (+ 2.6)° 5.6 (+ 0.6)
B3_Csogi 86.7 (+ 5.8) 4.8 (£ 0.6)° 61.9 (2 5.6)° 5.1 (+0.4)
Hydropriming 96.7 (+ 5.8) 4.9 (£0.7)° 61.1 (+ 6.8)° 6.3 (+0.7)
No Priming 83.3 (£ 15.3) 6.8 (£ 0.2) 42.0 (£ 1.7) 3.3 (x1.1)
Salinity’s Impact OmM>160mM=80mM 160mM>80mM>0mM OmM>80mM>160mM 80mM>0mM>160mM
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5.2.1.2. Seedling Early Development and Morphology

Salinity was the most impactful factor regarding the seedlings’ morphology, having affected all the
morphological criteria assessed. Contrarily to what was observed for most germination parameters,
seedling morphology was not extensively impacted by seed priming, with only some of the microalgal

extract solutions benefiting early development, and hydropriming causing no significant benefit.

Salinity stress has been reported to cause greater impacts to shoot, compared to root growth.[68.117]
Although the mechanisms behind this effect are not fully understood, it may stem from the plant’'s need
to reduce water loss, and conserve surrounding soils’ moisture, reducing its contribution towards salinity
increase.[®8 Despite the assay’s results revealing unprimed seedlings’ shoot and root system DW and
length to be equally affected by salinity exposure; this was not verified for primed seedlings. The
reduction in shoot length associated with salinity exposure, was not as severe for some of the extract-
primed groups, as it was for control groups. Additionally, contrary to the effect verified for the control
treatment groups, some extract-priming solutions caused an increase in biomass accumulation in the
seedlings’ root systems. Interestingly, despite increased root system DW being associated with an
increase in suberization and salinity tolerancel!8]; the seedlings presenting the greatest root system
DW, were not the same which presented longer shoots, as a result of extract-priming (Table 5.5, Figure
1.2 and Figure 1.3, Annex IlI). This likely resulted from differences in the extracts’ biochemical

compositions and their impacts on early seedling development.

Most analyzed studies report rice to present an inversely proportional relationship between salinity
exposure and both root and shoot DW and length, starting at low salt concentrations (20-40
mM).[71.74.77,78,114.115] Bjomass accumulation was inversely correlated with salinity (Table 5.5 and Figure
11.3, Annex I1). Yet, the same was not verified for length parameters, with no significant differences being
verified between seedling groups incubated under [NaCllomm and [NaCl]somm. Additionally, root, and
consequently, total seedling length was higher for seeds incubated under [NaClJsomm than for those
incubated at [NaCllomm; and [NaCl]isomm incubation caused a significant length reduction to both sections.

This observation favors the hypothesis of decreased salt susceptibility of the seeds used in this assay.

In Arabidopsis and tomato, both dicotyledonous plants, primary and lateral root growth is inhibited under
salinity stress exposure.l119.120 |n rice, rye, and maize, monocotyledonous plants, inhibition of root length
has been observed under high salinity.[*19 Despite the lack of studies indicating the inhibition of root hair
and secondary-root development in rice grown under saline environments, in this experiment, seedlings
consistently showed decreased root system complexity, upon exposure to increasing salinity

concentration; regardless of the priming treatment applied (Figure 5.14).

Considering the three incubation conditions applied, priming with B1 acted exclusively on DW
accumulation, B2 on the seedlings’ overall length, and B3 influenced both parameters. Under [NaClJomm,
B3_CisgL was the only impactful treatment, causing the seedlings’ shoots to be longer compared with
unprimed seedlings. Under [NaCllsomv and [NaCl]isomm, however, several of the priming treatments

significantly impacted the evaluated parameters (Table 5.5, Figure 11.2 and Figure 1.3, Annex II).
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Table 5.5 — Summary of the measurements taken of 12-day-old seedlings. Values represent mean + SD, with n = 3 for
each treatment group. Results marked with the letter a. differ significantly from the positive control (hydropriming), while
those marked with b. are significantly different from the negative control (no priming), considering the same incubation
conditions. The last row summarizes the influence of salinity upon each evaluated parameter (p < 0.05).

Priming Length of the Seedling Total Seedling Dry Weight Dry Weight Total Seedling
Treatment Longest Height (cm) Length (cm) of the Root of the Dry Weight (mg)
Root (cm) System (mg) Shoot (mg)
No Salinity — [NaClJomm
Bl CsgiL 5.98 (+ 1.66) 3.09 (£ 0.34) 9.07 (+ 1.97) 5.30 (+ 0.29) 5.34 (£ 0.64) 10.63 (+ 0.89)
B1l_CisgiL 5.95 (¢ 0.25) 2.94 (£ 0.14) 8.89 (+ 0.39) 5.86 (+ 0.30) 4.25 (£ 0.37) 10.11 (£ 0.09)
B1_CsogiL 6.23 (£ 0.52) 3.43 (£ 0.21) 9.66 (+ 0.30) 5.58 (+ 0.82) 4.52 (£ 0.13) 10.10 (£ 0.69)
B2_CsgiL 5.64 (£ 1.04) 3.48 (£ 0.58) 9.12 (+ 1.62) 5.37 (+ 0.81) 5.06 (+ 0.86) 10.44 (£ 1.64)
B2_CisgiL 5.53 (¢ 0.46) 3.52 (£ 0.48) 9.05 (+ 0.81) 4.62 (£ 0.24) 4.64 (£ 0.38) 9.26 (£ 0.33)
B2_CsogL 4.90 (+ 0.61) 3.42 (£ 0.27) 8.32 (+ 0.50) 4.52 (+ 0.23) 4.68 (+ 0.32) 9.20 (+ 0.17)
B3_CsgL 5.91 (+ 0.37) 3.42 (+ 0.25) 9.32 (+ 0.62) 4.43 (+ 0.57) 4.44 (+ 0.32) 8.87 (+ 0.76)
B3_CisgiL 6.39 (+ 0.44) 3.75 (+ 0.22)° 10.14 (+ 0.24) 4.37 (+ 0.22) 4.24 (+ 0.28) 8.62 (+ 0.50)
B3_Caogi 5.79 (+ 0.49) 3.12 (+ 0.16) 8.91 (+ 0.35) 453 (+ 0.38) 4.52 (+ 0.56) 9.05 (+ 0.94)
Hydropriming 6.25 (+ 0.85) 2.93 (+ 0.54) 9.18 (+ 1.30) 4.78 (+ 1.04) 4.10 (+ 0.36) 8.88 (+ 1.36)
No Priming 5.58 (£ 0.39) 2.47 (£ 0.13) 8.05 (+ 0.50) 4.40 (£ 0.18) 3.82 (+ 0.04) 8.22 (£ 0.18)
Moderate Salinity — [NaCl]somm
Bl Csgi 6.21 (+ 0.56) 2.86 (+ 0.16) 9.07 (£ 0.62) 5.90 (£ 0.96)2°  4.29 (+ 0.29) 10.19 (+ 0.67)
B1_CisgL 6.48 (+ 0.31) 3.35(+0.17) 9.83 (+ 0.14) 6.35 (+ 0.22)*P 4.61 (+ 0.58) 10.96 (+ 0.76)
B1_CsogL 6.98 (+ 0.44) 3.33(x0.31) 10.32 (£ 0.74) 4.84 (+ 0.33) 4.71 (+ 0.58) 9.55 (+ 0.84)
B2 CsgL 7.09 (+0.43)  3.86 (x 0.03)2P 10.95 (+ 0.46) 3.89 (+ 0.22) 4.13 (£ 0.82) 8.02 (+ 1.02)
B2_CisgL 6.57 (+ 0.49) 3.71 ( 0.29)° 10.28 (+ 0.23) 3.81 (+ 0.54) 4.28 (+0.12) 8.09 (+ 0.49)
B2_Csogi 6.43 (+ 0.59) 3.58 (+ 0.32)° 10.01 (+ 0.90) 4.25 (+ 0.46) 3.41(x0.82) 7.69 (+ 0.36)
B3 CsgiL 5.83 (+ 0.65) 3.31 (+ 0.48) 9.157 (+ 1.00) 4.29 (+ 0.34) 3.90 (+ 0.22) 8.19 (+ 0.43)
B3_CisgL 6.37 (+ 0.76) 3.03 (+ 0.31) 9.41 (+ 1.01) 3.96 (+ 0.94) 3.97 (£ 0.39) 7.93 (+ 1.33)
B3_Caogi 7.24 (£ 0.26) 3.72 (+ 0.55)° 10.96 (+ 0.63) 4.06 (+ 0.59) 4.28 (+ 0.74) 8.34 (+ 1.14)
Hydropriming 6.65 (£ 0.78) 2.67 (£ 0.31) 9.32 (+ 0.89) 3.54 (£ 0.59) 4.22 (£ 0.44) 7.75 (£ 0.52)
No Priming 5.84 (+ 0.09) 2.32 (+ 0.07) 8.16 (+ 0.05) 4.01 (+ 0.30) 3.77 (+ 0.60) 7.77 (+ 0.90)
High Salinity — [NaCl]isomm
B1_CsgL 3.27 (£ 0.74) 1.71 (£ 0.37) 4.98 (£1.10) 479 (+1.15)*°  3.43 (¢ 0.50) 8.22 (+ 1.53)
B1_CisgiL 3.98 (+ 0.21) 1.82 (+ 0.13) 5.81 (+ 0.08) 4.85 (055> 3.24 (£0.32) 8.10 (+ 0.40)
B1_CsogL 4.01 (+ 1.57) 1.79 (£ 0.18) 5.80 ( 1.71) 4.28 (+1.27) 3.62 (+ 1.12)° 7.90 (+ 2.14)
B2_CsgiL 4.77 (£ 0.43) 2.25 (£ 0.18)° 7.02 (+ 0.60) 3.46 (+ 0.97) 3.18 (+ 0.42) 6.64 (+ 1.38)
B2 Cisgi 4.00 (£ 0.83) 1.86 (+ 0.13) 5.86 (+ 0.92) 3.29 (+ 0.30) 3.30 (x 0.57) 6.58 (+ 0.85)
B2_Csogi 4.75 (+ 1.38) 1.89 (+ 0.39) 6.63 (£ 1.77) 3.25 (£ 0.62) 3.32 (£ 0.62) 6.56 (+ 0.22)
B3 CsgiL 3.10 (x 1.23) 1.90 (= 0.29) 5.00 (= 1.49) 3.20 (x 0.73) 3.61 (= 1.62)b 6.81 (= 2.36)
B3_CisgL 3.86 (+ 0.18) 1.98 (+ 0.29) 5.83 ( 0.41) 3.41 (£ 0.72) 3.10 (£ 0.33) 6.51 (+ 0.69)
B3_CsoglL 3.83 (+ 0.08) 2.01 (+ 0.22) 5.84 (+ 0.15) 3.14 (+ 0.26) 3.22 (+ 0.62) 6.36 (+ 0.88)
Hydropriming 4.62 (£ 0.32) 1.87 (+ 0.16) 6.48 (+ 0.38) 2.76 (+ 0.16) 2.43 (+ 0.29) 5.19 (+ 0.19)
No Priming 2.99 (+ 0.58) 0.97 (+ 0.10) 3.96 (+ 0.67) 2.49 (+ 0.26) 1.97 (+ 0.24) 4.45 (+ 0.48)
Salinity’s 80mM>0mM> OmM=80mM> 80mM>0mM> OmM>80mM> OmM>80mmM> OmM>80mM>
Impact 160mM 160mM 160mM 160mM 160mM 160mM
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Figure 5.14 — Morphological appearance of the 12-day-old seedlings subjected to no priming, hydropriming, primed with B1, B2 and
B3 at 5 gow L'%; incubated under all salinity conditions.
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Seedling Length

Priming with B2 benefited the seedlings’ shoot length under both salinity conditions. The shoot length
of seedlings incubated under [NaCl]somv, was also benefited by B3_CsogL priming, compared to the
negative control group; however, the group primed with B2_Csg, presented longer shoots compared to
both treatment control groups. The latter was the single significantly beneficial treatment solution, under

[NaCl]wsomm incubation, having benefited both shoot and total seedling length.

Seed groups grown under [NaCl]somm and primed with B3_Csog and B2_Csgi, presented a significantly
higher vigour index (SVI, Table 5.4), compared to the unprimed seed group. The B2_Csg1 primed seed
group, simultaneously presented the highest SVI, MGT and GlI, under [NaClJsomm incubation. Most
notably, however, when grown under [NaCl]isomm, it presented the best MGT and Gl results, which
significantly differed from both treatment control groups, and exceeded those obtained by unprimed

seeds grown under no salinity.

Seedling Dry Weight Accumulation

Seedling DW accumulation was less affected by seed priming, with no significant effects being detected
under optimal incubation conditions. However, under [NaCl]somm and [NaCl]isomm, priming with B1_Csg1
and B1_Cisgu, significantly increased DW accumulation to the seedlings’ root systems, compared to
both control treatment groups, despite this increase not transpiring into the total seedling DW results.
The results verified for the seed groups primed with B1 Csq. and B1_ Cisgr, under [NaCl]isomm

incubation, were equivalent to the verified for unprimed seeds incubated at [NaCljomm.

Even though B1_CsgL and B1_Cisg1 priming only benefited root DW accumulation, these still improved
the seedlings' MGT and Gl, under all incubation conditions; with B1_CsgL presenting virtually the same

result as B2_Csg1 priming under [NaCl]somm.

Seedlings incubated under [NaCl]isomm and primed with B1_Csogr and B3 _Casogr, presented greater
shoot DW accumulation relative to the negative control treatment. However, the high variability verified

among the replicates of both groups, questions these results’ certainty.

Considering the results presented in other studiesl’2.74.77.78.114-119] gnd the fact that Japonica rice has
been described as being susceptible to moderate salinity exposurell16.121] jt came as a surprise that
most parameters were not heavily penalized after exposure to [NaCllsomm. However, upon further
investigation, it was found that the acquired seeds derive from rice plants cultivated in Alcacer do Sal —
Vale do Sado, Portugal, in soils presenting salinity; thus giving rise to seeds described as being resistant

to some degree of salinity stress.[122

Overall, none of the microalgal extracts was found to cause inhibitory effects on seed germination or
early seedling development, regardless of the applied concentrations. However, extract priming seems
to have been most beneficial at lower application dosage, and as is often reported in similar studies,

mainly for seeds exposed to salinity stress.

90



Extracts B1 and B2_CsgL positively influenced several of the germinative performance and early
seedling development parameters evaluated. These groups’ results were significantly improved
compared to those of both treatment control groups. Seedling shoot growth is reportedly more
susceptible to salinity stress compared to root growth, and increased root biomass accumulation is
associated with higher salinity tolerance. Despite B1 and B2 having acted on only one of these
parameters, both improved the seeds’ MGT and Gl, with B1’s effects being more pronounced under no
salinity, and B2_Csg under high salinity. Seeds primed with B1_Csg. and B2_Csg1. showed equivalent
results when grown under moderate salinity stress conditions (Table 5.4Table 5.5, Figure Il.1,Figure 11.2

and Figure 11.3, Annex Il).

Despite extract-priming having provided greater benefit to seeds grown under salinity stress, their
improved germinative performance might be uncorrelated with salinity tolerance later in the plant’s life
cycle.['15] Also, these extracts would probably cause significantly different effects if applied using other
methods or at different plant developmental stages; likely depending on the environmental conditions
verified during cultivation and/or incubation. Different outcomes would presumably be verified for this
same seed lot, If this assay were to be developed using hydroponics or soil, in a growth chamber,
greenhouse or open-field cultivation. Further, the fact that these extracts improved the germinative
performance of this seed lot, does not imply that the same results would be obtained for other seed

populations of the same species, despite providing a good indication of the method’s potential.

Additionally, due to the method used for biomass production, the biochemical composition of the extracts
derived from the effluent bioremediation process, would likely suffer substantial compositional

fluctuations, even if operational procedures remained unaltered.

It would be interesting to repeat this assay, as to strengthen the obtained results and to further explore
the potential of the microalgal biomass derived from this bioremediation process. The biochemical
characterization of the extracts would likely reveal some of the causes behind their priming effects. Other
application methods could also be explored, such as foliar spray application; through soil incorporation
and application at different phases of development or areas of the plant — e.g., during the seedling or

flowering stage; on leaves or roots.

It would be important to duplicate this test using different plant species, to assess the extracts’ impacts
on the development of various plant groups; particularly on horticultural as an alternative to cereal
species. The microalgal biomass could also be transformed into different agronomical products, to
further unveil its prospective applications (e.g., agueous solution or liquid-soluble powder form for soil

application).
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6. Conclusions and Future Prospects

Socio-economic development, populational growth and industrial expansion are coupled with increased
reliance on natural resources. Aquatic ecosystems have been seriously compromised by decades of
overexploitation, poor ecosystem management and pollution. A circular economy model is fundamental
for correcting this pattern, as it promotes the preservation of the available natural resources by extending
the lifespan of the materials in current circulation, reintegrating by-products and waste streams into the

value chain, thus contributing to sustainable development.

This study presents an evaluation of the performance of an endogenous microalgal assemblage,
cultivated in a pilot-scale open raceway pond for the bioremediation of a nitrogen-rich effluent derived
from the industrial production of chemical fertilizers. The work was performed at the location being
considered for the implementation of a waste management unit. It considers the impacts of year-round
environmental variations on biomass productivity, nitrogen removal efficiency and the ecosystem’s
microalgae genera. Additionally, it preliminarily assesses the potential of the produced microalgal

biomass to be transformed into a seed biostimulant for rice incubated under salinity stress conditions.

The assay’s results were congruent with the behaviour expected for this system. Biomass productivity
and N removal generally followed the tendency of environmental parameters, increasing in months of
greater solar radiation and photoperiod whilst showing some level of variation throughout the three
years. External parameters, including operational constraints, are thought to have significantly impacted
performance. However, parameters such as solar radiation, turbidity (which may lead to microalgal self-
shading), N concentration, and renewal frequency have been the most consistently determinative.

Additionally, no significant correlation was found between productivity and the different pH values tested.

Nitrogen removal rate showed a slightly stronger positive correlation with environmental temperature
compared to solar radiation, with the opposite being observed for biomass productivity. Nitrogen is one
of the most important elements regarding microalgal growth, with microalgal biomass reportedly
presenting a 4 to 12% nitrogen content (w/w, DW basis). The analysis of the 2019 to 2021 results,
showed the biomass produced in most months to be in check with this range, except for summer months,
which presented a slightly increased N removal to biomass production proportion — 14.1%. Despite this
difference not being very pronounced, the microbiological data acquired in 2021, revealed micro-grazer
abundance to be favoured by warmer temperatures (p < 0.05). Although no significant correlation was
found between these parameters, this might indicate some degree of crop loss due to grazing, with
microalgal growth causing N to be removed and grazers feeding on the growing algae, removing them

from the system.

The microalgal genera observed in the raceway’s naturally established ecosystem are ubiquitously
prevalent in eutrophic environments. Throughout 2021, the relative abundance of different microalgae
suffered great variation, begging the question of whether or not the system's species composition

affected its productivity and bioremediation performance. It was verified that biomass productivity and
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N removal efficiencies remained unchanged regardless of the prevalent microalgal genera; supporting
the hypothesis that in consortium cultivation, microalgal functional groups are more impactful towards
RWP performance, rather than individual species.

The RWP’s microalgal assortment was mostly dominated by a single genus, and codominance events
were mostly associated with the shift in the dominating species (turnover events). These occurred with
equivalent frequency throughout the year and were not triggered by seasonal variations, having mostly
coincided with culture renewal interventions and changes to the culture’s pH. The latter has caused the

most drastic compositional variations in the community.

This effect may be significant towards the valorisation of the biomass derived from the bioremediation
process since the cultivation conditions can be adapted to promote the establishment of species with

biochemical properties desirable for their final application objective.

As a proof-of-concept, the system was operated under three pH setpoint values (6.5, 8.0 and 9.5); with
the biomass produced under each condition (B1, B2 and B3) having been harvested, processed and
used as seed biostimulant for rice germination under salinity stress incubation conditions (80 and 160
mM). Seeds were primed with microalgal extracts at different concentrations (Csgr, Cisg. and CsogiL),
with unprimed and hydro-primed seeds being used as control.

None of the microalgal extracts was found to inhibit seed germination or early seedling development,
regardless of the applied concentrations. However, extract priming seems to have been most beneficial

at lower application dosages and for seeds incubated under salinity stress.

The acquired rice seeds (Oryza sativa L. cultivar Japonica) presented high viability, as their germination
percentage was only slightly reduced when under high salinity stress, with priming not significantly
affecting FGP. Nonetheless, the seeds’ germinative performance, determined by the germination index
which considers both the germination spread and FGP, was improved by priming, showing a direct
correlation between priming benefit and salinity concentration. The most impactful solutions increased
the seeds’ Gl by 17%, 26% and 86%, compared to the unprimed group, under [NaCllomm, [NaCl]somm
and [NaCl]ieomm, respectively. The seeds’ Gl was also significantly benefited by hydropriming under
salinity conditions (80 mM and 160 mM), although extract-priming conferred better average results and
a significantly greater advantage under both optimal and [NaCl]isomm incubation.

The morphology of the 12-day-old seedlings benefited from some of the microalgal extract solutions,
with hydropriming causing no significant impact. Priming with B1 acted exclusively on DW accumulation,
B2 on the seedlings’ overall length, and B3 influenced both parameters independently. Extracts B1 and
B2_Csgi positively influenced several of the germinative performance and early seedling development
parameters. These groups’ results were significantly improved compared to both treatment control
groups. Seedling shoot growth is reportedly more susceptible to salinity stress compared to root growth,
and increased root biomass accumulation is associated with higher suberization and salinity tolerance.
Despite B1 and B2 having acted on only one of these parameters, both improved the seeds’ MGT and
Gl, with B1’s effects being more pronounced under no salinity, and B2_CsgL under high salinity stress.
Seeds primed with B1_Csg. and B2_CsgL showed equivalent results when grown under moderate

salinity stress conditions.
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Despite this preliminary evaluation suggesting that this strategy may not be viable if implemented
exclusively for wastewater treatment purposes, it revealed the ability of the same bioremediation system
to produce microalgae biomass batches with different species compositions, and distinct bio-stimulatory
effects on rice seed germination. This may potentially support the development of a cost-efficient waste

valorization strategy, integrating a circular economy model.

As the extracts successfully diminished the detrimental effects of salinity exposure during germination
and early development of rice, it would be interesting to repeat this assay, using different plant species,
to assess the extracts’ effects on the development of various plant groups; e.g., horticultural as an
alternative to cereal species. Other application methods could also be explored, such as foliar spray
application; through soil incorporation and application at different phases of development or areas of the
plant — e.g., during the seedling or flowering stage; on leaves or roots. Biomass batches used in future

assays should be biochemically characterized, as to reveal the likely causes behind their priming effects.

Additionally, considering the performance of this bioremediation system, several optimization steps
should be considered. As solar radiation was the most determinant parameter for biomass productivity,
and biomass concentration impacts the medium’s turbidity, substantially affecting the amount of light
available to the system, it would be beneficial to increase the frequency of monitorization visits and
renewal procedures. This is especially important during summer months, when productivity is more likely
to decrease as a result of self-shading within a week, directly impacting the system’s bioremediation

potential (N removal efficiency).

Carbon availability is often the most significantly constraining factor for microalgal performance in open
systems; and although this assay includes CO2 supplementation, off-gassing is still a frequent problem
in these systems. Raceway ponds with carbonation sumps present greater CO: transfer efficiency,
resulting in higher carbon availability to the microalgae and increasing process efficiency. This can
however incur in increased operation and maintenance costs, which should be contemplated when

establishing the future objectives of this project.

Ultimately, the water extracted during biomass harvesting should be recovered for further utilization,
whether through reintroduction into the cultivation system or intermediate steps inherent to the operation

and production process.

This bioremediation assay has endless improvement opportunities, whether related to the optimization
of the cultivation parameters, the assays’ operational design, or development of different biomass
valorisation strategies and products. All of these should be considered in the development and planning

of this project’s next steps.
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Annex I.

Fertilizer Production

Bioremediation of a N-rich Effluent Derived from Industrial

Table 1.1 — Monthly productivity results and environmental parameters verified for the pilot-scale bioreactor used in the assay

(mean + SD).
Radiation Average Bi_o_mass Average N Averag_e Average I_Da_ily Average
Group Month Produ_;:tlwt){1 Remo_\Z/aI Rite Phot(?perlod Solar R’_?dlatl_cl)n Enwronmentgl
(gow m 2 day™) (g m? day?) (hh:mm) (MJ m= day?) Temperature (°C)
1 January 1.66 (+ 0.49) 0.22 (+ 0.07) 09:48 7.42 (+ 0.59) 11.01 ( 0.80)
1 February 2.97 (£ 0.54) 0.27 (£ 0.06) 10:48 10.70 (£ 1.32) 13.45 (£ 0.58)
2 March 3.36 (+ 1.61) 0.34 (+0.12) 12:00 17.20 (£ 0.77) 14.97 (+ 0.31)
2 April 4.91 (+ 1.38) 0.29* 13:18 17.67 (+ 1.03) 15.63 (+ 0.52)
3 May 5.52 (+ 0.97) 0.60 (+ 0.09) 14:18 24.69 (+ 0.25) 19.37 (+ 1.10)
3 June 6.30 (+ 0.46) 0.73 (+ 0.02) 14:54 25.68 (+ 0.73) 19.88 (+ 0.27)
3 July 6.00 (+ 1.45) 0.88 (+ 0.03) 14:36 24.69 (+ 1.42) 22.75 (+ 1.27)
3 August 3.57 (+ 0.40) 0.58** 13:36 23.88 (+ 1.06) 22.55 (+ 0.17)
2 September 4.43 (+ 1.11) 0.53** 12:24 16.98 (+ 0.97) 22.34 (+ 0.10)
1 October 3.98 (+ 0.25) 0.44%* 11:06 12.78 (+ 0.20) 17.97 (+ 0.44)
1 November 1.42 (+ 0.78) 0.26** 10:00 7.54 (+ 0.06) 15.23 (£ 0.01)
1 December 1.68 (+ 0.28) 0.16 (+ 0.02) 09:30 6.76 (+ 0.05) 13.12 (+ 0.59)

*Average attained solely in 2020; **Average obtained solely in 2021.
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Annex Il. Assessment of the Biomass’ Potential as a MBS for Seed Priming

a. Final Germination Percentage (FGP)
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Figure 1.1 — Graphical representation of the results obtained for the germination evaluation parameters, of the
different priming and incubation groups. Values represent mean + SD, with n = 3 for each priming group. Results
marked with the letter a. differ significantly (p < 0.05) from the positive control (hydropriming), while those marked
with b. are significantly different from the negative control (no priming treatment), considering the same incubation
conditions.
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a. Length of the Longest Root

1

2 EEEligg]

[NaCl] = 160 mM

[NaCl} = 0 mM

b. Seedling Height

5.0

NN W W s
o » o wu o w

Length (cm)

a o
L=

[NaCl] = 80 ml

e 9
o

[NaCl] =0 mM
c. Total Seedling Length
13.0
12.0
11.0
10.0
9.0 I .
8.0 .
7.0
6.0
5.0
4.0
3.0
2.0
1.0

0

Length (cm)

[NaCl] = 160 mM

Bl_ch/L “ Bl_cng/L B1_C30g/l_ e BZ_CSg/L 2] BZ_Clsg/L il B2_C30g/|_
7 B3_Cogpy “#B3_Ciggy " B3 C30gy —No Priming == Hydropriming

Figure 1.2 — Graphical representation of the length measurements taken of the 12-day-old seedling. Values
represent mean + SD, with n = 3 for each priming group. Results marked with the letter a. differ significantly (p <
0.05) from the positive control (hydropriming), while those marked with b. are significantly different from the negative
control (no priming treatment), considering the same incubation conditions.
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a. DW of the Root System
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Figure 1.3 — Graphical representation of the dry weight measurements taken of the 12-day-old. Values represent
mean + SD, with n = 3 for each priming group. Results marked with the letter a. differ significantly (p < 0.05) from
the positive control (hydropriming), while those marked with b. are significantly different from the negative control
(no priming treatment), considering the same incubation conditions.
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