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Summary

There is an urgent demand for innovative and sustainable solutions to address the growing
environmental and wastewater treatment challenges. Conventional methods, like activated sludge
processes, have long been the cornerstone of municipal wastewater treatment plants. However,
increasingly stringent environmental and water reclamation regulations have evidenced the poor
performance of activated sludge processes regarding energy consumption and nutrient removal. In
response to these challenges, microalgae-bacteria consortia have emerged as a promising approach.
This approach involves recovering organic matter and nutrients from wastewater and converting
them into added value bioproducts using carbon dioxide and sunlight. In this context, the
production of polyhydroxyalkanoates, such as polyhydroxybutyrate, by microalgae-bacteria
cultures has gained attention for valorizing the generated biomass. However, the production yields
of microalgae-based polyhydroxyalkanoates have been relatively modest, leading microalgae
biomass to more immediate and practical applications like soil fertilization. This research evaluated
nitrogen limitation and dissolved oxygen management as stress factors to increase
polyhydroxyalkanoate accumulation in microalgae-bacteria biomass when it is produced using
municipal wastewater under environmental conditions.

The structure of the present thesis was divided into four experimental parts, delineated
following an initial review of the current state of the art. The first part of the experimental work
was to screen and identify the microalgal biomass-producing polyhydroxyalkanoates from the
incubation of municipal activated sludge. To this end, samples of activated sludge and municipal
wastewater primary effluent were collected and subjected to continuous illumination to generate a
microalgae-bacteria consortium under lab conditions. Nile red staining and micromanipulation
techniques were used to identify and separate polyhydroxyalkanoates-producing microalgae. The
production of polyhydroxybutyrates was quantified under nitrogen limitation in selected strains
using gas chromatography and compared to Chlorella sorokiniana obtained from freshwater
sources. The production of polyhydroxybutyrate was lower than 5 mg g dried biomass™ (0.5%
dCW) in mixed microalgae consortium from activated sludge and mixed Chlorella
sorokiniana dominant consortium. In contrast, polysaccharides production for activated sludge
biomass was 460 + 16 mg glucose g dried biomass™ (41% dCW) whereas 320 + 24 mg glucose g

dried biomass™ (30% dCW) were observed for Chlorella sorokiniana dominated consortia.



The second experimental part was dedicated to maximizing the production of
polyhydroxyalkanoates as polyhydroxybutyrate in selected microalgae-bacteria consortia. A
combined strategy of nitrogen limitation and low dissolved oxygen concentration was selected
using the cyanobacterium Synechocystis sp. Polyhydroxybutyrate production was maximized to 95
mg L7 (12% dCW) by combining nitrogen limitation with low oxygen concentration conditions
(1.2 mg O2 L1). Moreover, low oxygen conditions also lowered the growth performance and
photosynthetic activity yield in Synechocystis sp. compared to higher dissolved oxygen
concentrations (> 6.5 mgO2 L™?), suggesting that hypoxia limited futile electron-consuming
processes competing with the synthesis of polyhydroxybutyrate.

The third experimental part assessed the best performing conditions from the previous
experimental part for simultaneous nutrient removal and polyhydroxybutyrate production in
municipal wastewater. Synechocystis sp. cultures were adapted and grown in municipal primary
effluent under environmental conditions until nitrogen-limited conditions were reached (12 d).
Afterward, short photo-dense pulses of light (> 2000 pmol m s) were applied to inhibit oxygen
evolution from microalgae while wastewater-borne bacteria consumed dissolved oxygen. This
oxygen stripping protocol resulted in a low dissolved oxygen concentration (5.7 mg Oz L1). Results
from this experimental part confirmed that Synechocystis sp. and wastewater-borne bacteria, in
combination with the nitrogen limitation and oxygen management strategy, were able to remove
92% of chemical oxygen demand, 99% of ammonia, and 88% of phosphorous. Moreover, the low
dissolved oxygen concentration attained higher polyhydroxybutyrate production yields (80 mg L*
or 10% dCW) compared to earlier studies in waste effluents without oxygen management.

The fourth experimental part evaluated the biomass potential for soil fertilization using the
microalgae-bacteria consortia biomass obtained in the first experimental part to possible use as a
source of organic matter, nitrogen, and phosphorus. Therefore, a biochemical fractionation method
was used based on sequential chemical extraction and fluorescence spectroscopy. Microalgae-
bacteria biomass in the form of loose flocs from the first experimental part and other morphological
structures from photobioreactors fed with wastewater and mineral medium were harvested and
lyophilized. The dried biomass was then subjected to a series of extractions to separate the
biochemical compounds into different fractions, all with varying degrees of accessibility for soil
microorganisms and complexity. Loose flocs from the first experimental trial were hardly

extractable, with more than 50% of its organic matter, nitrogen, and phosphorus content considered



non-extractable. However, their extractability improved when subjected to nitrogen-limited
conditions, where less than 10% of the organic matter, nitrogen, and phosphorus content was
deemed non-extractable.

The overall results from this work provided the scientific knowledge base for microalgae-
bacteria simultaneous wastewater treatment and polyhydroxyalkanoates production in municipal
wastewater under environmental conditions. Microalgae strains from waste effluents or
contaminated sources can produce polyhydroxyalkanoates under nitrogen limitation. However,
incorporating oxygen management protocols is necessary to maximize polyhydroxyalkanoates
production in mineral medium and municipal wastewater effluent. Microalgae-bacteria biomass
with low polyhydroxyalkanoate production under nitrogen limitation was observed as an inherent
source of accessible organic matter, nitrogen, and phosphorous to soil microorganisms, offering an

alternative downstream process.



Resumen

Existe una demanda urgente de soluciones innovadoras y sostenibles para abordar los crecientes
desafios ambientales y de tratamiento de aguas residuales. Los métodos de tratamiento
convencionales como los sistemas de lodos activados han sido usados para el tratamiento de aguas
residuales municipales durante mucho tiempo. Sin embargo, el fortalecimiento de leyes y politicas
en materia ambiental y de recuperacion de agua han evidenciado el bajo rendimiento de los
sistemas de lodos activados en cuanto a consumo de energia y eliminacion de nutrientes. En
consecuencia, los consorcios de microalgas-bacterias han surgido como un enfoque prometedor
para recuperar materia organica y nutrientes de las aguas residuales y convertirlos en productos de
valor agregado utilizando diéxido de carbono y luz solar. La produccion de polihidroxialcanoatos,
incluido el polihidroxibutirato, mediante cultivos de microalgas-bacterias ha surgido como una
alternativa para valorizar la biomasa generada. No obstante, los rendimientos de produccion de
polihidroxialcanoatos en microalgas han sido relativamente modestos, dirigiendo la aplicacién de
la biomasa de microalgas hacia aplicaciones mas inmediatas y practicas como la fertilizacion del
suelo. En vista de ello, la presente investigacion evalud la limitacion de nitrégeno y la gestion del
oxigeno disuelto como factores de estrés para incrementar la acumulacién de polihidroxialcanoatos
en la biomasa de microalgas-bacterias cuando se produce en aguas residuales municipales bajo
condiciones ambientales.

La presente se dividié en cuatro partes experimentales, delimitadas luego de una revisién
del estado actual del arte. La primera parte del trabajo experimental consistio en examinar e
identificar biomasa microalgal productora de polihidroxialcanoatos a partir de la incubacién de
lodos activados municipales. Para ello, se recolectaron muestras de lodos activados y efluente
primario de aguas residuales municipales y se sometieron a iluminacién continua para generar un
consorcio de microalgas-bacterias en condiciones de laboratorio. Posteriormente, se utilizaron
técnicas de tincion con rojo Nilo y micromanipulacion para identificar y separar microalgas
productoras de polihidroxialcanoatos. La produccion de polihidroxibutirato se cuantificd bajo
limitacidn de nitrogeno en cepas seleccionadas mediante cromatografia de gases y se compar6 con
Chlorella sorokiniana obtenidas de agua dulce. La produccion de polihidroxibutirato fue menor a
5 mg g biomasa seca™ (0.5% dCW) en los consorcios mixtos de microalgas procedentes de lodos
activados y los consorcios mixtos dominados por Chlorella sorokiniana. Por su parte, la

produccién de polisacaridos para la biomasa de lodos activados fue de 460 + 16 mg de glucosa g



biomasa seca™ (41% dCW), mientras que para consorcios dominados por Chlorella sorokiniana
fue de un 320 + 24 mg de glucosa g biomasa seca™ (30% dCW).

En la segunda parte experimental, se busc6 maximizar la produccion de
polihidroxialcanoatos, como polihidroxibutirato, en consorcios seleccionados de microalgas-
bacterias. Para ello, se eligié una estrategia combinada de limitacién de nitrogeno y baja
concentracion de oxigeno disuelto en la cianobacteria Synechocystis sp. Los resultados en esta parte
experimental demostraron que la produccion de polihidroxibutirato fue maximizada hasta alcanzar
95 mg L (12% dCW) bajo condiciones de limitacion de nitrégeno y baja concentracion oxigeno
(1.2 mg O, LY. Adicionalmente, las condiciones de bajo oxigeno también disminuyeron el
rendimiento de crecimiento y la actividad fotosintética en Synechocystis sp. en comparacion con
concentraciones mas altas de oxigeno disuelto, lo que sugiere que estas condiciones limitan los
metabolismos futiles que consumen electrones y compiten con la sintesis de polihidroxibutirato.

La tercera parte experimental evalué las mejores condiciones obtenidas en la parte
experimental anterior para la remocion simultdnea de nutrientes y la produccion de
polihidroxibutirato en aguas residuales municipales. Para ello, cultivos de Synechocystis sp. fueron
cultivados en efluente primario municipal bajo condiciones ambientales hasta alcanzar condiciones
de limitacion de nitrogeno (12 dias). Luego, se aplicaron pulsos cortos y densos de luz (> 2000
umol m2 s1) para inhibir la produccién de oxigeno de las microalgas mientras que las bacterias del
agua residual consumian oxigeno disuelto para obtener una baja concentracion de oxigeno disuelto
(5.7 mg Oz L1). Los resultados de esta parte experimental confirmaron que Synechocystis sp. y las
bacterias del agua residual, en combinacidn con la estrategia de limitacién de nitrégeno y baja
concentracion de oxigeno, fueron capaces de eliminar el 92% de la demanda quimica de oxigeno,
el 99% de nitrégeno como amoniaco y el 88% de fosforo como ortofosfatos. Ademas, la baja
concentracion de oxigeno disuelto logr6 mayores rendimientos de produccion de
polihidroxibutirato (80 mg L™ o 10% dCW) en comparacion con estudios anteriores utilizando
efluentes sin control de la concentracion de oxigeno disuelto.

En la cuarta parte experimental, evalud la biomasa de consorcios de microalgas-bacterias
de la primera parte experimental como una fuente potencial de materia organica, nitrégeno y
fosforo para la fertilizacion del suelo. Para ello, se utiliz6 un método de fraccionamiento
bioquimico basado en extraccion quimica secuencial y espectroscopia de fluorescencia. La

biomasa de microalgas-bacterias en forma de floculos sueltos de la primera parte experimental, asi

Vi



como otras estructuras morfoldgicas de fotobiorreactores alimentados con aguas residuales y medio
mineral, fueron cosechadas y liofilizadas. Los diferentes tipos de biomasa seca fueron luego
sometidas a una serie de extracciones para separar los compuestos bioquimicos en diferentes
fracciones, todas con grados variables de accesibilidad, para microorganismos del suelo, y
complejidad. Los resultados de esta seccion demostraron que los floculos sueltos procedentes de
la primera parte experimental eran poco extraibles, con mas del 50% de su contenido de materia
organica, nitrogeno y fdsforo considerado no extraible. Sin embargo, su extractabilidad fue
mejorada cuando se sometieron a condiciones limitadas de nitrégeno, donde menos del 10% del
contenido de materia organica, nitrégeno y fosforo se consider6 no extraible.

En conjunto, los resultados de este trabajo proporcionaron una base cientifica para el
tratamiento simultaneo de aguas residuales y la produccion de polihidroxialcanoatos en aguas
residuales municipales bajo condiciones ambientales. En general, las cepas de microalgas
procedentes de efluentes o aguas dulces pueden producir polihidroxialcanoatos bajo limitacion de
nitrégeno. Sin embargo, es necesario incorporar protocolos de control de oxigeno para maximizar
la produccion de polihidroxialcanoatos en medio mineral y efluente de aguas residuales
municipales. Se observé ademas que la biomasa de microalgas-bacterias con baja produccion de
polihidroxialcanoatos bajo limitacion de nitrégeno es una fuente inherente de materia orgéanica,
nitrégeno y fdsforo accesibles para los microorganismos del suelo, ofreciendo un proceso

alternativo.
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1. General Introduction



Valuable bioproducts, like bioplastics and biofertilizers, from microalgae have attracted much
interest because of their potential to replace petroleum-based products and their well-known
drawbacks. Today, the cultivation and use of photoautotrophic microorganisms like eukaryotic
microalgae and cyanobacteria (prokaryotic microalgae) have received increasing scientific
attention. This is due to their ability to grow in waste effluents and their propensity to create and
store intracellular polymers of interest like polyhydroxyalkanoates (PHAS). These intracellular
polymers are becoming increasingly popular due to their potential for bioplastic production (Park
and Lee, 2023; Chong et al., 2022). The primary interest in photoautotrophic microorganisms that
produce PHAs stems from their ability to store carbon through oxygenic photosynthesis, which
implies minimal culture needs and the use of carbon dioxide as a carbon source.

Most studies on the production of PHAs from photoautotrophic microorganisms generally
employ pure or genetically modified cultures of cyanobacteria under nitrogen limitation (Price et
al., 2020). Compared to eukaryotic microalgae, cyanobacterial cells have an incomplete Krebs
cycle that allows them to store excess intracellular carbon, i.e., Acetyl-CoA, and reduction
equivalents, i.e., NADPH, in the form of PHAs (De Philippis et al., 1992). However, the strictly
controlled processes in pure and genetically modified cultures often lead to high production costs
and, thus, expensive products. Therefore, wastewater-borne mixed cultures could be a more
sustainable alternative to produce PHAs derived from cyanobacteria. The utilization of mixed
cultures to produce biomass and polymers implies the lack of sterilization of substrates or reactors
and the use of cheaper equipment that could ultimately help reduce the production costs compared
to pure or genetically processes. However, growing cyanobacteria in such a variable media implies
certain disadvantages, including competition with other microorganisms, e.g., eukaryotic
microalgae and heterotrophic bacteria, and nitrogen and phosphorus concentration.

In recent years, several authors have obtained PHAs producing mixed cultures, mostly
cyanobacteria, following a two-phase or two-stage approach (Arias et al., 2019; Rueda et al.,
2020a). This operation scheme benefits from nitrogen limitation in producing up to 69 mg PHA L°
1 (5% as dried cell weight (dCW)) using wastewater (Senatore et al., 2023). Nonetheless, no further
studies have focused on improving PHAs production using other abiotic stress factors. Therefore,
this manuscript aims to evaluate low dissolved oxygen concentrations and nitrogen limitation to
maximize PHAs and biomass production of microalgae-bacteria consortia in municipal

wastewater.



Chapter 2 delves into the basic theoretical concepts that govern wastewater treatment and
PHAs production utilizing microalgae-bacteria consortia. This chapter also outlines the pertinent
postulates that serve as the foundation for the hypotheses of the present research work. In turn,
these hypotheses pave the way for formulating a general objective and specific objectives that
provide direction and purpose to the investigation. A comprehensive work strategy that details the
experimental design employed throughout the investigation is also outlined.

In Chapter 3, PHA producing microalgae species were obtained from mixing activated
sludge (AS), as inoculum, and primary effluent, as growth substrate. These waste effluents were
sampled from a municipal wastewater treatment plant located in Queretaro, Mexico. Another
inoculum from freshwater sources (Chlorella sorokiniana dominated) was assessed for PHA
production under nitrogen-limited conditions. The former parameter was assessed in the
microalgae consortia to confirm the conversion of polysaccharides to PHA. The former parameter
was assessed in the microalgae consortia to confirm the conversion of polysaccharides to PHA.

Chapter 4 was dedicated to maximizing the production of PHA in microalgae by
manipulating nitrogen and dissolved oxygen concentration in a mineral medium. Due to the low
PHA production, and thus high polysaccharides production, obtained in microalgae consortia from
Chapter 3, a PHA-producing species (Synechocystis sp.) was acquired and tested to confirm these
conditions as maximizing conditions in mineral medium (BG-11). Following the confirmation of
the best performing conditions for PHA production in microalgae using a mineral medium, the
efficacy of these conditions was assessed for simultaneous PHA production and wastewater
treatment, i.e., nutrient removal, using municipal primary effluent from a municipal wastewater
treatment plant located in Queretaro, Mexico.

In Chapter 5, further experiments were dedicated to valorizing the resulting microalgae
biomass from Chapter 3 based on the low PHA production. Given the high polysaccharides
production in the biomass, the obtained biomass was subjected to sequential chemical extraction
based on ISBAMO (Index of Stability and Bioaccessibility of Organic Matter) and modified P-
Olsen. These allowed the quantification of biomass organic matter, nitrogen, and phosphorus
content for potential fertilization of soils. Different morphological types of microalgae consortia
structures were also evaluated with these methods to determine important variations in organic
matter, nitrogen, and phosphorus content. Finally, Chapter 6 culminates with a major conclusion
based on the findings obtained in this thesis, along with suggestions and insights for future research.



2. Background



2.1. Basic theoretical concepts

2.1.1. Wastewater treatment

The science and engineering of wastewater treatment has notably evolved over the last century.
Initially, the main purpose of wastewater treatment was to remove suspended solids and pathogens,
which was typically achieved through unit processes such as settling tanks and trickling filters
(Riffat and Husnain, 2022). The onset of industrialization and scientific progress further unveiled
the presence of a diverse array of contaminants in wastewater, including organic and inorganic
pollutants, toxic chemicals, and other harmful compounds. The nature of these contaminants not
only varied based on wastewater origin, e.g., municipal, industrial, or agricultural, but also posed
new challenges on wastewater discharge practices. Discharging wastewater without proper
treatment in lands or water bodies leads to severe pollution problems, with eutrophication being a
prominent concern (Chen et al., 2020). Eutrophication involves the prompt growth of harmful water
plants (e.g., microalgae) caused by the sustained increase of the concentration of nutrients like
nitrogen and phosphorus. This phenomenon renders water bodies hazardous for aquatic life and
compromises their suitability for drinking water purposes (Akinnawo, 2023). These insights
promptly expanded the goals of wastewater treatment to encompass the removal or reduction of a
broader spectrum of contaminants, including organic matter and nutrients. To address these new
challenges, modern wastewater treatment plants typically employ a combination of physical (or
primary), biological (or secondary), and chemical (or tertiary) unit processes. However, the
continuous evolution of technology and the increasing complexity of contaminants in wastewater

imposed an enhancement on the efficiency of biological treatment units.

Conventional Activated Sludge

Conventional Activated Sludge (CAS) unit process was first developed for biological wastewater
treatment in the early 20th century by combining aerobic conditions and suspended growth of
wastewater-borne microorganisms. Since then, CAS has become the dominant biological treatment
unit process in municipal and industrial wastewater treatment plants worldwide (Wanner, 2021).
In Mexico, the 2021 National Inventory of Municipal Water and Wastewater Plants in Operation
showed that CAS systems were present in 818 out of 2872 municipal wastewater treatment plants,
treating nearly 75% of wastewater influent (CONAGUA, 2021).



To gain a basic understanding of the CAS systems as a secondary treatment, Figure 2.1
depicts its two pivotal units: the aeration tank and the secondary clarifier. Fundamentally, the
primary wastewater effluent is continuously flown into the aeration tank, where oxygen is
introduced through air diffusers or impellers. This ensures the maintenance of aerobic conditions
that along the organic matter and nutrients derived from the wastewater, stimulate the proliferation
of diverse microorganisms, including bacteria, fungi, protozoa, ciliates, rotifers, etc. During
growth, these microorganisms not only consume organic matter, nitrogen, and phosphorus but also
aggregate with each other and with suspended solids, forming cohesive clumps that resemble
sludge. This sludge-like mixture is then directed to the secondary clarifier, where clarification of
effluent and thickening of settled solids takes place. The clarified effluent is discharged for further
treatment (i.e., tertiary treatment) or disposal. In contrast, a portion of thickened solids (20 — 50%)
is recycled back to the aeration tank to maintain a high concentration of active biomass in the
aeration tank (Riffat and Husnain, 2022). The remaining portion of the thickened solids are
removed from the process as secondary sludge and led to a sludge management and treatment
process. This residual sludge could be disposed in landfills or used as feedstock for anaerobic

digesters to generate electricity and compost (Ferrentino et al., 2023).
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Operating parameters play a crucial role in the effectiveness of CAS systems. Their
monitoring and control are important to uphold a favorable environment for aerobic, heterotrophic
bacteria and ensure an optimal operation of the AS (Shukla and Ahammad, 2022). Table 2.1.

explains the typical values for some important operating parameters and their effects on municipal

wastewater treatment facilities using CAS systems.

Table 2.1. Operating parameters for activated sludge processes in municipal wastewater treatment facilities.

Parameter Values Effect References
Improve enzymatic activity of

pH 6.5-7.5 microorganisms. 'el;cglok()ggiil)ous
Inhibit fungi growth. '
Improve enzymatic activity of Riffat&

Temperature 25°C microorganisms, gas transfer rates, Husnain
and settling characteristics. (2022)

. Improve

Dissolved oxygen 15— 2'91 nitrification/denitrification and Tehobanoglous

(DO) mgO:2 L : . o et al. (2014)
organic matter mineralization.

Hydraulic retention 3_8h Improve nitrogen removal and Khalaf et al.

time (HRT) organic matter mineralization rates  (2021)

Solids retention time AIIOW_ aer_0b|c, heterotrophic Khalaf et al.

(SRT) 4-15d bacterla_l dominance. (2021)
Formation of settleable flocs.

Food to Ensure microorganisms in the Riffat&

microorganismratio 0.2-0.4 sludge are at the end of the Husnain

(F/IM) stationary phase (2022)

Volumetric loading  0.8-2.0 ﬁ:ll(c)):/(\j/ f%%rgért]gnltn t:r? daemrtég?cizgll(é Ahnert et al.

rate (V1) kg BODs m™ dt P (2021)

outcomes.

In recent decades, CAS systems have failed to comply with increasingly stringent
environmental and water reclamation regulations across the world. A case study in Mexico
demonstrated the need of modernizing municipal wastewater treatment facilities with innovative
technology to meet the 2030 United Nations Climate Action and Water Agenda (Noyola et al.,
2016). The findings of this study projected a scenario where new municipal wastewater treatment



plants that adopted CAS systems would increase carbon dioxide emissions from 726 to 1731 Gg
CO2 eq. due to the power demand. This is problematic since the AS process alone contributes for
up to 94% of the total greenhouse gas emissions from wastewater treatment plants (Lu et al., 2022).
More importantly, the incorporation of additional steps or processes like
nitrification/denitrification, anammox, and chemical precipitation into CAS systems were deemed
as needed to address the higher organic load. This render the systems more complex, expensive,
and energy-intensive (Aditya et al., 2022). Therefore, moving towards wastewater technologies
that also consider resource recovery becomes critical. Water recovery, together with the extraction
of added-value bioproducts, appears to be a potential approach to reducing greenhouse gas
emissions and increasing wastewater treatment profitability (Chen et al.,, 2020). In this
transformative context, numerous possibilities are emerging, reshaping the landscape of

wastewater treatment plants using CAS systems for the near future.

Microalgae-bacteria consortia for wastewater treatment

Microalgae are a diverse group of microorganisms that can assimilate dissolved nutrients through
oxygenic photosynthesis. These photosynthetic microorganisms include eukaryotic microalgae as
well as photosynthetic prokaryotes (cyanobacteria) which can be found in almost every habitat. In
particular, cyanobacteria have gained much attention in recent years for their role in cost-effective
and sustainable biological wastewater treatment as well as for a variety of commercial applications
like biofuel production and bioplastics (Agarwal et al., 2022). That interest stems from the natural
metabolic pathway of some cyanobacteria genera, like Synechocystis, Synechococcus, Anabaena,
etc., that results in economically useful value-added compounds like glycogen and PHAS (Arias et
al., 2020). Moreover, the benefits of cyanobacteria also extend to their inherent adaptability to a
wide diversity of aquatic habitats, where they form associations (consortia) with aerobic,
heterotrophic bacteria (Quijano et al., 2017). These consortia provide both cyanobacteria and
aerobic, heterotrophic bacteria with essential nutrients for their growth, leading to enhanced
removal rates of nitrogen, phosphorus, organic matter, etc.

The concept of incorporating eukaryotic microalgae and cyanobacteria (hereafter simply
microalgae) into wastewater treatment has undergone significant redesign to align with
increasingly stringent environmental regulations and economic demands (Acién et al., 2017). Like
CAS systems, the effectiveness of microalgae-bacteria-based wastewater treatment is contingent



upon various parameters outlined in Table 2.2, which collectively determine their overall treatment
efficiency and success. Thus far, the largest commercial-scale demonstration of microalgae-
bacteria based wastewater treatment potential is in Chiclana de la Frontera, Spain (Acién et al.,
2017). The raw discharges from 60,000 inhabitants (i.e., ~ 3000 m®d) is treated not only to meet
the strict quality standards set by the European Directive 91/271/CE but also to support the
production of biogas and biofertilizers. The overall success of that microalgae-bacteria based
wastewater treatment plant further expanded the implementation of demo scale facilities in Mexico
(Montafio San Agustin et al., 2022) and China (Acién et al., 2017).

Table 2.2. Operating parameters for microalgae-bacteria based wastewater treatment.

Parameter Values Effect References
H 6.0_80 Crucial for microalgae metabolism Vuppaladadiyam
P ' ' and uptake of ions et al. (2018)

Improves cellular, physiological,

Temperature 18-30°C and morphological responses of Vuppaladadiyam
) et al. (2018)
microalgae cultures
Dissolved oxygen <7.8° Improves  photosynthesis and Raso et al.
(DO) mgO, L carbon dioxide fixation (2012)
Liaht intensit 20-400% Accelerates growth Kkinetics of Maltsev et al.
g y umol m2st algae cultures (2021)
_ 100:49-16:1 Determines growth Kinetics of Arias et al.
Nutrient feed ) algae cultures and cellular
molar ratio (2019)

metabolism
3 Within the 400-700 nm light spectrum; ® Representing 100% oxygen-air saturation

The overall effectiveness of microalgae-bacteria wastewater treatment relies on the
symbiotic or mutualistic interaction between these microorganisms, as illustrated in Fig. 2.2.
During the photoautotrophic growth of microalgae, dissolved nutrients in wastewater are
assimilated and transformed into oxygen and new biomass. The evolved oxygen provides chemical
energy for bacteria to mineralize organic matter, whose byproducts continue to sustain the
photoautotrophic growth of microalgae. Simultaneously, the resulting microalgal biomass becomes
a source of high added value products for numerous biotechnological applications, including

bioenergy generation, biofertilizer and bioplastics production, etc. (Siddiki et al., 2022).
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Figure 2.2. Schematic representation of microalgae and bacteria mutualistic interaction.

Remediation of municipal wastewater using microalgae-bacteria consortia has proven to be
a complete solution in addressing the complex nature of municipal wastewater. Raw municipal
wastewater typically contains 50 to 650 mg L of total nitrogen and 10 to 15 mg L™ of phosphate
(Aditya et al., 2022). These render conventional biological treatment of municipal wastewater
particularly challenging. Previous studies have demonstrated the highly efficient removal rates of
organic matter (94% as chemical oxygen demand), nitrogen (99% as ammonia, 72% as nitrate),
and phosphorus (68% as phosphate) of microalgae-bacteria consortia (Barreiro-Vescovo et al.,
2021; Buitron and Coronado-Apodaca, 2022; dos Santos Neto et al., 2023). These removal
efficiencies are superior to those of biological treatment units based on CAS systems, where only
up to 90%, 50%, and 30% of organic matter, total nitrogen, and total phosphorus are removed
(Guven et al., 2019; Yu et al., 2009). Moreover, microalgae biomass production from wastewater
allows to produce up to 1.0 kg per m® of municipal wastewater at a lower energy consumption and
cost when compared to CAS systems (Acién et al., 2016). Despite the evident success of
microalgae-bacteria consortia, widespread adoption of microalgae-bacteria based wastewater
treatment technologies has been consistently hindered by some key operational challenges.

Prioritizing cost-effective transformation of microalgae biomass into high value bioproducts could
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increase the overall viability and economic feasibility of microalgae-bacteria consortia (Saratale et
al., 2022), thereby broadening their application in wastewater treatment.

2.1.2. Producing biopolymers from microalgae-bacteria consortia

The transformation of microalgae-bacteria biomass into high value bioproducts is dependent on its
inherent composition. Biopolymers, which are naturally occurring long chain molecules composed
of repeating monomeric units, are the main components of biomass produced from microalgae-
bacteria based wastewater treatment. A broad array of biopolymers can be extracted from
microalgae biomass, including proteins, carbohydrates, and lipids. The proportions for each of
these biopolymers depend on the dominant strains and cultivation conditions (e.g., light intensity,
nutrient availability, temperature, etc.). This highly flexible biopolymer content has elevated
microalgae-bacteria biomass status as an important feedstock for different industries. Biomass
profiles of some microalgae species relevant for wastewater treatment and high value bioproducts

generation are compiled in Table 2.3.

Table 2.3. Biomass composition of some microalgae species, expressed as percentage of dry cell weight (% dCW).

Protein Carbohydrates  Lipid

(% dCW) (% dCW) (% dCW) References

Microalga specie

Bernaerts et al.
Chlorella vulgaris 38 - 53 8-27 5-28 (2019)
Razzak et al. (2022)

. de Oliveira et al.
Scenedesmus obliquus 19-21 63 — 69 9-14 (2020)
Bernaerts et al.
Spirulina platensis 43 - 77 822 4-14 (2019)
Razzak et al. (2022)

Gonzalez-Resendiz

Synechoccocus elongatus 52 — 63 11-14 11-15 et al. (2021)

Synechocystis sp. 25 — 66 9-35 1527 Paliwal et al. (2015)

Proteins are a family of biopolymers made of an array of amino acids. As seen in Table 2.3,
these biopolymers can be found in high amounts for most microalgae species. Proteins play an

important role in the catalytic mechanisms that allow microalgae to thrive. These mechanisms
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include proteins that are involved in oxygenic photosynthesis like ribulose-l,5-bisphosphate
carboxylase/oxygenase (RuBisCO) enzyme, in the pyrenoid of eukaryotic microalgae, and
phycobiliproteins, in the thylakoids of cyanobacteria (Safi et al., 2014). Moreover, proteins have
also been observed to supply scaffolds for the assembly of chlorophyll molecules and the
harvesting chloroplast complexes (Razzak et al., 2022). Regardless of their physiological function,
the commercial value of proteins rests on their apparent nutritional value. Becker (2013) observed
that microalgae species like Chlorella vulgaris and Spirulina platensis exhibited favorable amino
acid profiles and a good digestibility as a nutrient supplement for human nutrition.

Carbohydrates also constitute another important portion of microalgal biomass. Unlike
proteins, these biopolymers are made of different monomeric units of sugars (i.e.,
monosaccharides). In microalgae, carbohydrates typically exist in various chemical forms and can
be categorized according to their physiological function. Storage carbohydrates are located inside
the microalgae cell and are used as energy sources to drive the metabolic processes or act as
protectants for the survival under stress (Shahid et al., 2020). Starch (in eukaryotic microalgae) and
glycogen (in cyanobacteria) are notable examples of storage carbohydrates. On the contrary,
structural carbohydrates (i.e., cell wall bound carbohydrates) provide structural support and include
monosaccharides, uronic acids, amino sugars, and cellulose (Bernaerts et al., 2019). Bioproducts
made from structural carbohydrates are very scarce, likely related to the difficult extractability and
low content, i.e., ~ 7% of the total carbohydrate content (Zanchetta et al., 2021). However, starch
and glycogen display a versatile functionality as a valuable resource for bioethanol and bioplastics
production (Lépez Rocha et al., 2020), with a lot of potential for commercialization.

Lipids are a distinct class of biopolymers that are mostly made of fatty acids or their
derivatives. These can be divided as polar and non-polar lipids with important physiological roles
(Alishah Aratboni et al., 2019). Polar lipids are usually located in the cellular membrane and
include phospholipids and glycolipids. These lipids have special roles in the optimal maintenance
of membrane fluidity for a variety of metabolic and biosynthetic processes. In contrast, non-polar
lipids are found within microalgae cells and are mostly made up of triglycerides, as well
as pigments, vitamins, and hydrocarbons (Razzak et al., 2022). Non-polar lipids like triglycerides
are typically used as an energy storage molecule within the microalgae cell. These are also key
components in the manufacture of biodiesel, eicosapentaenoic acid, and docosahexaenoic acid

(Chandra et al., 2019). Microalgae biomass rich in linolenic acid and oleic acid fatty acids can also
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be used for nutritional and therapeutic purposes (Aditya et al., 2022). However, the detection of
other lipid-like biopolymers has further expanded their application within the bioplastic industry.

2.1.3. Microalgae-bacteria as a platform for polyhydroxybutyrate production
PHAs are a group of naturally occurring polyesters which have received growing attention as an
alternative to fossil-based plastics. According to Llewellyn et al. (2019), these polyesters have been
commonly been produced using Gram-negative bacteria like Pseudomonas, Ralstonia, and
Alcaligenes through heterotrophic fermentation. That method utilizes pure organic carbon sources,
which enables fermentative bacteria to produce as much as 80% dCW or 4.0 g L™ of PHAs (Budde
et al., 2011). Moreover, the heterotrophic fermentation is easily scalable for large-scale production
due to its minimal infrastructure requirements and well-established process (Hermann et al., 2020).
However, challenges remain on the overall sustainability and economic viability of PHAs derived
from bacterial fermentation. One major hurdle lies in the high cost of the substrate, which can
account for up to 40% of the total production cost for PHAs (Lopez-Arenas et al., 2017).
Fermentative bacteria also rely on highly controlled and sterilized environments to produce PHAS,
which limits their adaptability to alternative feedstocks and process conditions.
Microalgae-bacteria consortia, particularly those composed mostly of cyanobacteria, are
emerging as an alternative host system to address the limitations of traditional PHAs production
methods. Essentially, cyanobacteria have minimal nutrient requirements and the ability to
accumulate PHAS by oxygenic photosynthesis, giving them the potential to grow in waste effluents
(Mastropetros et al., 2022). In cyanobacteria, PHAs are produced as a response to physiological
stress, including nitrogen limitation or excess reducing power from oxygen depletion, and are
commonly deposited as intracellular granules (Cinar et al., 2020). Depending on the structure and
length of carbon atoms that make up the functional group, PHAS can be categorized as long-chain
length PHAS (Icl-PHAS) that consist of 15 or more carbon atoms, medium-chain length PHAs (mcl-
PHAS), that consist of 6 — 14 carbon atoms, and short-chain length PHAs (scl-PHAS), that consist
of 3 — 5 carbon atoms (Zhang et al., 2019a). Figure 2.3 illustrates the general structure of PHAs

and showcases some examples of their structural derivatives.
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No. of ‘R’ or

carbon atoms (n)  alkyl side chain Type of PHAs Abbreviation

Hydrogen (-H) poly(3-hydroxypropionate) [P(3HP)]
Methyl (-CH3) poly(3-hydroxybutyrate) [P(3HB)]
B Ethyl (-CH»-CH3) poly(3-hydroxyvalerate) [P(B3HV)]

n=l Propyl (-(CH2),-CH3)  poly(3-hydroxyhexanoate) [P(3HHX)]
Pentyl (-(CH»)4-CH3)  poly(3-hydroxyoctanoate) [P(3HO)]
Nonyl (-(CH2)s-CH3)  poly(3-hydroxydodecanoate)  [P(3HD)]
n=2 Hydrogen (-H) poly(4-hydroxypropionate) [P(4HP)]

Methyl (-CH3) poly(4-hydroxybutyrate) [P(4HV)]

Figure 2.3. Molecular structure and main types of polyhydroxyalkanoates based on the number of carbon atom (h=1
to 2), with R representing possible alkyl functional group and X representing the repeating monomeric units, ranging
from 100 to 30,000.

Polyhydroxybutyrate

Polyhydroxybutyrate (PHB) is the most prevalent polyhydroxyalkanoate found in microalgae and
aerobic, heterotrophic bacteria (Arora et al., 2023; Cheah et al., 2023; Nanda and Bharadvaja,
2022). The production of PHB using these microorganisms has been extensively investigated
following a monoculture approach, fed with sterile growth media (Yashavanth et al., 2021).
However, this practice is impractical for further scale-up of the technology and for marketability
due to high maintenance cost and elevated polymer production costs. A more promising approach
to produce PHB involves utilizing readily available and cost-effective growth media, such as
municipal wastewater, using microalgae-bacteria consortia (Arias et al., 2020; Price et al., 2020).

Even though microalgae-bacteria have demonstrated their capacity to treat a range of wastewater
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effluents, cultivation in such an organic-rich environment involves many operational challenges.
These challenges include the risk of contamination by other non-PHB producing heterotrophic
microorganisms, which has been extensively reported in the literature (Buitron and Coronado-
Apodaca, 2022; dos Santos Neto et al., 2023). This could be seriously detrimental to biomass
production and affect final PHB production yields. Therefore, the incorporation of inorganic carbon
could emerge as a favorable option to not only mitigate the bloom of heterotrophs but also to reduce
greenhouse gas emissions (carbon dioxide).

The pathway for PHB biosynthesis under photoautotrophic conditions is illustrated in
Figure 2.4. In times of light surplus and carbon dioxide, the biosynthesis of PHB competes with
the synthesis of storage carbohydrates, i.e., glycogen (cyanobacteria) or starch (eukaryotic
microalgae), for glycerate 3-phosphate (GP) metabolic intermediate (Rueda et al., 2020a). This
competition is particularly more when growth is limited by nitrogen and results in a great part of
the fixed carbon used for storage carbohydrates synthesis instead of PHB production (Singh et al.,
2017). When nitrogen limitation is prolonged, storage carbohydrates are oxidized via the oxidative
pentose phosphate pathway and their byproducts (Acetyl-CoA) used for PHB synthesis
(Kamravamanesh et al., 2019). The biosynthetic pathway for PHB production comprises three
reaction steps where i) acetyl-CoA acetyltransferase (PHA-A) catalyzes the condensation of
Acetyl-CoA precursors to Acetoacetyl-CoA, ii) Acetoacetyl-Co is then reduced to 3-
hydroxybutyryl-CoA (3-HB-CoA) by action of a NADPH-linked acetoacetyl-CoA reductase
(PHA-B), and iii) 3-HB-CoA is finally polymerized to PHB via PHA synthase (PHA-C) driven
esterification.
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phosphoglycerate kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FBA, Fructose-bisphosphate aldolase; FBPase, fructose 1,6-bisphosphatase; TKL,
transketolase; RPE, ribulose 5-phosphate 3-epimerase; PRK, phosphoribulokinase. GPI, phosphoglucose isomerase; PGM, phosphoglucomutase; AGPase, ADP-
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succinate dehydrogenase; FHD, fumarate hydratase; MDH, malate dehydrogenase.
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Properties of polyhydroxybutyrate

The main properties that make PHB a promising alternative for fossil-based plastics are their
similar mechanical and physical properties to polypropylene derived from fossil fuels (Table 2.4).
These properties are further enhanced by environmental benefits like full biodegradability,
biocompatibility, and functionality (Bugnicourt et al., 2014). Moreover, PHB is water-insoluble
and resistant to hydrolytic degradation, making it suitable for medical and food packaging
applications. In the field of medicine, this polymer is used mainly for sutures, surgical implants,
parts of bones and replanted veins, microencapsulation, chemo-preventive, etc. (dos Santos et al.,
2017). PHB has also been successfully tested for the fabrication of bottles, latex, and other products
plastic packaging with similar rigidity to polypropylene (Garcia-Garcia et al., 2022). Despite the
growing demand for PHB-based bioplastics, which is projected to grow by up to 100% annually
(Llewellyn et al., 2019), the current market share of PHB is below 2%. The main reason for being
the high production and culture-maintenance costs. In this context, the use of municipal
wastewater as feedstock may overcome this by offering an inexpensive and readily available

substrate for microalgae photoautotrophic growth (Arias et al., 2020).

Table 2.4. Physical and thermal properties of polyhydroxybutyrate and their comparison with petroleum-based plastics.

. . Glass -
Crystallinity Tensile Melting transition Breaking
Polymer (%) strength temperature temperature strength  References
; (MPa)  (°C) ). (%)
Shishatskaya
125 et al. (2020)
PHB 52 -76 ' 172 -178 0.6-2.0 1.0-5.0 Singh &
43.0 .
Mallick
(2017)
Balaji et al.
PP 50-70 1700 174 - 176 -10 400 (2013)
Costa et al.
(2019)
Costa et al.
HDPE  60-80 1000 125 -132 n.r. 12 (2019)

PHB: Polyhydroxybutyrate, PP: Propylene, HDPE: High-density polyethylene, n.r.: Not reported.
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Production of polyhydroxybutyrate in microalgae-bacteria consortia

The occurrence of PHB in microalgae-bacteria consortia has predominantly been observed during
cultivation in wastewater and other waste streams. Many studies have indicated that the dominant
strains associated with photoautotrophic PHB in microalgae-bacteria consortia are cyanobacteria,
belonging to Synechocystis, Synechococcus, and Nostoc genera, or eukaryotic microalgae,
belonging to Chlorella or Botryococcus genera (Mastropetros et al., 2022; Sirohi et al., 2021). In
most cases, the average PHB content under these conditions ranges between 1 — 10% dCW (Table
2.5), which is relatively lower than that obtained with bacteria (Sirohi et al., 2021). Nevertheless,
the PHB-from-wastewater approach offers a second advantage which is treated, or at least cleaner,
wastewater (Arias et al., 2020). Cultivation in dynamic environments like wastewater often leads
to contamination by other species, which could be detrimental to biomass production and further
affect PHB production. Therefore, monitoring and control of operating and cultivation parameters
like light-dark cycles, temperature, pH, and gas exchange limitation are critical for an enhanced
PHB production in microalgae-bacteria consortia (Ray et al., 2022). A better understanding of the
complex process that takes place during PHB formation is needed to fully elevate the yield of this

economically valuable byproduct in microalgae-bacteria consortia cultivated in wastewater.

Table 2.5. Dominant species and average polyhydroxybutyrate production in microalgae-bacteria consortia cultivated
in waste streams under photoautotrophic conditions.

Dominant Type of Days of Content References
species wastewater  incubation % dCW mg L™
Synechococcus  Aquaculture 10 10 60 Mariotto et al.
leopoliensis ponds ' (2023)

: Municipal
Synechocystis secondary 8 48 69 Senatore et al.
sp. (2023)

effluent

Synechococcus  Agricultural Rueda, Garcia-

31 4.5 15 Galén, Ortiz, et al.
sp. runoff (2020b)
Synechocystis Digestate Meixner et al.
salina supernatant 40 55 20 (2016)
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2.1.4. Valorization of microalgae-bacteria biomass as biofertilizers

The aim of cultivating microalgae-bacteria consortia in municipal wastewater is to obtain a clean
effluent while concurrently transforming biomass into valuable organic resources, such as biofuels,
animal feed, pigments, and bioplastics (PHB). The selection of any of these bio-based products
depends on the biopolymer composition and the targeted services. Transforming microalgae-
bacteria biomass into biofuels (e.g., bioethanol, biodiesel, biohydrogen, etc.) for energy production
has become challenging on an industrial scale. The major bottleneck for this is in the heterogenic,
complex cellular wall of eukaryotic microalgae, which need to be disrupted or weakened for
biopolymers extraction (Safi et al., 2017). Different cell disruption methods have been devised to
weaken or destroy the cell wall in microalgae, like bead milling, ultrasonication, acid/alkaline
pretreatment, etc. Yet, most of these pretreatment methods are either energy intensive or generate
pollutant byproducts that decrease the environmental benefits of microalgae-bacteria consortia
(Jothibasu et al., 2022).

The multifaceted composition of microalgae-bacteria biomass has led its valorization
towards other expedient uses, including fertilization of agricultural soils (Ayre et al., 2021,
Gonzélez et al., 2020; Miickschel et al., 2023), as it can be directly used without any pretreatment
and even in combination with treated wastewater for irrigation. Before soil fertilization,
microalgae-bacteria biomass is typically subjected to controlled soil incubation under aerobic
conditions and plant growth experiments for about 120 days to determine their agronomic value as
a biofertilizer (Alvarez-Gonzalez et al., 2022; Dineshkumar et al., 2020). These experiments take
time and resources and could lead to false positives or selection of poor strategies for soil
fertilization. Therefore, novel methods are constantly being developed to determine the agronomic
value of organic material more expediently and in less time.

In recent years, Jimenez et al. (2015b) observed that complexity (i.e., molecular structure)
and bioaccessibility (i.e., availability to soil microorganisms) were valuable parameters in
diagnosing the agronomic value of organic materials. These parameters could determine any
organic material fate as a as a source of organic matter, nitrogen, and phosphorus. As a result, they
developed a stability and bioaccesibility prediction model (ISBAMO) based on the biochemical
profile of organic materials (Jimenez et al., 2017; Muller et al., 2014). For this purpose, sequential
chemical extraction was to be carried out, where the strength of the extractants increase

progressively, to recover certain biochemical compounds of decreasing accessibility. Then, a three-
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dimensional liquid-phase fluorescence spectroscopy would be used to detect all the fluorophores

in each extracted fraction based on commercial standards (Muller et al., 2014). The resulting

fractions, along with its composition, are depicted in Figure 2.5. ISBAMO has proven effective in

characterizing the accessibility and complexity of organic wastes and residues from various

sources, including wastewater treatment plants, composting plants, farms, agrifood industries, and

municipal solid waste plants (Jimenez et al., 2015a).
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Readily Extractable Organic Matter (REOM)
Exopolymeric substances (EPS) proteins, nucleic acids,
sugars, lipids

Slowly Extractable Organic Matter (SEOM)
Proteins, humic substances, remained lipids

Poorly Extractable Organic Matter (PEOM)
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Non-Extractable Organic Matter (NEOM)
Water-insoluble, non-extractable humic-like substances
(Humin)

Figure 2.5. Extracted chemical fractions and their common biochemical composition from the stability and
bioaccesibility prediction model (ISBAMO).
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2.2. Postulates

Polyhydroxyalkanote production from photoautotrophic microorganisms like eukaryotic
microalgae and cyanobacteria is performed altering the growth conditions (Fradinho et al.,
2019; Mastropetros et al., 2022). First, photoautotrophic microorganisms are subjected to
conditions for favorable photosynthetic activity, e.g., light intensity, temperature, and nutrient
availability, for biomass accumulation. Then, the production of polyhydroxyalkanoates is
triggered through the manipulation of abiotic factors, e.g., nitrogen limitation, generating stress

conditions.

Activated sludge is an ideal inoculum of polyhydroxyalkanoate-producing microalgae-bacteria
consortia as the fluctuations of carbon and nutrients availability during the aeration process
results in nutrient stress conditions that ultimately favors microorganisms that store storage
macromolecules as sources of energy and carbon, e.g., polyhydroxyalkanoates (Jayakrishnan
etal., 2021).

Growth conditions, e.g., dissolved oxygen concentration, light intensity, photoperiods (Kazbar
et al., 2019; Raso et al., 2012) and abiotic stress, e.g., transient availability of nitrogen or
phosphorus (Sirohi et al., 2021) are fundamental aspects to obtain microalgae-bacteria biomass
rich in polyhydroxyalkanoates. Moreover, the mutualistic interactions between microalgae and
bacteria also enhances nutrients recovery and enriches the biomass with essential elements,
e.g., nitrogen and phosphorus (Yan et al., 2022), used for agriculture or soil fertilization
(Alvarez-Gonzélez et al., 2022).
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2.3. Hypothesis

2.3.1. General hypothesis

The production of polyhydroxyalkanoates in microalgae-bacteria consortia will be enhanced

through a nitrogen-limited and oxygen-deficient condition in primary effluent wastewater under

environmental conditions.

2.3.2. Specific hypotheses

Nile red fluorescent staining and micromanipulation are adequate methods for the efficient
identification and selection of polyhydroxyalkanoate-producing microalgae from activated
sludge.

Low dissolved oxygen and nitrogen availability reduce oxidative stress and competition for
nutrients between phoautototrophic and heterotrophic bacteria, improving the production of

biomass and polyhydroxyalkanoates in microalgae-bacteria consortia.

Nitrogen limitation in floccular microalgae-bacteria consortia improve the production of
storage macromolecules like polysaccharides, proteins, and lipids, improving the
extractability (bioaccessibility) of microalgae-bacteria biomass as organic matter, nitrogen,

and phosphorus source for soil microorganisms.
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2.4. Objectives

2.4.1. General objective

To increase the production of polyhydroxyalkanoates in microalgae-bacteria consortia biomass
through the application of abiotic stress factors (nitrogen limitation and low dissolved oxygen
concentration) using municipal wastewater under environmental conditions and to evaluate the

nutrients biomass bioaccessibility for a possible use as soil fertilizer.

2.4.2. Specific objectives

e To screen and identify polyhydroxyalkanoate-producing microalgae from municipal
activated sludge.

e To maximize the production of polyhydroxyalkanoates in selected microalgae by

manipulating nutrients and dissolved oxygen concentration in mineral medium.

e To assess the efficacy of selected microalgae and bacteria for polyhydroxyalkanoates
production and nutrient removal simulating best performing nutrients and dissolved oxygen

concentrations in municipal wastewater.
e  To characterize the molecular complexity and bioaccessibility of organic matter, nitrogen,

and phosphorus from microalgae-bacteria aggregates with different morphologies (flocs and

granules) grown under nutrient-abundant and starvation conditions.
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2.5. Work strategy

The proposed scheme of work was divided into four experimental parts (Fig. 2.6), each related to
the different specific objectives defined in section 2.4.2. The first experimental part consisted of
screening and identifying PHA-producing photoautotrophic biomass from activated sludge and
primary effluent. To this end, these waste effluents were collected from a municipal wastewater
treatment plant located in Santa Rosa Jauregui, Queretaro, Mexico and analyzed for
physicochemical parameters, e.g., nitrogen, organic carbon, phosphorus, suspended solids, etc.
Biomass rich in photoautotrophic microorganisms was obtained by mixing activated sludge, as
inoculum, and primary effluent, as substrate, in a 1:10 v/v proportion at ambient temperature and
under continuous illumination. PHA-producing strains were morphologically identified in the
generated photoautotrophic biomass following the Nile red fluorescent staining method and
separated using serial dilution and micromanipulation. After proliferating PHA-producing strains
in nutrient abundant mineral medium, the cultures were harvested, washed, and transferred to
nitrogen-limited mineral medium to trigger polymer production. The polymer production in
selected strains was quantified in terms of PHA and polysaccharides using the acid
methanolysis/gas chromatography and phenol-sulfuric methods, respectively.

In the second experimental part, nutrient availability and dissolved oxygen concentration
were manipulated to maximize the production of PHA in microalgae. Given the rather low PHA
production obtained in the previous experimental part, a PHA-producing species, Synechocystis
sp., was acquired and tested. The strain was first grown in nutrient abundant mineral medium for
biomass accumulation. Afterwards, Synechocystis sp. cultures were harvested, washed, and
transferred in nitrogen-limited mineral medium and phosphorus limited mineral medium. PHA
production was assessed using acid methanolysis/gas chromatography. After corroborating the
efficacy of nitrogen limitation for PHA production, Synechocystis sp. cultures were again
harvested, washed, and transferred in nitrogen-limited mineral medium at different dissolved
oxygen concentrations. To this end, nitrogen sparging, air sparging, and no sparging were used to
achieve low, saturated, and oversaturated oxygen-air levels, respectively. In these cultures, PHA
production was also assessed using acid methanolysis/gas chromatography.

The third experimental part consisted in imitating the best performing conditions from the
previous experimental part for simultaneous PHA production and removal of nutrients and organic

matter in municipal wastewater. To this end, primary effluent from Santa Rosa Jauregui municipal
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wastewater treatment plant was collected and analyzed again for physicochemical parameters.
Synechocystis sp. was cultured in this primary effluent at ambient temperature and following a 12
h light/dark cycles for biomass accumulation and nitrogen removal. These conditions were
maintained until a nitrogen-limited condition was achieved (12 d). From this point onward, oxygen
evolution from microalgae was inhibited by damaging the light harvesting complex though short
photo-dense pulses of light (> 2000 umol m? s™). Dissolved oxygen concentration was then
reduced by allowing wastewater-borne bacteria to consume dissolved organic matter. Cultures
without oxygen management and with no inoculum (only primary effluent) were used as a control
and blank, respectively. Nutrient removal, in the form of chemical oxygen demand, ammonia
nitrogen, and phosphorus as orthophosphates, as well as PHA production were assessed following
Hach colorimetric methods and acid methanolysis/gas chromatography, respectively.

Finally, in the fourth experimental part, the resulting microalgae-bacteria biomass from the
first experimental part was used to evaluate its potential for soil fertilization. The organic matter,
nitrogen, and phosphorus content was quantified in the obtained biomass. For this purpose, samples
of the harvested selected microalgae-bacteria biomass grown in nutrient abundant mineral medium
and in nitrogen-limited mineral medium from the first experimental part were lyophilized and
milled. Then, the content of the samples was fractionated using ISBAMO (Index of Stability and
Bioaccessibility of Organic Matter) and modified Olsen methods. Each fraction, sequentially less
bioaccessible and complex, was characterized in terms of organic matter, nitrogen, and phosphorus
using Hach and Aqualytic colorimetric methods. The complexity in each fraction was determined
through 3D fluorescence spectroscopy. Other microalgae-bacteria structures from photobioreactors
fed with wastewater and mineral medium were also evaluated with these methods to rule out
important changes in organic matter, nitrogen, and phosphorus content as result of morphology or

nutrient limitation.
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Figure 2.6. Work strategy diagram.
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3. Assessment of polyhydroxyalkanoates and
polysaccharides production in native phototrophic
consortia under nitrogen and phosphorous-starved

conditions

Reference to published paper:

Romero-Frasca, E., Buitrdn, G. (2023). Assessment of polyhydroxyalkanoates and
polysaccharides production in native phototrophic consortia under nitrogen and phosphorous-
starved conditions. International Journal of Environmental Science and Technology.
https://doi.org/10.1007/s13762-023-05332-7
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Abstract

Growing demand for sustainable and eco-friendly alternatives to petroleum-based polymers has
increased the interest in the microalgae-based production of polymers, specifically
polyhydroxyalkanoates and polysaccharides. While most studies in microbial polymer production
have primarily focused on axenic or genetically engineered cultures of cyanobacteria and
eukaryotic algae, little is known about the potential of mixed phototrophic consortia. This study
aimed to obtain and evaluate mixed photosynthetic consortia of different origins (natural and
residual) as a novel approach for polyhydroxyalkanoates and polysaccharides accumulation.
Activated sludge and freshwater samples were collected and inoculated in lab-scale
photobioreactors to generate mixed photosynthetic consortia. After preliminary screening for
polymer-accumulating strains under nutrient-unbalanced conditions, the selected strains were
subjected to a biphasic strategy (biomass accumulation and nutrient stress) to evaluate their
polyhydroxyalkanoates and polysaccharide accumulation. First, cultures were subjected to a
nutrient-rich phase to increase the biomass content and then deprived of nutrients (known as the
polymer accumulation phase) to evaluate polyhydroxyalkanoates and polysaccharide yield.
Findings in this study revealed that the highest polysaccharide yield for activated sludge biomass
and freshwater consortia was 460 + 16 and 320 + 24 mg glucose g dried biomass™, respectively.
In contrast, the highest polyhydroxyalkanoates accumulation levels for both cultures were
calculated at 5 mg polyhydroxyalkanoates g dried biomass™. The efficacy of nutrient stress as a
selective pressure strategy to develop mostly polysaccharides-accumulating consortia was

demonstrated.

Keywords: Activated sludge; Bioproducts; Polymers; Microalgae; Polyhydroxyalkanoates
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3.1. Introduction

Widespread utilization of fossil-based products, including plastics and fossil fuels, is leading to a
significant increase in environmental pollution and health-related problems worldwide. In
particular, plastics disposal has become a considerable challenge due to the material's non-
biodegradable nature and the lack of adequate recycling infrastructure (OECD, 2022), while fossil
fuels combustion contributes significantly to greenhouse gas emissions and climate change,
exacerbating the already pressing global environmental issues (Keramidas et al., 2021). Thus, an
urgent need to explore and implement innovative solutions that can help mitigate the harmful
effects of fossil-based products and promote environmentally friendly practices has arisen.

Microalgae-bacteria consortia represent a viable option for generating sustainable and
renewable bioproducts (Arimbrathodi et al., 2023; Ray et al., 2022) and wastewater treatment
(Aditya et al., 2022). Fundamentally, these microorganisms form symbiotic associations in which
i) microalgae provide bacteria with organic carbon and Oz through photosynthesis, and ii) bacteria
aid in the mineralization of organic matter producing in return CO> for microalgae photosynthesis.
As a result of this exchange and assimilation of dissolved nutrients, biomass rich in various
valuable metabolites is produced.

In this context, PHAs and polysaccharides have attracted much attention in recent years
(Cinar et al.,, 2020; Rajpoot et al., 2022). These algae-based polymers are accumulated
intracellularly and physiologically employed as carbon and energy reserves during metabolic
unbalance. PHAs and polysaccharides are attractive materials for bioplastic production as they
exhibit mechanical and chemical properties that are relatively similar to traditional plastics (Dalton
et al., 2022). They are also adaptable to well-known plastic manufacturing processes, such as
injection molding and extrusion, which makes them suitable for large-scale production (Mathiot et
al., 2019).

Considering polysaccharides’ and PHA’s carbon and energy role in microalgae, a stress
condition is needed to trigger their accumulation. One of the most common strategies to achieve
that is limiting nutrients (Madadi et al., 2021). The limited availability of nitrogen and, to a lesser
extent, phosphorous generates an imbalance in the metabolic turnover, which triggers the
production of these biopolymers in search of redox balance. It has been demonstrated that the
overall lack of nitrogen in the growth medium leads to an increase of both PHA (up to 200 mg ¢

dried biomass™) and polysaccharides content (up to 480 mg g dried biomass™) in mixed microalgae
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consortia (Almeida et al., 2021; Phalanisong et al., 2021). Most recently, the genus Chlorella was
suggested as an interesting strain for PHA and starch photoautotrophic accumulation (Das et al.,
2018; Selvaraj et al., 2021).

Nutrient limitation is a species-dependent enhancement strategy that relies on the
prevalence of photoautotrophic microorganisms that produce polymers in mixed consortia. The
microbial population in these associations is highly dynamic (Quijano et al., 2017; Zhang et al.,
2020), which makes them susceptible to contamination with fast-growing cells that do not produce
polymers. That poses a challenge when trying to generate high-quality biopolymers from waste
effluents, as non-polymer-producing cells can dilute the overall polymer content and reduce the
quality of the final product. One approach to address this issue is to sterilize the media and
implement highly controlled processes to limit the growth of unproductive microorganisms.
However, this strategy can be expensive and may need to be more economically feasible to compete
with its petroleum-based counterpart (Arias et al., 2018). Alternatively, selecting a resilient and
adaptable inoculum source can increase the feasibility of producing photosynthetic polymers from
mixed consortia without compromising their economic and environmental benefits.

AS derived from municipal wastewater treatment plants offers a promising source of
microorganisms that accumulate polymers (Guleria et al., 2022; Jayakrishnan et al., 2021).
Previous research indicates that the intermittent availability of carbon and nitrogen during AS
process favors the growth of microorganisms that store polymers. That can result in a net
production of 900 mg PHA g dried biomass™? (Tamis et al., 2014). However, it has also been
reported that AS can form predominantly phototrophic consortia taking advantage of dissolved
nutrients in the growth medium when exposed to continuous illumination (Milferstedt et al., 2017b;
Quijano et al., 2017). Considering this information, subjecting an AS inoculum to a two-step
enrichment scheme that promotes i) the formation of phototrophic biomass (nutrient-rich) and ii)
polymer accumulation (nutrient-limitation) would exert an improved selective pressure on the
photoautotrophic consortium that stores polymers.

Therefore, this study aims to evaluate the potential of mixed phototrophic consortia from
activated sludge and freshwater, to produce PHA and polysaccharides under a combined nitrogen
and phosphorous-limited condition. To the authors’ knowledge, this study represents one of the
first attempts to evaluate the efficacy of this strategy in sludge-borne eukaryotic algae and
cyanobacteria. This study was developed between February and June 2022 in the Laboratory for
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Research on Advanced Processes for Water Treatment of the Universidad Nacional Auténoma de

Mexico, Santiago de Queretaro, Queretaro, Mexico.

3.2. Materials and methods

3.2.1. Source of photoautotrophic biomass

Different inoculum sources were evaluated for obtaining polymer-producing photoautotrophic
biomass in samples of different ecological origins. First, wastewater treatment plant samples were
collected from Santa Rosa Jauregui in Queretaro, Mexico. The sampling points for primary effluent
and AS were restricted to the upper (clarified) layer of the primary settling tank and a well-mixed
segment of the aeration tank, respectively. The procedure reported by Abouhend et al. (2019) with
minor modifications was utilized to generate phototrophic biomass from AS. AS (inoculum) and
primary effluent (substrate) were mixed in a 1:10 v/v proportion and transferred into laboratory-
scale glass photobioreactor (PBR). Mean concentrations for selected parameters in wastewater
effluent and AS mix are shown in Table 3.1. The growth of sludge-based eukaryotic algae and
cyanobacteria was initiated by continuously illuminating PBR with four 54W fluorescent-light
lamps. The illumination provided a photosynthetically active radiation (PAR) of 140 pmol m? s
on the inner surface of the reactor. Reactors were kept at ambient temperature and stirred at 120
rpm with a StableTemp™ stirring hotplate to ensure complete mixing.

Identification and separation of polymer-storing strains were carried out with a non-axenic
Chlorella sorokiniana 211/8 K dominant consortium as a reference, provided by the Department
of Civil and Environmental Engineer of the Sao Paulo State University (UNESP). This
photoautotrophic consortium of freshwater origin was initially obtained from the Culture
Collection of Algae and Protozoa (CCAP) and cultured in PBR fed with BG-11 growth medium,
as it has been found to be the most economical and efficient for Chlorella species (Sharma et al.,
2016). BG-11 medium composition was the same as in Rueda et al. (Rueda et al., 2020a). The
protocol for the consortium maintenance prior this study is detailed elsewhere (Silva et al., 2021;
Slompo et al., 2020).
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Table 3.1. Characteristics of growth medium used for photoautotrophic biomass generation. All values are the means

of independent replicates (n=2) * standard deviation.

Parameter Concentration, mg L
Dissolved total organic carbon (DOC) 71.2+5.3

Dissolved inorganic carbon (DIC) 147.8+£0.5

Total suspended solids (TSS) 170 £ 8.5

Volatile suspended solids (VSS) 20+ 1.7

Nitrogen, ammonia (NHz*-N) 70.8+0.1

Nitrogen, nitrates (NO3™-N) n.d.

Nitrogen, nitrites (NO2™-N) n.d.

Phosphorus, orthophosphates (POs>-P) 229+ 35

n.d.: Not detected.

3.2.2. Obtention of polymer-storing photoautotrophic consortia

Identification of polymer-storing strains

Generated sludge-based and freshwater-based photoautotrophic biomass in the PBR of the previous
section were harvested by centrifugation (3000 g, 20 min, 5 °C). After the supernatant was
discarded, cell pellets were rinsed with distilled water to remove residual nutrients. Afterward,
these were inoculated in PBR fed with BG-11 limited in nitrogen and phosphorous (BG-11 -NP)
as Singhon et al. (2021) described at an initial biomass concentration of 77 + 7.5 mg VSS L to
trigger polysaccharides and PHA accumulation. Cultures were grown and periodically monitored
for three weeks maintaining operating conditions (stirring, temperature, and light intensity) as
previously described.

The presumptive polymer-accumulating species were identified following a modified Nile
red staining procedure described by Mour&o et al. (2020). A volume of 1.0 mL of each NP-limited
culture suspension was centrifuged weekly. After discarding the supernatant, cell pellets were
resuspended in 1.0 mL of Nile red dye (100 pg mL dissolved in Dimethyl Sulfoxide (DMSO))
and incubated for 10 min at room temperature. Then, 20 pL of this solution was heat-fixed in glass
slides and gently rinsed with distilled water to remove excess dye. PHA, more specifically

polyhydroxybutyrates (PHB), granules, and other lipid bodies were visualized at 40X using a
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fluorescence microscope equipped with an excitation filter (450-490 nm), emission filter (515 nm),
and a dichroic beam splitter (500 nm). Morphological identification of polymer accumulating
strains was carried out in bright field microscopy and printed (Wehr et al., 2015) and online (Hauer
and Komarek, 2022) taxonomic databases. Both bright field and fluorescence microscopy were

performed using a Nikon ECLIPSE 90i widefield fluorescent microscope.

Separation into polymer-storing consortia

Separation of presumptive polymer accumulating strains was done through serial dilution and
micromanipulation. First, samples from each PBR fed with BG-11 -NP were subjected to a
fluorescence excitation spectrum of 510-560 nm to facilitate the observation of chlorophyll under
a widefield fluorescent microscope (Nikon ECLIPSE 90i). Photoautotrophs were then directly
counted using a 0.1 mm improved Neubauer counting chamber and progressively diluted in
autoclaved distilled water until a final suspension of 100 cells mL™? was obtained. Polymer-
accumulating algae were then sought based on their identified morphology and aspirated through
a micromanipulator made by joining the heated tips of glass Pasteur pipettes and pulling them apart
while molten. Finally, these were deposited in test tubes containing 1 mL of BG-11 and cultured
as previously described. Cultures were successively transferred in PBR with a working volume of
250 mL and 1 L.

3.2.3. Evaluation of growth and enhancement of polymer production in enriched

mixed consortia

Experiments were conducted indoors in square methacrylate Flat Panel Photobioreactors (FP-PBR)
at room temperature, with a total volume of 15 L and a working volume of 13 L. All FP-PBR were
operated in duplicates under batch conditions for 10 d. The reactors were continuously mixed by
filtered compressed air injections enriched with 2.0% CO; at 0.3 VVM for the duration of the
experiment. lllumination was continuously supplied using four 54W fluorescent-light, providing a
PAR of 140 umol m? s%. The pH was continuously measured using a Vernier Tris-Compatible Flat
pH Sensor and maintained within an 8.0 to 9.0 range using either 1.0 M NaOH or 1.0 M HCI.

Growth curves, as well as PHA and polysaccharides accumulation Kinetics, were evaluated
following a two-phase approach. First, inoculums were subjected to a nutrient-rich phase to

increase the biomass concentration. FP-PBR fed with BG-11 were inoculated with 70 mg VSS L*
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of homogenized samples of each consortium. The duration of this phase was carried out until a
final concentration of approximately 1.0 g VSS L was reached. The second phase consisted of
enhancing PHA and polysaccharides production through N-limitation, P- limitation and DIC
abundance. Biomass from the nutrient-rich phase was harvested by centrifugation, rinsed with
distilled water, and centrifuged once more. After removing residual nutrients from biomass pellets,
these were transferred to FP-PBR fed with BG-11 -NP maintaining operating conditions for 29 d

as previously described.

3.2.4. Analytical measurements

Nutrients analysis

DIC and DOC concentration was determined using a Shimadzu TOC Model 5050 analyzer,
whereas dissolved PO,*-P, NO3-N, and NO2-N were measured using a Thermo Scientific
DIONEX ICS1500 ion chromatography. NH4*-N was determined using the 10031 Hach
colorimetric method. Samples for analyzing these nutrients were previously filtered through
0.45um pore-size filters. Biomass concentration (X) was monitored periodically as Volatile
Suspended Solids (VSS) following the standard APHA 2540E (American Public Health
Association, American Water Works Association, Water Environment Federation., 2023). The
maximum specific growth rate (i) was calculated via linear regression applied to the logarithmic
growth rate obtained from plotting In X vs. time (days). Biomass productivity (r) was also

determined by dividing the difference between X at time t minus time 0 and time t minus time 0.

PHA and polysaccharides analysis
PHA and polysaccharides were extracted and measured in duplicates from lyophilized biomass
pellets from the FP-PBR used for PHA and polysaccharides production. A volume of 50 mL of
mixed liquor samples were collected three days per week, centrifuged, and spread in plastic trays.
After freezing for at least 4 h at -2 °C, samples were freeze-dried in a Labconco Freezone 6 freeze
dryer at -85°C and 0.05 hPa for 24 h.

Extraction and quantification protocol for PHA content was determined utilizing acid
methanolysis and gas chromatography (Agilent Technologies 6890B), as reported by Rueda et al.
(2022a) with minor modifications. A 2.0 mL volume of acidified (15 % v/v H2SO4) methanol and

2.0 mL of chloroform were added to 10 mg of dried biomass in a glass test tube with a Teflon liner
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screw cap. After vortexing for 1 min, the resulting solution was incubated in a dry bath (Labnet
International AccuBlock™) for 2.5 h at 100 °C and cooled at room temperature. Next, 1.0 mL of
deionized water was added to each tube and vortexed to facilitate the separation of different
solvents by density. The bottom layer (chloroform) was retrieved through a glass Pasteur pipette
and filtered through a 0.45um pore-size nylon membrane filter. A volume of 1.0 mL from the
filtrate was collected, and 1.0 pL was injected into the chromatograph. PHB and PHV
(polyhydroxyvalerate) concentrations were determined through a standard curve generated from
natural origin Poly[(R)-3-hydroxybutyric acid-co-(R)-3-hydroxyvaleric acid].

Polysaccharides were extracted and measured following a modified phenol-sulfuric method
first described by Romero-Frasca et al. (2021). A 1 mL of 1.0 M HCI was added to 1-2 mg of
lyophilized biomass in a glass test tube with a Teflon liner screw cap and vortexed for 1 min. After
incubating the mixture for 2 h at 100 °C in a dry bath (AccuBlock™ Labnet International, USA),
samples were cooled at room temperature, and polysaccharides were determined as glucose (mg
glucose g dried biomass™) from acid hydrolysis with phenol (5% w/v) and concentrated sulfuric

acid.

3.3. Results and discussion

3.3.1. Culturing of photosynthetic biomass

The non-axenic Chlorella sorokiniana consortium was grown under photoautotrophic conditions
in BG-11 upon arrival to the lab. This initial culture developed a green color after 10 d and was
populated by two morphologically different strains. Microscopic observations (Fig. 3.1a)
confirmed that these had a morphological resemblance to Chlorella (dominant) and Scenedesmus
genera. Chlorella specimens are commonly described as green-colored, often spherical (3 to 8 um
in diameter) single cells which lack a flagellum and have a parietal, cup-shaped chloroplast with
an easily observable pyrenoid (Ma et al., 2019). On the other hand, Scenedesmus are depicted as
elongated, cylindrical (10 to 20 pm length; 3 to 6 pum in width) cells with protruding spines or
bristles in their poles (Kumar et al., 2021). Strains belonging to this genus are commonly found as
single cells or coenobiums consisting of 4 and 8 cells in their exponential and stationary phase,
respectively. Overall, recovery of Chlorella -i.e., C. sorokiniana- and Scenedesmus strains from
freshwater sources has been extensively described (Gomaa et al., 2019; Kim et al., 2016;

Ruangsomboon et al., 2013; Xin et al., 2010) and ultimately confirmed in this study. A
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predominantly photoautotrophic consortium from AS was obtained after 14 d of constant
illumination. Observations on the microscope revealed that different eukaryotic algae and diatoms
strains were obtained with morphological resemblance to Scenedesmus, Nitzschia, Chlorella,
Oscillatoria, and Phormidium (Fig. 3.1b). Morphologically undistinguishable algae, regarded as
unicellular cyanobacteria owed to their spherical small cell size (< 1 pm diameter) and bright
autofluorescence pattern under green light excitation (500-570 nm, image not shown), were also
observed. These photosynthetic taxa are commonly prone to survive in polluted aquatic ecosystems
due to their intrinsic tolerance to various organic contaminants (Arias et al., 2020). Previous reports
have observed that both unicellular (i.e., Synechocystis and Synechoccocus) and motile filamentous
(i.e., Oscillatoriales) cyanobacteria, as well as Scenedesmus and Chlorella eukaryotic microalgae,
could be successfully obtained from AS and wastewater effluents (Arcila and Buitrén, 2016; Arias
et al., 2019; Buitron and Coronado-Apodaca, 2022; Milferstedt et al., 2017b; Rueda et al., 2020a).

3.3.2. Enrichment of consortia with polymer-accumulating algae
An initial qualitative screening (Nile red) of polymer accumulators confirmed that a selected
number of strains were present in both experimental inoculums upon transferal to BG-11 -NP
medium. Due to the absence of an organic matter source within the culturing medium, the presence
of polymer-accumulating heterotrophic bacteria could be excluded. Chlorella-like single cells (Fig.
3.1c¢) and unicellular cyanobacteria (Fig. 3.1d) emitted a bright red fluorescence within 1-2 weeks
of nutrient stress in both photoautotrophic consortia, respectively. Samples of non-axenic Chlorella
microalgae and predominantly photoautotrophic consortium samples before transferal to BG-11 -
NP were also processed and observed under fluorescence to rule out false positives. Microscopic
imaging of these resulted in no observable fluorescence emission (i.e., completely black) for Nile
red dye and a dim, barely visible red emission for non-stressed experimental inoculums (Fig. S3.1).
Results provided evidence of Nile red dye's staining efficiency for detecting PHA -
specifically polyhydroxybutyrates (PHB)- granules. It can be deduced that Nile red stained strains
can also accumulate polysaccharides, as their catabolism during nutrient stress has been associated
with synthesizing PHB granules (Koch et al., 2019). It has been reported that the non-polar oxazone
molecules present in Nile red allow this dye to quickly and strongly bind to the non-polar
phospholipidic membrane that covers PHB granules compared to Nile blue and Sudan black

(Rumin et al., 2015). The Nile red dye can stain all intracellular lipid-rich bodies in

36



photoautotrophic (Meixner et al., 2022; Mouré&o et al., 2020) and heterotrophic (Narayanan et al.,
2020; Trakunjae et al., 2021) species, including PHA granules. In addition, the total fluorescence
emitted during this step could be correlated to the amount of PHB present in the cell culture through

analytical methods.
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Figure 3.1. Microscopic images illustrating the microbial composition of (a) non-axenic Chlorella consortium
observed in bright field visible light microscope at 40X; (b) the microbial composition of predominantly
photoautotrophic consortium observed in bright field visible light microscope at 40X; (c) polymer accumulating
Chlorella strains in non-axenic Chlorella consortium observed under fluorescence microscope at 40X after straining
with Nile red dye; (d) polymer accumulating Chlorella and unicellular cyanobacteria strains in predominantly

photoautotrophic consortium observed under fluorescence microscope at 40X after straining with Nile red dye.

A quantitative analysis of PHA and polysaccharides was performed to confirm the
production and accumulation of polymers in these consortia. Separating potentially polymer-

accumulating strains was first performed based on the morphology of stained cells via serial
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dilution and micromanipulation techniques. Cultures were accordingly labeled and referred to from
here on as Chlorella sorokiniana dominant consortium (CDC) and mixed photoautotrophic
consortium (MPC). Before this test, CDC and MPC were successfully grown in BG-11 for 3-4
weeks and transferred once more to BG-11 -NP medium. The most notable outcome of this
experimental test was that polysaccharides accumulation peaked in week 1 with 198 + 3 mg glucose
g dried biomass™ and 262 + 4 mg glucose g dried biomass™ for CDC and MPC, respectively. On
the other hand, PHA accumulation peaked after week 2, in which both consortia accumulated 6.7
mg PHA g dried biomass™ (CDC) and 19 mg PHA g dried biomass™ (MPC). As a reference, PHA
accumulation was also calculated for non-axenic Chlorella consortium and predominantly
photoautotrophic consortium before selection in BG-11 -NP, in which no PHA was detected (< 0.1
mg PHA g dried biomass™) for up to 3 weeks.

Separating unicellular algae and cyanobacteria is a complicated procedure that often
requires skilled lab personnel and expensive equipment (Vu et al., 2018). This study showed that
high-purity cultures for polymer accumulation could be obtained by combining an enrichment
strategy (nitrogen and phosphorous limitation) and serial dilution and micromanipulation
techniques. Overall, the N and P limitation allowed the dominance of cells with an intrinsic survival
mechanism to store carbon and energy molecules (i.e., starch and glycogen), which could be further
used to produce PHA (Koch and Forchhammer, 2021). As a result, the abundance of non-
accumulating strains was gradually reduced. Continuously diluting a sample of these stressed
cultures made the physical extraction of dominant, polymer-accumulating strains more efficient.
Similar conclusions were drawn by previous studies, which also isolated unicellular and
filamentous cyanobacteria (Meixner et al., 2022) for PHA production, as well as Chlorella for

biodiesel production (Huang et al., 2019) and microbial ecology investigations (Soares et al., 2022).

3.3.3. Evaluation of growth and polymer production enhancement in enriched

mixed consortia
Biomass growth and microbial evolution
FP-PBR inoculated with CDC and MPC started with a biomass concentration of nearly 70 £ 12 mg
VSS Lt during the biomass accumulation or nutrient-rich phase. Both cultures grew until reaching
values of 1.0 + 0.2 g VSS Lt by day 12 due to the synergistic actions of photosynthesis and nutrient
assimilation. Interestingly, CDC and MPC cultures could grow (Fig. 3.2) and achieve significant
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growth kinetics even under nutrient-unbalanced conditions. Biomass concentration, growth rate,
and biomass productivity during the PHA accumulation phase in each consortium are shown in
Table 3.2. The observed u for CDC achieved a similar value to nutrient-limited Chlorella consortia
from previous studies, which usually ranged from 0.053 to 0.077 d* (Chu et al., 2013). Likewise,
p in MPC was somewhat in range to those observed for wastewater-borne mixed photosynthetic
cultures (0.135 to 0.215 d*, (2018) used for PHA production under permanent illumination and
nutrient stress. Findings in this study further suggest that nutrient concentration is a critical factor

that influences both biomass yield and productivity and, subsequently, polymer yield.

Table 3.2. Biomass concentration growth rate and biomass productivity in each culture. All values are mean of
independent replicates (n=2) + standard deviation.

Nutrient-limited phase

Parameter CDC MPC

X (gVSSL? 1.6+0.1 27+0.1

r(gVvssL!d?) 0.066 = 0.010 0.133 +£0.030

u(d?) 0.072 + 0.007 0.240 +£0.024
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Figure 3.2. Biomass concentration during Chlorella sorokiniana dominated consortium (a) and mixed photosynthetic

consortium (b) cultures in nutrient unbalanced growth medium. Error bars represent standard deviation of the mean
value.

Finally, it should be noted that a yellowish-brown color was observed from day 10 in
nutrient-starved FP-PBR inoculated with CDC and MPC (Fig S3.2). This quiescence mechanism,

called nitrogen chlorosis or bleaching, is a survival strategy commonly triggered during unbalanced
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nutrient conditions (Koch and Forchhammer, 2021; Kumari et al., 2021; Neumann et al., 2021) and
a side effect of polymer accumulation. Light harvesting complexes are degraded during nutrient
limitation to reduce the photosynthetic activity associated with ATP and NADPH production. Cells
favor the synthesis of polysaccharides as a new energy sink for newly fixed CO to maintain a
redox balance. Eventually, as nutrient limitation becomes persistent over time, cells look for new
sources of ATP to maintain a minimum survival level. In some strains, this results in the
degradation of polysaccharides and the conversion of the glucose-phosphates intracellular pool into

PHA, allowing the cell to stay on standby until nutrients are replenished.

Effect of N-starvation and P-limitation on polymer production

The evolution of polymer accumulation values in nutrient-stressed CDC and MPC cultures are
shown in Fig. 3.3. Polysaccharides content gradually increased in CDC (320 + 24 mg glucose g
dried biomass™) and MPC (460 * 16 mg glucose g dried biomass™) during the first 15 d of nutrient
stress. Likewise, PHA content also increased and became stable (4.8 mg PHA g dried biomass™)
in MPC at day 13, suggesting that the accumulation of PHA and polysaccharides in Chlorella
dominant consortia could not be mutually exclusive. By contrast, CDC showed a somewhat
inconsistent PHA accumulation during the operation of nutrient-stressed FP-PBR, reaching up to
3.7 mg PHA g dried biomass " after 15 d. To the authors' best knowledge, this is one of the first
studies to assess the photoautotrophic PHA production in C. sorokiniana-dominated consortium.
Previous reports on this strain have had somewhat contradicting results under mixotrophic
conditions, achieving from 4 to 295 mg PHA g dried biomass™ (Alcantara et al., 2015; Kumari et
al., 2022). Results emphasized future studies to develop a photo-mixotrophic mode of operation to

assess C. sorokiniana PHA production.
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Figure 3.3. Changes in PHA (X) and polysaccharides (A) values Chlorella sorokiniana-dominated consortia (a) and
mixed photosynthetic consortium (b) cultures in nutrient unbalanced growth medium. Error bars represent standard

deviation of the mean value.

The consensus is that polysaccharides and, eventually, PHA synthesis and accumulation are
positively triggered and stabilized over time by removing N sources (Koch and Forchhammer,
2021; Sirohi et al., 2021). Nonetheless, findings in our study are a valuable addition to the
expanding body supporting the idea that certain P levels lead to a relative reduction in the PHA
content, even under N stress. Kamravamanesh et al. (2019) reported that after introducing 9.6 mg
P L in polymer accumulating PBR fed with BG-11 N-limited, a 10% decrease in the PHA
accumulation yield was observed. Their results suggest that the availability of P prompted the
dominant cyanobacterial species (Synechocystis sp.) to prioritize polysaccharides (i.e., glycogen)
synthesis over PHA synthesis to sustain cell maintenance. More recent studies further evidenced
that even under P concentrations in the range of 1.4 to 3.0 mg P L, PHA production stops
altogether and decreases to less than 10 mg PHA g dried biomass™ (Rueda et al., 2022b; Singhon
etal., 2021).

Finally, an analogous study was carried out by Rueda et al. (2020a) in mixed consortia using
an N and P feast and famine strategy for polymer production. Their research reported an average
accumulation of 20 mg PHA g dried biomass™ and 400 mg glucose g dried biomass™. They also
suggested that different C (inorganic for PHA production and organic for PHA/Polysaccharides
production) stimulate the accumulation of different polymers under unbalanced nutrient conditions.
Although the preparation of BG-11 -NP in the present study does not involve adding organic C
sources, and DIC was continuously sparged into the growth medium (Fig. 3.4), an enhanced

accumulation of PHA was not observed. Given our improved polysaccharides production, the
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supplementation of exogenous organic C by cellular death (due to extended culturing under nutrient
stress) and the semi-open operation of FP-PBR are also crucial to control the PHA production

process.

Phosphorous —<-DIC Phosphorous —<-DIC
/kl,\ 50.0 5.0 1 b) r 50.0
\\7 400 0 L 40.0
. —F—X = - -
30.0 =2 0 X —fi\s‘ L 30.0 =2
=0 4 [T
E : = E
200 2 i F 200 2
a K a
s 10.0 Y A 10.0
0.0 . . ‘ —+ 00 . ; . 0.0
0 5 10 15 20 25 30 10 15 20 25 30
Time (d) Time (d)

Figure 3.4. Phosphorous and dissolved inorganic carbon (DIC) dynamics for (a) C. sorokiniana-dominated consortium
and (b) mixed photosynthetic consortium cultures under nutrient stressed conditions. Bold lines represent time intervals

were phosphorous was added. Error bars represent standard deviation of the mean value.

3.4. Conclusion

A mixed photosynthetic and Chlorella dominant consortia were prospected for the first time for
photoautotrophic production of polysaccharides and polyhydroxyalkanoates under nutrient stress.
Maximum polysaccharides and polyhydroxyalkanoates accumulation values in the Chlorella
consortium were 320 + 24 mg glucose g dried biomass™and 4 mg PHA g dried biomass™ after 15
d of nitrogen starvation, phosphorous limitation, and constant inorganic carbon availability.
Conversely, under these conditions, the mixed sludge photosynthetic consortium achieved 460 +
16 mg glucose g dried biomass™and 5 mg PHA g dried biomass™ after 15 d and 13 d, respectively.
Findings in this study highlight the potential of mixed phototrophic consortia from waste effluents
and contaminated sources as a novel and sustainable approach for polyhydroxyalkanoates and
polysaccharide accumulation. Although our knowledge of polysaccharide metabolism in algae has
expanded considerably in the last years, further studies are needed to fully understand the specific
Kinetics of starch and glycogen conversion into polyhydroxyalkanoates to sustain a long-term

production and ultimately combine waste effluent treatment and bioplastic production.
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4. Municipal wastewater treatment and
polyhydroxybutyrate production using
Synechocystis sp. under oxygen-controlled

conditions

Reference to be submitted:
Romero-Frasca, E., Buitrdn, G., Gonzéalez-Sanchez, A., Etchebehere, C. (2024). Municipal

wastewater treatment and polyhydroxybutyrate production using Synechocystis sp. under oxygen-

controlled conditions.
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Abstract

The use of photosynthetic microorganisms to produce polyhydroxybutyrate (PHB) at the same time
as treating wastewater is a very promising alternative for the sustainable production of bioplastics.
Oxygen concentration is a key parameter as it is needed for biomass growth, but an excess of
oxygen can lead to futile metabolic processes decreasing the PHB production. This study examined
the effect of different dissolved oxygen concentrations on the production of polyhydroxybutyrate
by Synechocystis sp. grown in mineral medium and municipal wastewater. The experimental setup
consisted of a two-stage process: i) growth stage, to maximize biomass production through nutrient
abundance, and ii) accumulation stage, to induce polyhydroxybutyrate production through nitrogen
limitation. During the accumulation stage in the mineral medium, Synechocystis sp. was subjected
to three dissolved oxygen concentrations, 8.0, 6.5, and 1.2 mgO, L. The production of
polyhydroxybutyrate in municipal wastewater was evaluated using the best dissolved oxygen
concentration that had been previously determined. Results showed that lowering dissolved oxygen
concentration in mineral medium to 1.2 mgO, L™ maximized polyhydroxybutyrate content in
Synechocystis sp. up to 12% dCW (95 mg L™). Moreover, adding Synechocystis sp. in municipal
primary effluent led to high removal rates of chemical oxygen demand (92%), ammonia nitrogen
(99%), and phosphorus as orthophosphates (88%), resulting in a nitrogen-limited state after 12 days
of cultivation. The nitrogen limitation and a low dissolved oxygen concentration (5.7 mgO2 L)
achieved a polyhydroxybutyrate content of 10% dCW (80 mg L) in municipal primary effluent.
These results provide a first insight into nitrogen limitation and dissolved oxygen management as
a combined strategy to maximize the photoautotrophic polyhydroxybutyrate production by

Synechocystis sp.

Keywords: Biopolymers; Cyanobacteria; Nitrogen; Oxygen; PHB; Photorespiration; Wastewater
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4.1. Introduction

The growing sustainability concerns surrounding non-degradable, fossil-based plastic waste have
prompted an extensive search for biodegradable, bio-based sources for plastic manufacturing.
Aliphatic polyesters like polyhydroxyalkanoates (PHAs) have emerged as outstanding candidates
(Kannah et al., 2022). PHAs are distinguished from other bio-based polymers because of their i)
excellent biodegradability and biocompatibility, ii) similar thermoplastic and mechanical
properties to fossil-based polymers, and iii) procurement from biomass (Cheah et al., 2023).
Among the over 150 types of PHAs currently known, polyhydroxybutyrate (PHB) stands out as
the most prevalent alternative, given its wide range of industrial applications and occurrence in
microorganisms. These include certain prokaryotic bacteria species like Gram-negative bacteria
Cupriavidus necator and cyanobacteria like Synechocystis sp. (Koch et al., 2020b). While C.
necator can produce nearly 90% of PHB as dry cell weight (dCW), its substrate and maintenance
costs are relatively higher than those of fossil-based plastics (Bellini et al., 2022). Consequently,
Synechocystis sp. has become a promising platform for PHB production due to their minimum
nutrient requirements, carbon dioxide fixation, and ability to grow using waste effluents
(Mastropetros et al., 2022).

Photoautotrophic production of PHB from Synechocystis sp. follows a two-stage cultivation
method. First, these microorganisms are grown under nutrient-abundant conditions (growth stage)
and then exposed to stress conditions, like nitrogen limitation, to stimulate PHB production
(accumulation stage) (Lee et al., 2021). This approach has led to a relatively moderate content (<
10% dCW or 69 mg L) in Synechocystis sp. when compared to Gram-negative bacteria (Sirohi et
al., 2021). As a result, extensive efforts have been made to improve the PHB content in these
microorganisms. During the growth stage, the dissolved oxygen (DO) concentration frequently
exceeds oxygen-air saturation conditions (7.1 to 19 mgO, L) as a result of photoautotrophic
growth (Arias et al., 2018; Rueda et al., 2022b). This excess in the DO concentration persists into
the accumulation stage, triggering futile metabolic processes such as photorespiration, which is
used to decrease oxidative stress (Gao et al., 2022). Photorespiration is known to impair the
efficiency of ribulose-I,5-bisphosphate carboxylase/oxygenase (RuBisCO) carboxylase activity by
increasing its specificity for oxygen, i.e., oxygenase activity. The resulting RuBisCO oxygenase
activity produces 2-Phosphoglycolate (2PG), an inhibiting metabolite for the most crucial carbon

pathway for PHB production, i.e., Embden-Meyerhof-Parnas (EMP) pathway (Koch et al., 2019).
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The elevated 2PG concentration further results in increased energy (ATP) and reducing equivalents
(NADPH) demand and the loss of up to 50% of the carbon that is fixed during photosynthesis
(Toro-Huertas et al., 2019). Given that NADPH also participates in the production of PHB during
nitrogen limitation (Koch et al., 2020a; Sukkasam et al., 2022), RuBisCO oxygenase activity
possibly interferes with PHB production due to competition for this reducing equivalent under DO
concentration above oxygen-air saturation levels.

Thus far, the impact of oxygen concentration during the production of PHB in Synechocystis
sp. has been explored by gas exchange limitation. Panda and Mallick (2007) were among the first
to observe that oxygen concentration played a vital role in the production of PHB. These authors
reported that PHB content in Synechocystis sp. cultured in a mineral medium was maximized from
7.1 % dCW to more than 10% dCW under a combined nitrogen-limitation, organic carbon addition,
and gas exchange limitation. These conditions also decreased oxygen concentration from 13 mgO-
L (control) to 5.1 mgO, L. However, further studies failed to replicate these findings for
photoautotrophic production of PHB. Kamravamanesh et al. (2017) reported that Synechocystis sp.
grown under a photoautotrophic mode of cultivation in a gas-exchanged and nitrogen-limited
environment resulted in a reduced PHB concentration (less than 2.2% dCW). Although the oxygen
concentration was not directly measured, the authors suggested that gas exchange limitation alone
was insufficient to avoid oxygen build-up during photoautotrophic production of PHB, and other
experimental conditions that could have sustained oxygen evolution. Therefore, strategies that
affect the oxygen-evolving system are needed to decrease oxygen concentration and maximize
photoautotrophic production of PHB. Previous studies have effectively inhibited the oxygen-
evolving system of eukaryotic algae through high light intensities, i.e., above 2000 pmol m™ s,
for brief periods, resulting in oxygen-limited conditions (Degrenne et al., 2011; Markov et al.,
2006). The present study aims to systematically evaluate the effect of different concentrations of
oxygen on the growth performance, photosynthetic activity, and PHB content of nitrogen limited
Synechocystis sp. cultures. To this end, various concentrations of DO were maintained through
physical (sparging with nitrogen gas and with air) oxygen stripping protocols during the
accumulation stage. The present study also tested simultaneous wastewater treatment and PHB

production in Synechocystis sp. cultures using photoinhibition as an oxygen-control strategy.
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4.2. Materials and methods

4.2.1. Strain and inoculum preparation

Experiments were conducted using Synechocystis sp. strain 2470 (hereafter referred to as
Synechocystis sp.) obtained from the University of Texas at Austin Culture Collection of Algae
(UTEX, USA). A fresh inoculum was generated under controlled laboratory conditions in agar
slant tubes with BG11 mineral medium (Vital-Jacome et al., 2020), adding 2% agar (solid
medium). The inoculum was incubated at room temperature (25 + 5 °C) and continuously
illuminated using cool-white, fluorescent lamps, providing a Photosynthetically Active Radiation
(PAR) of 45 umol photons m™ s. A sample of Synechocystis sp. was taken and transferred to a
fresh solid BG11 mineral medium every four weeks to keep the cultures under exponential growth.

4.2.2. Experimental setup and cultivation conditions

Trials in mineral medium

To investigate the effect of different DO concentrations on the PHB content of Synechocystis sp.,
a two-stage cultivation method was employed where cultures would be i) subjected to nutrient-
abundant conditions to grow biomass (growth stage) and ii) limited in nitrogen to induce PHB
production (accumulation stage). A constant pH (7.1 £ 0.2) was maintained in both stages by
introducing a 20 mM HEPES-NaOH buffer solution. All cultures were incubated at room
temperature (25 £ 5 °C), exposed to a PAR of 45 umol photons m s following 12 h light/dark
cycles, and agitated using a magnetic stirrer set at 220 rpm. The concentration of DO in
Synechocystis sp. cultures during mineral medium trials is presented in Figure 4.1.

For the growth stage, fresh inoculum of Synechocystis sp. was transferred into 1-L
Erlenmeyer flasks containing 800 mL (working volume) of modified BG11 mineral medium
(BG11+N), consisting of the following components: 1.0 mg L* Na,MgEDTA, 6.0 mg L*
(NHa)s[Fe(CsH407)2], 1500 mg L NaNO3, 6 mg L CsHsO7.H20, 36 mg L CaCl..2H,0, 75 mg
L MgS04.7H20, 40 mg L™t K;HPO4, 20 mg L™t Na,COs, 4000 mg L NaHCO3, and 1.0 mL L™*
of A5 trace metals. Carbon (Na2CO3, NaHCO3) and phosphorous (K2HPQO4) sources were modified
to achieve a C:N:P molar ratio of 106:34:1 (Redfield ratio), recommended to sustain prolonged
cultivation of this cyanobacterium (Arias et al., 2019). These cultures were maintained in nutrient-
abundant conditions for 11 days. For the accumulation stage, biomass from the growth stage was

harvested by centrifugation (3000 g, 20 min, 5 °C) and washed with distilled water to remove traces
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of BG11+N mineral medium. Washed biomass pellets were then transferred to 250-mL Erlenmeyer
flasks equipped with vented caps at an initial optical density ODsego of 0.150 + 0.050, containing
200 mL of modified BG11 mineral medium without NaNO3 (BG11-N) at different concentrations
of DO. A first set of four Erlenmeyer flasks was prepared as a positive control for PHB production,
for which no gas sparging was provided. DO concentration reached oxygen-air oversaturation
conditions (8.0 + 2.1 mgO2 L1). In contrast, a second set of four Erlenmeyer flasks was
continuously sparged with filtered air to ensure a constant DO concentration at oxygen-air
saturation conditions (6.5 + 0.4 mgO. L. Finally, a third set of four Erlenmeyer flasks was
sparged with filtered, ultrapure nitrogen gas (> 99.9%, CRIOGAS, Mexico) to maintain a DO
concentration below oxygen-air saturation conditions, corresponding to 1.2 + 0.4 mgO, L. A
constant inorganic carbon concentration was kept at a 106:1 C:P ratio by adding 2 mL of sodium

bicarbonate salt with a 4 g C L™ concentration.
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Figure 4.1. Boxplot showing the dissolved oxygen concentration measured in Synechocystis sp. cultures during mineral
medium trials. The lower boundary of the box indicates the 25th percentile, a line within the box marks the median,
and the upper boundary of the box indicates the 75th percentile. Whiskers (error bars) above and below the box indicate
the 90 and 10th percentiles, respectively. Black circles indicate the mean value. Nitrogen addition (+N) and nitrogen-
limited (-N).
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Trials using wastewater effluent

To investigate the effect of DO on simultaneous wastewater treatment and PHB content in
Synechocystis sp., the effluent from a primary sedimentation tank of a municipal wastewater
treatment plant located in Queretaro, Mexico, was selected. The DO concentration that presented
the highest PHB accumulation yield in the previous experiment was reproduced for the wastewater
trial. Fresh inoculums of Synechocystis sp. were transferred to two 1-L Erlenmeyer flasks
containing 800 mL of effluent from the primary sedimentation tank (growth stage) following the
two-stage cultivation method previously described. The average composition of the municipal
wastewater used in this study is summarized in Table 4.1. Nutrients were periodically monitored
to detect when the culture had depleted all the nitrogen, and the accumulation stage began. Once
nitrogen became limited, i.e., when the N:P ratio below 16:1 mole basis was achieved, a high photo-
dense PAR (>2000 pmol m? s') was maintained during brief photoperiods of 30 min to control
the DO concentration. The previous conditions were also applied to a control consisting only of

wastewater.

Table 4.1 Characteristics of the wastewater effluent from the primary sedimentation tank of a municipal wastewater
treatment plant.

Parameter Concentration, mg L™
Dissolved Organic Carbon (DOC) 306+1.1

Dissolved Inorganic Carbon (DIC) 150 + 3.8

Chemical Oxygen Demand (COD) 789 £ 13

Nitrogen, ammonia (NH4*-N) 108 +1.4

Nitrogen, nitrates (NO3™-N) 6.3+£0.1
Phosphorous, orthophosphates (PO4*-P) 16 +0.3

N:P? 16:1

aRatio in mole base

4.2.3. Analytical procedures

The growth of Synechocystis sp. biomass was determined as optical density ODego following the
2120 C spectrophotometric method described by APHA-AWWA-WPCF (2023) using a VE-
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5600UV UV-VIS spectrophotometer (Velab, USA). The growth rate was calculated via linear
regression plotting In ODego Vvs. time. Photosynthetic activity yield, measured in terms of
Photosystem 1l quantum vyield (QY), was determined using an AquaPen AP 110-C PAM
fluorometer (Photon Systems Instruments, Czech Republic). Samples for analyzing nutrients in
wastewater trials were filtered through 0.45um pore-size filters. DIC and DOC concentration was
determined using a TOC 5050 total organic carbon analyzer (Shimadzu, Japan), whereas soluble
COD, NH4*-N, and POs* were measured using the 8000, 10031, and 10127 Hach colorimetric
methods, respectively. NOs-N was measured using a DIONEX ICS1500 ion chromatography
(Thermo Scientific, USA).

PHB was digested, extracted, and quantified through Agilent 6890B gas chromatograph
(Agilent Technologies, USA) following the method described in Montiel-Corona and Buitron
(2022), with minor modifications. Mixed liquor samples were collected, centrifuged, and spread in
glass trays. Samples were dried at 60 °C for 24 h and 15-20 mg of dried biomass were placed in a
glass test tube with a Teflon liner screw cap. 2.0 mL volume of acidified (2 % v/v H2SO4) methanol
and 2.0 mL of chloroform were added. After vortexing for 1 min, the solution was incubated in an
AccuBlock digital dry bath (Labnet International, USA) for 24 h at 120 °C and then cooled at room
temperature. 1.0 mL of deionized water was added to each tube and vortexed. The bottom layer
(chloroform) was retrieved through a glass Pasteur pipette and filtered through a 0.45um pore-size
nylon membrane filter. A volume of 1.0 mL from the filtrate was collected, and 1.0 puL. was injected
into the gas chromatograph. PHB and PHV (polyhydroxyvalerate) concentrations were determined
through a standard curve generated from natural origin Poly[(R)-3-hydroxybutyric acid-co-(R)-3-

hydroxyvaleric acid].

4.2.4. Statistical analysis

Analytical measurements were performed in duplicates. All statistical analyses were conducted
using the RStudio open-source software package (RStudio PBC, Boston, U.S.A.) under the R
version 4.3.1 (R Core Team, USA) environment. Data presented in tables and figures were
calculated as mean values, with corresponding standard deviation values, using the
get_summary_stats function of the rstatix (Kassambara, 2023) package. Statistically significant
differences (p < 0.05) were determined through a one-way analysis of variance followed by a

Tukey's honestly significant difference post-hoc test, using the functions aov and HSD.test of the
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rstatix (Kassambara, 2023) and agricolae (Mendiburu, 2023) packages, respectively.

4.3. Results and discussion

4.3.1. Growth performance and photosynthetic activity of Synechocystis sp. in

mineral medium

An exponential growth of Synechocystis sp. was observed during the growth stage (Fig. 4.2a),
indicating that cells were proliferating. However, the calculated growth rate for this stage was 0.305
+ 0.011 d?, notably lower than the standard value (2.160 d) expected for this strain in mineral
medium at below (60 to 100%) oxygen-air saturation levels (van Alphen et al., 2018). Interestingly,
the observed photosynthetic activity yield for Synechocystis sp. during the growth stage (Fig. 4.2b)
fell within the optimal QY range (0.5-0.7) for photoautotrophic growth, suggesting that cells were
metabolically active and under nutrient-sufficient conditions (Rohit and Venkata Mohan, 2018).
These results demonstrate the detrimental effect of high DO concentrations on Synechocystis sp.
growth, given their above oxygen-air saturation levels (14 mgO, L™*). Similar findings were
reported by Raso et al. (2012), where the growth rate of Nannochloropsis sp. grown in the mineral
medium was decreased from 0.500 d* to 0.180 d* when DO concentration increased from 100%
oxygen-air saturation level to 250 % oxygen-air saturation level. Their results were correlated to
an increasing oxygenase activity in RuBisCO as the DO concentration increased. Marquez et al.
(1995) reported a 36% reduction in the growth rate of Spirulina platensis when DO increase from
2 mgO, L1to 40 mgO, L, associated with a deterioration of photosynthetic pigments caused by
photooxidative inhibition.

Similar biomass concentrations and growth rates were obtained during the accumulation
stage for all Synechocystis sp. cultures (Fig. 4.2a). Synechocystis sp. cultures subjected to no
sparging (8.0 mgO, L), air sparging (6.5 mgO2 L), and nitrogen sparging (1.2 mgO2 L?)
presented a growth rate of 0.154 + 0.006 d*, 0.195 + 0.019 d%, and 0.144 + 0.008 d™%, respectively.
Likewise, the photosynthetic activity for Synechocystis sp. cultures significantly decreased from
0.6 to less than 0.2 on day 5 for all cases (Fig. 4.2b). Statistical analysis showed that the growth
rate and photosynthetic activity during the accumulation stage were significantly lower (p < 0.05)
than their corresponding values during the growth stage. Nonetheless, no significant differences in
biomass growth and photosynthetic activity were observed between the different DO

concentrations tested during the accumulation stage. These findings suggest that Synechocystis sp.
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biomass growth and photosynthetic activity were not affected by oxygen stripping, and their low
values could be attributed to the deprivation of nitrogen sources during the accumulation stage, i.e.,
< 1.0 mgNOs-N L. Nitrogen is the second most abundant element in any microalgae biomass,
reaching up to 10% in dry mass, and it is essential to produce several biochemical compounds,
including photosynthetic pigments (Morales-Plasencia et al., 2023). Thus, a partial or total lack of
nitrogen supply results in limited photosynthetic activity and decreased growth performance
(Singhon et al., 2021). Further studies aimed at monitoring the photosynthetic activity of
Synechocystis sp. during nitrogen limitation also revealed that QY notably reduced because of the
degradation and reorganization of light-harvesting systems to avoid photoinhibition (Lakatos et al.,
2021).

It is essential to mention that from day 5 onward, Synechocystis sp. cultures in the
accumulation stage subjected to non-sparged (8.0 mgO. L) and air-sparged (6.5 mgO. L™)
conditions increased their photosynthetic activity yield once more (Fig. 4.2b). In contrast,
Synechocystis sp. cultures under gaseous nitrogen sparging (1.2 mgO2 L) continued to maintain a
low photosynthetic activity yield (QY < 0.1). These differences could be linked to a limited futile
electron-consuming processes that below oxygen-air saturation conditions and nitrogen limitation
caused in stressed microalgae cells. At high DO concentrations, photorespiration is normally
activated as alternative electron sinks that use the flux of energy and electrons from the
photosynthetic electron transport chain to maintain cellular homeostasis (Kazbar et al., 2019).
However, this photorespiratory activity can be avoided through suitable oxygen stripping or
carbon-to-oxygen adjustment methods. Gao et al. (2022) reported that adding inorganic carbon
salts during Monoraphidium minutum 26B-AM and S. obliquus UTEX393 growth increased their
biomass productivity by up to 37%. These authors associated their results with the fact that
inorganic carbon salts were converted to carbon dioxide and increased the carboxylase activity of
RuBisCO, thus overcoming photorespiratory activity. Toro-Huertas et al. (2019) also reported that
photorespiratory activity in outdoor photobioreactors used for biogas upgrading could be controlled
by managing irradiance and temperature. In their study, maintaining an average temperature
between 24 °C and 30 °C with irradiances ranging from 50 umol m? s to 2000 umol m? s

allowed a better carbon dioxide fixation from biogas sparging.
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Figure 4.2. Changes in the (a) biomass concentration and (b) photosynthetic activity of Synechocystis sp. cultures

during the growth stage and the accumulation stage.

4.3.2. PHB analysis in the cultures of Synechocystis sp. grown in mineral medium
During the growth stage, Synechocystis sp. cultures presented a negligible PHB content (Fig. 4.3).
These observations further prove that unbalanced growth conditions (nitrogen limitation) initiate
the production of PHB in Synechosystis sp. (Koch and Forchhammer, 2021). The persistent

nitrogen limitation during the accumulation stage caused a significant increase (p < 0.05) in the
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PHB content of Synechocystis sp. Cultures of Synechocystis sp. subjected to non-sparged (8.0
mgO, L) and air-sparged (6.5 mgO, L) conditions exhibited a similar PHB content of 9.4 + 0.4%
dCW (23 mg L) and 9.7 + 0.2% dCW (25 mg L) after 11 days of operation, respectively. The
obtained PHB yields fall within the range previously reported for Synechocystis sp. (4.0 to 8.0%
dCW) when cultured under nitrogen-limited and without DO control (Rueda et al., 2020a; Singhon
etal., 2021).

15.0 - Growth stage, 14 mgO, L7}

. Accumulation stage, 8.0 mgO, L™
. Accumulation stage, 6.5 mgO, L™
. Accumulation stage, 1.2 mgO, L™
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Figure 4.3. PHB content in Synechocystis sp. cultures during growth and accumulation stages in the mineral medium.

Synechocystis sp. cultures subjected to nitrogen sparging (1.2 mgO, L) exhibited the
statistically highest PHB content on day 5, reaching a maximum value of 12 + 0.1% dCW or 95
mg L2, respectively. As previously discussed, these results could be attributed to the successful
limitation of electron-consuming processes, like photorespiration, given their low DO
concentration and inorganic carbon addition. Previous studies have observed that regulating
RuBIisCO activity successfully maximized PHB content in nitrogen limited Synechocystis sp. PCC
6803. Tharasirivat and Jantaro (2023) reported a higher PHB content because of the overexpression

of rbc LXS operons. That operon encodes the small subunits of proteins that assemble into carbon
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dioxide-fixing enzymes. The sodium bicarbonate supplementation allowed the photosynthetic
electron transport chain to flow continuously, yielding an increased NADPH pool. Given that the
RuBisCO oxygenase activity was suppressed due to inorganic carbon addition, the flux of
intermediate metabolites from carbon dioxide fixation was mostly diverted to PHB production.
Although the proteins or metabolic activity related to the RuBisCO enzyme were not directly
monitored in this study, it could be argued that their oxygenase activity was negligible given the
low DO concentration, excess of bicarbonate salts, and highly reduced state observed in cultures
subjected to nitrogen sparging (1.2 mgO2 L™). The strategic combination of nitrogen limitation and
oxygen stripping during the accumulation stage exhibited higher PHB productivities compared to
other research works (Table 4.2), indicating the benefits of this approach.

Table 4.2 Comparison of the maximum polyhydroxybutyrate (PHB) values obtained in this study with the results

obtained in other studies using Synechocystis sp. cultures.

Dissolved Time
. oxygen of Maximum PHB
:\ilrl:]tit[:aednt St;(l)[;?)?r:] g concentration incubation References
mgO. L Days % dCW mgL?
Nitrogen Yes 1.2 5 12 95 This study
Nitrogen No 8.0 11 10 25 This study
Nitrogen * Meixner et al.
Phosphorous No 28.0 21 1 n.r. (2022)
x Singhon et al.
Phosphorous  No > 8.0 35 6.8 n.r. (2021)
. « Rueda et al.
Nitrogen No > 8.0 14 5.0 16 (2020a)

n.r.: Not reported.; ~ Approximate value.

4.3.3. Evaluation of Synechocystis sp. performance grown in municipal wastewater
A new set of experiments was conducted below oxygen-air saturation conditions to check whether
DO concentration would also affect the production of PHB in Synechocystis sp. in municipal
primary effluent. These conditions were selected based on the PHB content results from section

3.2. In the below-oxygen-air saturation conditions, wastewater was used for the accumulation
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stage. Tests were not sparged with nitrogen gas to avoid transforming nitrogen gas into bioavailable
forms by diazotrophs (Saidu et al., 2022). Instead, an oxygen stripping protocol based on high,
short pulses of photo-dense PAR (> 2000 pmol m s) was selected because the inhibition of the
Photosystem Il (oxygen evolution) activity and maintenance of a stable the Photosystem 1 activity,
in charge of photosynthetic electron transport chain (Jokel et al., 2019). The average DO
concentration during the accumulation stage of the wastewater trial by using the high, short pulses

of photo-dense PAR oxygen stripping protocol was 5.7 mgO, L™ (Fig. 4.4).
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Figure 4.4. Boxplot showing the dissolved oxygen concentration in wastewater and in cultures of Synechocystis sp. in
wastewater during growth and accumulation stages. The lower boundary of the box indicates the 25th percentile, a line
within the box marks the median, and the upper boundary of the box indicates the 75th percentile. Whiskers (error

bars) above and below the box indicate the 90 and 10th percentiles, respectively. Black circles indicate the mean value.

The results for nutrient concentration on wastewater at the end of the growth stage (12 d) and
accumulation stage (11 d) are presented in Table 4.3. Removal of DOC varied between 49% (end
of growth stage) and 52% (end of accumulation stage) in Erlenmeyer flasks containing only
primary effluent (blank). Similarly, COD and PO+*-P also presented notable removal rates of 85%
and 76%, respectively, at the end of the accumulation stage. This behavior suggests that bacteria
from domestic wastewater primary effluent can remove organic matter and nutrients (Posadas et
al., 2013). Cultivating Synechocystis sp. in primary effluent maximized the removal of nutrients in

wastewater, resulting in a condition of nitrogen limitation (N:P molar ratio of 14:1) at the end of
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the growth stage (12 d), compared to the results obtained for the blank. The removal of nutrients
in cultures of Synechocystis sp. in primary effluent continued even under the nitrogen limitation
state (accumulation stage), where DOC, DIC, COD, NH4*-N, and POs*-P reached a maximal
removal of 71%, 97%, 92%, 99%, and 88%, respectively. This superior nutrient removal rate could
be associated with the mutualistic interaction between microalgae, which encompass
cyanobacteria, and heterotrophic bacteria from wastewater. This interaction has been extensively
reported in the literature, where the oxygen provided by microalgae improves the assimilation of
nutrients and organic matter oxidation carried out by bacteria (Aditya et al., 2022; Sayara et al.,
2021).

Table 4.3 Nutrient concentration in the effluent obtained after growth and accumulation stages in primary effluent
(blank) and in the cultures of Synechocystis sp. in primary effluent. Values represent the mean + standard deviation,

and parenthesis shows the average percentage removal according to the influent characterization.

End of growth stage End of the accumulation stage

Primary Primary effluent Primary Primary effluent
effluent Synechocystis s effluent Synechocystis s
(Blank) y YSUSSP- Blank) y ystS sp.
Parameter Concentration, mg L™ (%) Concentration, mg L™ (%)
Dissolved Organic 155+ 1.1 0 146 + 14 0
Carbon (DOC) (49%) 148 + 3.6 (51%) (52%) 89 £ 2.6 (71%)
Dissolved
; 111+28 o 43 +3.4 0
Inorganic Carbon (26%) 86 + 4.0 (42%) (71%) 4.5+ 2.2 (97%)
(DIC)
Chemical Oxygen 265+5.1 0 118 £ 10 0
Demand (COD) (66%) 85 £ 16 (89%) (85%) 63 £ 1.0 (92%)
Nitrogen, ammonia 104 + 3.0 0 100+1.9 0
(NH4*-N) (3%) 28 £ 2.3 (74%) (8%) 1.5+ 0.2 (99%)
Nitrogen, nitrates
(NO3-N) 26+1.6 3.1+24 3.6+25 16+14
Phosphorous,
orthophosphates ?635)1.6 4.5+ 0.9 (72%) (?;f(yi)l'S 1.6 + 0.8 (88%)
(PO4*-P) i 0
N:p? 46:1 14:1 59:1 4:1

& Ratio in molar base
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Biomass growth and photosynthetic activity in cultures containing primary effluent (blank)
and Synechocystis sp. in primary effluent are presented in Figure 4.5. Insignificant biomass growth
was observed in the blank cultures. However, photosynthetic activity notably increased on the last
day of operation, suggesting that some microalgae were present. Milferstedt et al. (2017b) reported
that microalgae could become the majority of the microbial community under temperature-
controlled and illuminated conditions (90 to 200 umol photons m s'). Further studies confirmed
that these microalgae cells were, in fact, primarily filamentous cyanobacteria, which are harbored
by sludge aggregates during wastewater treatment (Ansari et al., 2019). Maximum Synechocystis
sp. biomass concentration, measured as the optical density at 680 nm during growth and
accumulation stages in wastewater, were 0.706 + 0.007 and 0.100 + 0.001 g/L, respectively (Fig.
4.5a). Compared to mineral medium, the overall lower values could be attributed to an adaptation
period. Meixner et al. (2016) reported the same extended acclimatization for Synechocystis salina
upon transferring from nutrient-rich BG11 mineral medium to nutrient-diluted liquid digestate. The
growth rates observed during the growth stage for both culture media were relatively similar: 0.305
d* in mineral medium and 0.388 dt in primary effluent. The same is true for the accumulation
stage: 0.144 d in mineral medium and 0.111 d? in primary effluent. Photosynthetic activity
remained unchanged during the growth stage in primary effluent, i.e., QY between 0.5 and 0.6 (Fig.
4.5b), when compared to the same stage in the mineral medium. As previously discussed, this could
be attributed to the nutrient abundance in the growth medium. However, a similar decreasing
photosynthetic activity was observed during the accumulation stage between Synechocystis sp.
grown in mineral medium and municipal primary effluent, providing further evidence of the
persistent nitrogen limitation effect on low photosynthetic activity. PHB content notably increased
during the accumulation stage for Synechocystis sp. grown in municipal primary effluent (Fig. 4.6).
A maximum value of 9.8 + 0.4% dCW or 80 mg L was observed on day 5 under nitrogen-limited,
low dissolved oxygen (5.7 mgO L) conditions. That represents about 81% of the PHB value
obtained in the mineral medium using nitrogen sparging. Compared to the literature, PHB content
in Synechocystis sp. cultured in wastewater is superior to that obtained for Synechocystis salina
when using nutrients from waste effluents without oxygen stripping (Kovalcik et al., 2017; Meixner
etal., 2016).
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Figure 4.5. Monitoring of (a) biomass growth and (b) photosynthetic activity in Synechocystis sp. cultures performed

in municipal primary effluent during growth and accumulation stages.
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Figure 4.6. PHB content in Synechocystis sp. cultures during growth and accumulation stages using municipal
wastewater.

4.4. Conclusion

Our results showed that the content of polyhydroxybutyrate was maximized by decreasing
dissolved oxygen concentration under nitrogen limitation. It was found that changes in the
photosynthetic activity occurred at a dissolved oxygen concentration of 1.2 mgO, L, indicating
that electron-consuming activities were limited. This allowed a higher polyhydroxybutyrate contet
(12% dCW or 95 mg L) than other dissolved oxygen concentrations. In the experiment carried
out using primary municipal effluent, it was observed that short photo-dense pulses of light
achieved notable removal rates of chemical oxygen demand (92%), ammonia nitrogen (99%), and
phosphorus as orthophosphates (88%) that resulted in a treated wastewater effluent. Moreover, the
short photo-dense pulses of light also led to a dissolved oxygen concentration of 5.7 mgO2 L™ owed
to the inhibition of the Photosystem Il activity, as observed by the decreasing quantum vyield.
Polyhydroxybutyrate content in Synechocystis sp. cultured in wastewater was about 9.8% dCW or

80 mg L%, superior to previous studies where no oxygen stripping was applied.
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5. Bioaccessibility characterization of organic matter,
nitrogen, and phosphorus from microalgae-bacteria
aggregates

Reference to published paper:

Romero-Frasca, E., Galea-Outon, S., Coronado-Apodaca, K.G., Milferstedt, K., Jimenez, J.,
Hamelin, J., Buitrén, G. (2024). Bioaccessibility characterization of organic matter, nitrogen, and
phosphorus from microalgae-bacteria aggregates. Waste and Biomass Valorization.
https://doi.org/10.1007/s12649-024-02495-3
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Abstract

The quality of microalgae-bacteria biomass as an organic soil fertilizer may depend on the
microbial composition, morphology, and growth history of the biomass. This study aims to
characterize the molecular complexity and bioaccessibility of organic matter, nitrogen, and
phosphorus from microalgae-bacteria aggregates with different morphologies (flocs and granules)
grown under nutrient-abundant and starvation conditions. A biochemical fractionation method
based on sequential chemical extraction and fluorescence spectroscopy was used. Microalgae-
bacteria aggregates were cultured and collected from photobioreactors using contrasting growth
conditions to generate i) loose flocs, ii) consolidated flocs, iii) smooth granules, and iv) filamentous
granules. The organic matter, nitrogen, and phosphorus from consolidated flocs were mostly
extractable, accounting for up to 94% of their total content, whereas the organic matter from loose
flocs was up to 50% non-extractable. The extractability of loose flocs was improved under
starvation conditions. All microalgae-bacteria aggregates showed a low structural complexity,
corresponding to an abundance of simple microbial-related constituents like tyrosine, tryptophane,
etc. Differences between the gradients of bioaccessibility for each microalgae-bacteria structure
were related to the abundance of microorganisms and their metabolic products. The findings of this
study have implications for the development of sustainable and environmentally friendly organic

fertilizers.

Keywords: Biochemical fractioning; Biomass valorization; Fluorescence spectroscopy; Nutrients

bioaccessibility; Oxygenic photogranule; Soil fertilization
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5.1. Introduction

Modern agriculture is driven by the energy-intensive synthesis of fertilizers (i.e., the Haber-Bosch
process) and extraction of mineral ore deposits (e.g., phosphate rock). With a projected global
growth of the human population from eight to nine billion by 2050, a similar increase in food
demand and utilization of these fertilizers can be expected. However, synthetic fertilizers
negatively affect the environment and soil quality over the long term. Current manufacturing
practices of the fertilizing industry are energy-intensive and responsible for 2.5% or 1203 Tg of
global carbon dioxide emissions (Herrera et al., 2022), and the continuous depletion of mineral
deposits worldwide (Tian et al., 2020). The limited retention capacity of nutrients in soils has
resulted in their excessive application, which has been linked to the eutrophication of ground and
surface bodies and the limited growth of endemic soil microorganisms (Nadarajan and Sukumaran,
2021). A need for more sustainable and innovative organic fertilizers that minimize energy
consumption and dependency on fossil resources while maintaining crop growth and yield is
evident.

Microalgae, including eukaryotic microalgae, diatoms, and cyanobacteria, may be used as
organic fertilizers because of their ability to convert nutrients into biomass rich in essential
elements for soil fertilization, namely, nitrogen and phosphorus (Lu and Xiao, 2022). Furthermore,
microalgae biomass has shown a notable contribution to plant growth through several mechanisms,
including phytohormone production, root association formation, and protection against
phytopathogens and pests (Alvarez et al., 2021). These promising attributes have resulted in
improvements in crop performance that are equal to or even superior to those achieved using
synthetic fertilizers. Alvarez-Gonzalez et al. (2022) reported a significant increase in shoot and leaf
weight, as well as the number of leaves of basil (Ocimum basilicum L.) by harnessing the high
nitrogen content of the eukaryotic microalga Scenedesmus sp. biomass cultivated in municipal
wastewater. Similar enhancements in the growth, development, and nitrogen assimilation of potato
plants (Solanum tuberosum) were reported using spray-dried eukaryotic microalga Asterarcys
quadricellulare biomass (Cordeiro et al., 2022). Height, leaves, and other essential aspects of onion
plants (Allium cepa L.) were also improved by mixing soil with cow manure and the
cyanobacterium Spirulina platensis, compared to cow manure alone (Dineshkumar et al., 2020).

Recently, growing heterotrophic and phototrophic microorganisms in syntrophy was

recognized as a promising strategy to boost bioproduct yields (Khoo et al., 2021). The key to
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syntrophic interactions is the production of oxygen by microalgae through photosynthesis. In
return, heterotrophic bacteria oxidize organic matter and produce carbon dioxide to sustain the
growth of microalgae. Compared to pure microalgae monocultures, co-culturing microalgae and
heterotrophic bacteria has improved nutrient assimilation and biomass yield, tolerance against
pollutants, and stability against competing microorganisms (Yan et al., 2022). Moreover,
combining these microorganisms has also been reported to promote biomass aggregation, allowing
efficient and inexpensive harvesting by gravity settling (Arcila and Buitron, 2016). Studies
describing the mechanisms of microalgae-bacteria aggregation have been reported. Aggregates can
be in the form of flocs, compact granules (Quijano et al., 2017), and filamentous granules
(Milferstedt et al.,, 2017a), dominated by different genera of eukaryotic microalgae or
cyanobacteria.

The feasibility of using microalgae-bacteria aggregates as feedstock for organic fertilizer
production has previously been discussed (Gonzélez et al., 2020). However, their fertilizing value
has yet to be systematically determined. Previous studies have established that organic substrates
can be categorized into different fractions, each defined by i) their complexity (molecular structure)
and ii) their bioaccessibility (availability as a source of organic matter, nitrogen, and phosphorus
to soil microorganisms) (Jimenez et al., 2015b). This categorization has proven to be a valuable
approach for a better diagnosis of the fertilizing value of organic materials, as it delivers a more
comprehensive prediction of the fate of nitrogen, phosphorus, and organic matter after soil
amendment (Jimenez et al., 2020). Assessing the complexity and bioaccessibility of microalgae-
bacteria aggregates offers valuable insights into their composition and serves as a foundation for
the potential optimization of fertilizer production.

This study provides a comprehensive characterization of morphologically distinct
microalgae-bacteria aggregates in terms of molecular complexity and organic matter, nitrogen, and
phosphorus bioaccessibility as potential organic soil fertilizers. Biochemical fractionation methods
were employed based on sequential chemical extraction and fluorescence spectroscopy
(Fernandez-Dominguez et al., 2023). This investigation also compared the molecular complexity
and organic matter, nitrogen, and phosphorus bioaccessibility between selected microalgae-
bacteria aggregates grown under nutrient-abundant and nutrient-reduced conditions to analyze
changes in their composition during starvation. The underlying hypothesis is that the morphology
of microalgae-bacteria aggregates influences the molecular complexity and the bioaccessibility of
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organic matter, nitrogen, and phosphorus. Microalgae-bacteria flocs, being more fragile structures,
may present more bioaccessible nutrients, whereas in the more compact microalgae-bacteria

granules, the nutrients may be less bioaccessible.

5.2. Materials and methods

5.2.1. Origin, morphology, and preparation of microalgae-bacteria aggregates

samples

Four morphologically distinct samples of microalgae-bacteria aggregates used for wastewater
treatment or biomass production were collected from three photobioreactors (PBRs) operated under
different conditions. Sample A consisted of microalgae-bacteria aggregates and was collected from
flat-panel PBRs with a working volume of 13 L (total volume of 15 L). The culture was grown in
fresh BG-11 medium (Vital-Jacome et al., 2020) in which the phosphorus concentration was
increased from 0.23 mM (39 mg K:HPO4 L) to 1.1 mM (192 mg KzHPO4 L™). Phosphorus was
increased to obtain a nitrogen-to-phosphorus molar ratio of 38:1. This ratio is within the optimum
range (16:1-49:1) for sustaining the growth of eukaryotic microalgae and cyanobacteria (Arias et
al., 2019). Cultures were grown at 25 + 5 °C and pH between 7.0 and 8.0. lllumination was induced
using cool-white LED lights at a photosynthetically active radiation (PAR) of 120 umol m2 s, An
airflow of 0.15 Lair Leuwe™ min was always kept, maintaining a continuous mixture of the
cultures.

Sample B and Sample C consisted of two morphologically distinct microalgae-bacteria
aggregates found in a high-rate algae pond (HRAP) used to treat wastewater. The HRAP has a
working volume of 50 L (total volume 80 L), 0.26 m? of surface area, and a consistent liquid
velocity of 0.2 m sX. This pond was continuously fed with primary effluent from a municipal
wastewater treatment plant in Santa Rosa Jauregui, Queretaro, Mexico. The composition of the
primary effluent was as follows: 517 + 133 mg COD L7, 86 + 15 mg N-NH4* L, 43 + 4 mg N-
NOs; L7, 25 + 10 mg N-NO2, and 43 + 4 mg P-PO,* L. More on the design and operating
conditions of the HRAP can be found in Buitrén & Coronado-Apodaca (2022).

Sample D was obtained from sequencing batch PBRs with a working volume of 4 L and fed
with nitrate mineral salt (NMS) growth medium containing 246 mg CHsCOONa L*, 5.4 mg
KH2PO4 L, 11 mg NazHPO4.12H,0 L, 100 mg (NH4);SO4 L%, 2.5 mg Na;EDTA.2H,0 L*,
0.001 mg Na;Mo004.2H,0 L?, 0.01 mg FeSO.7H.0 L*, 0.02 mg HsBOs L*, 0.004 mg
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ZnS04.7H20 L, 0.001 mg MnCl, L?, 0.01 mg CoCl,.6H,0 L?, 0.014 mg CuSO4.5H,0 L?, 0.2
mg FeCls L™ and 0.001 mg NiCl,.6H20 L. Cultures were grown at an average temperature of 25
°C, pH of 8.5 £ 0.5, and hydraulic retention time (HRT) of 8 h. Illumination was constantly
provided using cool-white LED lights at a PAR of 62 pmol m? s™*. Overhead stirring at 100 rpm
was used to continuously mix the biomass.

The settling velocity and size distribution of the four different aggregate types were
determined using the APHA 2710 E method (American Public Health Association, American
Water Works Association, Water Environment Federation., 2023) and stereomicroscopy (Vital-
Jacome et al., 2020), respectively. Genus identification of eukaryotic microalgae and cyanobacteria
was carried out according to the guidelines by Wehr and Sheath (2015) using an ECLIPSE 90i
microscope (Nikon, Japan) equipped with an NIS-Elements V.4.30 image acquisition system
(Nikon, Japan). Collected microalgae-bacteria aggregates were harvested through centrifugation
(3000 g, 20 min, 5 °C), frozen at -20 °C for at least 3 h, lyophilized overnight (-80 to -85 °C, 0.05
hPa), and ground using 4.8-mm stainless steel beads in a bead mill. Dry matter was determined
gravimetrically using the APHA 2540 B method (American Public Health Association, American

Water Works Association, Water Environment Federation., 2023).

5.2.2. Assessment of total organic matter, total nitrogen, and total bioavailable

phosphorus content
Total organic matter (TOM), total nitrogen (TN), and total bioavailable phosphorus (TBP) content
for each freeze-dried and ground type of microalgae-bacteria aggregate were measured. For TOM,
250 mg of freeze-dried, ground microalgae-bacteria aggregates were placed in a propylene vessel
containing 10 mL of 96% w w H,SOa. After 24 h, the mixture was diluted with distilled water
until a final weight of 250 g was reached, and TOM was measured in the liquid extract using
Aqualytic Vario COD tubes for a range of 0 — 1500 mg COD L™ (Tintometer GmbH, Germany).
For TN, 2 — 3 mg of freeze-dried, ground microalgae-bacteria aggregates were analyzed using a
CHNS/O FlashSmart Elemental Analyzer (ThermoFisher, USA). TBP was determined by placing
300 mg of freeze-dried, ground microalgae-bacteria aggregates in 30 mL of distilled water.
Samples were shaken for 24 h in an orbital shaker at 280 rpm and then centrifuged (18600 g, 20
min, 4 °C). The liquid extract was recovered, filtered (0.45 um), and stored for analyses. The same

procedure was repeated using residual pellets from the previous step but in a 0.5 M NaHCO3 (pH
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8.5) solution. Phosphorus concentration in each liquid extract was determined using Hach LCK
348 (Hach GmbH, Germany) kits, summed, and considered as the TBP content as described in
Jimenez et al. (2020).

5.2.3. Sequential chemical extraction for organic matter, nitrogen, and phosphorus

fractions characterization

A biochemical fractionation method based on sequential chemical extraction of organic matter and
nitrogen bioaccessibility was carried out following the ISBAMO fractionation protocol described
by Fernandez-Dominguez et al. (2023). For each type of freeze-dried, ground microalgae-bacteria
aggregates, 1.0 g was weighed and subjected to four different extraction solvents: 1) 10 mM CacCly,
2) 10 mM NaCl + 10 mM NaOH, 3) 100 mM NaOH, and 4) 72% w w™! H,SOs) using an
Accelerated Solvent Extractor DIONEX ASE-350 (Thermo Fisher, USA). Each solvent,
sequentially more aggressive to organic substrates (Fernandez-Dominguez et al., 2023), allowed
the recovery of the resulting four liquid ISBAMO fractions. These fractions contain the organic
matter and nitrogen within microalgae-bacteria aggregates according to their degree of
bioaccessibility. The four ISBAMO fractions were defined as (1) soluble (extracted with 10 mM
CaCl,), (2) readily extractable (extracted with 10 mM NaCl + 10 mM NaOH), (3) slowly
extractable (extracted with 100 mM NaOH), and (4) poorly extractable (extracted with 72% w w™*
H2>SO4). The organic matter and nitrogen concentrations of each ISBAMO fraction were
determined using Aqualytic Vario COD tubes for a range of 0 — 1500 mg COD L* (Tintometer
GmbH, Germany) and Hach LCK 338 kit (Hach GmbH, Germany), respectively. Finally, a fifth
non-extractable fraction was calculated by subtracting the organic matter or nitrogen content of
each ISBAMO fraction from the TOM or TN values determined in section 5.2.2.

Inorganic and organic phosphorus fractions of the TBP in microalgae-bacteria aggregates
were determined following a modified Olsen-phosphorus methodology (Jimenez et al., 2020).
Liquid extracts from distilled water and 0.5 M NaHCOs3 extractions were obtained for TBP
estimation from section 4.2.2. were analyzed for inorganic phosphorus using a Hach LCK 348 kit
(Hach GmbH, Germany). In this study, the inorganic phosphorus determined for liquid extracts
from distilled water and 0.5 M NaHCO3 extractions were summed and considered as inorganic
phosphorus in the TBP content. Organic phosphorus was determined by subtracting inorganic

phosphorus from TBP content with TBP values obtained in section 5.2.2.
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5.2.4. Fluorescence spectroscopy analysis for molecular complexity

characterization

Following the methodology described by Ferndndez-Dominguez, Yekta, et al. (2023), the
fluorescence spectra of the ISBAMO fractions of the microalgae-bacteria aggregates were acquired
using an LS55 luminescence spectrometer (Perkin Elmer, USA). For the analysis, each fraction
was filtered using a 1.6 um pore-size glass fiber filter, mounted on a 1 cm path-length quartz
cuvette, and exposed to excitation wavelengths between 200 and 600 nm at fixed increments of 10
nm. The scanning monochromator speed was set at 1200 nm s*, and the fluorescence emission
values were recorded each 0.5 nm using the FL Winlab V.4.00.03 software (Perkin Elmer, USA).
These records aimed to obtain a comprehensive fluorescence excitation-emission matrix per 10 nm
increment.

The matrices were then integrated to determine the structural complexity of microalgae-
bacteria aggregates (Muller et al., 2014). The integration algorithm interpolates the measured data
with known fluorescence values of molecular intermediates (e.g., proteins, cellulose, etc.) and
converts the fluorescence matrices to a grey-level bitmap. These images were then split into seven
fluorescence zones, each corresponding to a group of molecules with similar structural complexity
(Fernandez-Dominguez et al., 2021). Zones I-111 correspond to simple proteins, amino acid-like
molecules, or soluble sugars. In contrast, more complex, polymer-like molecules (e.g., humic acid-
like substances) give a strong signal in zones IV-VII. The zone fluorescence volume (Eg. 4.1), the
fluorescence proportion (Eq. 4.2), and the fluorescence complexity index (Eg. 4.3) were calculated

per liquid fraction (Fernandez-Dominguez et al., 2021).
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where V(X) is the normalized fluorescence volume of zone X, Vit raw (X) is the raw volume of zone
X, OMs is the organic matter (mg COD L) concentration of the ISBAMO fraction, S(x) is the area

of zone x, and Ps (X) is the proportion of fluorescence in zone x (%).

5.2.5. Statistical analyses

Experiments were conducted in duplicate. All statistical analyses were performed using R version
4.2.2 (R Core Team, USA). Data presented in tables and figures were calculated as mean values
with corresponding standard deviations using the get summary_stats function of the rstatix
(Kassambara, 2023) package. Statistically significant differences (p < 0.05) were determined
through a one-way analysis of variance followed by Tukey's honestly significant difference post-
hoc test, using the functions aov and HSD.test of the rstatix (Kassambara, 2023) and agricolae

(Mendiburu, 2023) packages, respectively.

5.3. Results and discussion

5.3.1. Morphology of microalgae-bacteria aggregates samples

The collected microalgae-bacteria aggregates samples were characterized by settling velocity,
diameter, and genus-level identification (Table 5.1). Samples were considered as floccular biomass
in the form of loose flocs (Sample A) and consolidated flocs (Sample B) and granular biomass in
the form of smooth granules (Sample C) and filamentous granules (Sample D), considering an
increasing degree of granulation. An increased settling velocity reflects a higher degree of
granulation. Fundamentally, the aggregates consistently contained unicellular eukaryotic
microalgae, like Scenedesmus, and filamentous cyanobacteria, like Oscillatoria, which are
commonly found in freshwater environments (Chandel et al., 2023). Notably, microalgae-bacteria
aggregates also included various other non-phototrophic microorganisms. Representative images
of the different types of microalgae-bacteria aggregates used in this study are shown in Figure 5.1.
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Table 5.1. Physical and morphological characteristics of microalgae-bacteria aggregates. See Figure 5.1 for

representative images of the different sample types.

Sample type

Settling velocity
(m ht)

Diameter
(mm)

Identified
microalgae and
cyanobacteria

Floccular
biomass

A) loose flocs

B) consolidated
flocs

<10

22%09

Chlorella
Scenedesmus
Nitzschia
Oscillatoria
Phormidium

Chlorella
Stigeoclonium

Granular
biomass

C) smooth granules

D) filamentous
granules

6.4+04

40+14

20+14

Chlorella
Stigeoclonium
Nitzschia

Oscillatoria

I mm
—

1 mm

Figure 5.1. Representative images of (a) loose flocs, (b) consolidated flocs, (¢) smooth granules, and (d) filamentous

granules.
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5.3.2. Total organic matter, total nitrogen, and total bioavailable phosphorus

content in microalgae-bacteria aggregates
The initial hypothesis proposed that the morphology of microalgae-bacteria aggregates could
influence the bioaccessibility of organic matter, nitrogen, phosphorus content, and molecular
complexity. TOM (expressed as COD), TN, and TBP content of freeze-dried, ground microalgae-
bacteria aggregates were determined. The results of this characterization are presented in Table
5.2. Statistically significant differences (p < 0.05) were observed when comparing TOM, TN, and
TBP values between analyzed samples. The results between the microalgae-bacteria aggregate
samples with the highest TOM, TN, and TBP values led to the consideration that factors other than
morphology, i.e., microbial diversity distribution and extracellular polymeric substances (EPS)
secretion, could have influenced these values. The following paragraphs address the individual

explanations for each parameter to further understand these outcomes.

Table 5.2. Total organic matter (TOM), total nitrogen (TN), and total bioavailable phosphorus (TBP) in different
microalgae-bacteria aggregates. Lowercase letters indicate significant differences (p <0.05) between samples for each

parameter.
TOM TN TBP
Sample type (mg COD g dry (mg TN g dry (mg TBP g dry
matter?) matter?) matter?)
A) loose flocs 1004 +2°¢ 93+32 14 +1°
Floccular
biomass B) consolidated 1097 + 175 88440 17412
flocs
C) smooth 1208+ 71° 59+3° 17412
Granular granules
biomass .
D) filamentous 15534 1a 73+2" 13+1°

granules

Granular biomass (smooth granules and filamentous granules) had a higher TOM content
than floccular biomass (loose flocs and consolidated flocs). TOM across all microalgae-bacteria
aggregates samples ranged between the theoretical COD values for microalgae biomass and
bacteria biomass, calculated as 952 mg COD g dry matter® and 1420 mg COD g dry matter?,
respectively (Ahnert et al., 2021). It has been suggested that differences between theoretical COD
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values could be attributed to the inherent carbon, oxygen, hydrogen, and nitrogen ratio, i.e., the
elemental ratio, of each type of biomass (Ahnert et al., 2021). For microalgae, the common biomass
elemental ratio is CH2.4801.04No.15P0.01 (Chai et al., 2021). In contrast, the elemental ratio of bacteria
IS CH1.4000.40No.20Po.02 (Chen et al., 2020). The significantly higher TOM content observed in
granular biomass could be attributed to a higher bacteria proportion over the microalgae biomass
when compared to floccular biomass. These findings agree with those of previous studies, where
the overall bacteria biomass accounted for approximately 30% of the total biomass concentration
in floccular microalgae-bacteria aggregates (Shriwastav et al., 2015). In contrast, non-phototrophic
and phototrophic bacteria gene sequence types in photogranules were found at maximum
abundances of 17% and 67%, respectively (Milferstedt et al., 2017b). Considering these
proportions and assuming that the prevailing population in floccular microalgae-bacteria
aggregates and photogranules were made up of microalgae with their respective elemental ratio,
the theoretical COD values could be calculated at 1086 mg COD g dry matter? and 1340 mg COD
g dry matter?, which are like the data reported in Table 5.2.

Granular biomass had a significantly lower TN content than that of loose flocs. The TN content
in all microalgae-bacteria aggregates was within the theoretical TN range for microalgae biomass
and bacteria biomass. Based on the above-mentioned biomass elemental ratios of microalgae and
bacteria, the theoretical TN content was calculated to be 63 mg TN g dry matter® and 124 mg TN
g dry matter?, respectively. Differences in the theoretical TN content could be attributed to the
lower proportion of nitrogen per microalgae biomass compared to bacteria biomass. Granular
biomass had a lower TN content than floccular biomass, even lower than the theoretical TN value
calculated to be 114 mg TN g dry matter? based on the microalgae and bacteria proportions
mentioned in Milferstedt, Kuo-Dahab, et al. (2017b). These observations indicate that factors other
than microalgae and bacteria could have contributed to the low TN content of granular biomass.
The overall formation of microalgae-bacteria aggregates depends on the association between these
microorganisms and the quality of EPS. EPS are mainly composed of proteins and polysaccharides.
The proteins to polysaccharides ratio seems to be linked to the central aggregation mechanism in
microalgae-bacteria aggregates (Arcila and Buitron, 2016). In this context, proteins are the primary
reservoir of nitrogen, whereas polysaccharides determine the carbon content (Morillas-Espafa et
al., 2022). According to Arcila and Buitron (2017), high protein and thus nitrogen content in the
EPS could be found in microalgae-bacteria granules when the carbon-to-nitrogen ratio in growth

72



media was below five. In the present study, gas exchange and pH control (8.0 to 9.0) favored the
transformation of atmospheric CO2 into HCOs™ in the growth medium, influencing the carbon-to-
nitrogen ratio during granular biomass development, as previously reported by Arcila and Buitron
(2017). This condition likely resulted in a carbon-to-nitrogen ratio equal or greater than five, which
negatively affected the protein and thus nitrogen content in the EPS of granular biomass.

TBP content in consolidated flocs and smooth granules was significantly higher than that in
loose flocs and filamentous granules. TBP content across all microalgae-bacteria aggregates was
also higher than that of microalgae biomass, but lower than that of bacterial biomass. The
theoretical phosphorus content for microalgae and bacteria was calculated to be 9 mg TBP g dry
matter® and 20 mg TBP g dry matter?, using their respective elemental ratios introduced above.
Differences in these theoretical values could be attributed to the lower share of phosphorus per
microalgae biomass compared to bacteria biomass. The significantly higher TBP in consolidated
flocs and smooth granules could also be attributed to other microorganisms contributing to the
phosphorus content of the biomass. Considering that these aggregates were cultivated in
wastewater, the growth of polyphosphate-accumulating organisms (PAOs) could have influenced
the TBP content of the consolidated flocs and smooth granules. This is supported by Q. Wang et
al. (2019), who obtained PAOs from secondary effluent sludge and co-cultured them with the
eukaryotic microalga Chlorella pyrenoidosa. Moreover, PAOs, known to assimilate substantial
amounts of inorganic phosphorus as polyphosphates (up to 38 mg TBP g dry matter?), were
successfully integrated into photogranules (Trebuch et al., 2023). The physicochemical gradients
in the granules provided a niche for PAOs. These PAO-enriched photogranules showed a notably
higher phosphorus content than non-enriched granules.

5.3.3. Extractable fractions of organic matter, nitrogen, and phosphorus in

microalgae-bacteria aggregates
Biomass fractions along a gradient of bioaccessibility of organic matter, nitrogen, and phosphorus
in different microalgae-bacteria aggregates were analyzed. The results obtained for organic matter,
nitrogen, and phosphorus bioaccessibility are shown in Figure 5.2 and Tables S5.1, S5.2, and S5.3
in the supplementary data. Consolidated flocs, followed by filamentous granules, had the highest
amount of extractable organic matter and nitrogen, given by the soluble, readily extractable, slowly

extractable, and poorly extractable fractions. Consolidated flocs contained more readily extractable
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(i.e., EPS extractions as proteins and lipids) and slowly extractable (i.e., protein-like compounds).
In contrast, filamentous granules are rich in poorly extractable fraction, which is associated with
carbohydrate-like (e.g., cellulose and hemicellulose) compounds and poorly accessible proteins,
given the nitrogen concentration of this fraction. Consolidated flocs and filamentous granules also

had the highest proportion of inorganic phosphorus in the TBP.

Total organic matter Total nitrogen Total bioavailable

phosphorus
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Figure 5.2. Contribution of each extracted biochemical fraction to the total organic matter (TOM), total nitrogen (TN),

and total bioavailable phosphorus (TBP) in loose flocs (LF), consolidated flocs (CF), smooth granules (SG), and
filamentous granules (FG).

Microalgae-bacteria flocs were initially hypothesized to be fragile, more bioaccessible
structures than the compact microalgae-bacteria granules. However, the results show that the
morphology of microalgae-bacteria aggregates, whether they were flocs or granules, did not
influence the bioaccessibility of organic matter, nitrogen, and phosphorus. Additional events
during the formation of the different microalgae-bacteria aggregates, e.g., microbial diversity
distribution and EPS secretion, could have played a pivotal role in shaping the observed
bioaccessibility profiles.

The higher extractability and, thus, higher bioaccessibility of organic matter and nitrogen
in consolidated flocs could be attributed to an abundance of macromolecules like polysaccharides,
proteins, and lipids. These macromolecules are typically the main components of the soluble,
readily extractable, and slowly extractable ISBAMO fractions (Muller et al., 2014). The contrasting
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growth and operating conditions for the development of granular and floccular biomass in this
study could have impacted their macromolecular content. Previous studies reported that the
occurrence of macromolecules in microalgae-bacteria aggregates was associated with different
abiotic factors, including nutrient availability, light intensity, temperature, shear stress, and pH (Li
etal., 2021). These environmental perturbations directly affect the cellular integrity and change the
intracellular distribution of carbon flux, determining whether one or another macromolecule is
produced. For instance, the occurrence of lipids and carbohydrates in the eukaryotic microalga
Scenedemus acuminatus increased due to limited nitrogen availability (Zhang et al., 2019b). This
occurs as these macromolecules are the primary carbon and energy reserves in microalgae that
allow them to cope with environmental stress.

Similarly, the protein content in microalgae-bacteria aggregates decreased from 69% dried
weight to 58% dried weight when HRT was increased from 6 d to 10 d (Arcila and Buitron, 2016).
Such a decrease was linked to the depletion of nitrogen caused by the growth of microalgae and
bacteria. It is possible that operating and process conditions used for growing consolidated flocs
(i.e., wastewater growth medium, 6 d HRT, 12 h photoperiods, 200 umol m2 s, pH 8.4 + 0.4, 22
°C temperature) contributed to their higher nutrient bioaccessibility.

The lower share of extractable fractions and, thus, lower bioaccessibility of organic matter
and nitrogen in loose flocs, smooth granules, and filamentous granules could be then attributed to
the presence of non-extractable humic-like substances. This is supported by the literature, as the
non-extractable ISBAMO fraction contains water-insoluble, non-extractable humic-like substances
(Muller et al., 2014). EPS secretion may explain the abundance of these compounds in loose flocs,
smooth granules, and filamentous granules. Arcila and Buitron (2016) observed that the formation
of microalgae-bacteria aggregates in the form of granules was related to EPS secretion as the
biomass age, or solids retention time, increased. Humic substances are integral components of the
EPS matrix (Tang et al., 2020). These authors reported that humic substances, including fulvic
acids, humic acids, and water-insoluble humin, could be taken up by the EPS matrix from their
surrounding medium, e.g., wastewater effluents or dead cells. Further studies confirmed that
syntrophic interactions between eukaryotic microalga Chlorella pyrenoidosa and bacteria could
decompose humic-like substances in stabilized landfill leachates, thus resulting in water-insoluble
humin (Zhao et al., 2014). Given that only smooth granules were grown in wastewater, the origin

of water-insoluble, non-extractable humic-like substances in loose flocs and filamentous granules
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could be related to other factors, including partially/fully decomposed microbial constituents from
dead cells including partially/fully decomposed dead microbial cells (More et al., 2014). These
could have come from decaying, slow-growing microorganisms, e.g., diatoms, whose debris has
been observed in the core of filamentous granules with large diameters (> 3.0 mm) (Abouhend et
al., 2019).

The prevalence of inorganic phosphorus in the TBP content of consolidated flocs and
filamentous granules is unexpected. In other phototrophic systems, the organic fraction of
phosphorus dominated: In the cyanobacterium Synechocystis sp. PCC 6803, organic phosphorus
accounted for nearly 77% of the total phosphorus content (Zhou et al., 2017). In the eukaryotic
microalga Scenedesmus sp., 71% of the total phosphorus was stored in an organic form when grown
in a synthetic medium (Wu et al., 2021). The high inorganic phosphorus fraction in the bioavailable
phosphorus in this study may result from the activity of PAOs. PAO-enriched aerobic granules
exhibited an inorganic phosphorus fraction as high as 77% of the total phosphorus content (Huang
et al., 2015), similar to the one observed for the different types of microalgae-bacteria aggregates
used in this study.

5.3.4. Effect of starvation

Nutrient availability in the growth medium affects the development and biochemical composition
of microalgae-bacteria aggregates (Arcila and Buitrén, 2016). Therefore, organic matter, nitrogen,
and phosphorus bioaccessibility in loose flocs and filamentous granules were determined before
(nutrient abundant) and after a starvation period. Two contrasted biomass types, loose flocs and
filamentous granules, were grown under nutrient starvation for over 8 and 3 d, respectively, using
the growth media described in the supplementary material (Table S5.4 for loose flocs and Table
S5.5 for filamentous granules). The other operating conditions were kept as described in section
5.2.1. As shown in Figure 5.3, the biomass with contrasted spatial structures, loose flocs versus
filamentous granules, differed in their shift in biochemical compositions when starved. The amount
of poorly extractable organic matter in loose flocs significantly increased from 177 + 10 mg TN g
dry matter in nutrient-abundant conditions to 442 +19 mg TN g dry matter? after starvation. The
non-extractable TOM for this biomass significantly decreased from 502 £ 11 mg COD g dry matter

L in nutrient-abundant conditions to 55 + 10 mg COD g dry matter after starvation. Similarly, the
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poorly extractable fraction of nitrogen in loose flocs also increased from 11 + 1 mg TN g dry matter”
1t0 25 + 2 mg TN g dry matter before and after starvation conditions, respectively.
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Figure 5.3. Contribution of each extracted biochemical fraction to the total organic matter (TOM), total nitrogen (TN),

and total bioavailable phosphorus (TBP) observed for loose flocs and filamentous granules before and after starvation
conditions.

The notable increase in the poorly extractable fraction of starved loose flocs correlates with

an abundance of cellulose-like and hemicellulose-like key compounds targeted by this fraction
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(Muller et al., 2014). Under nutrient-abundant conditions, microalgae store polysaccharides in
many ways, including polymeric cellulose-like and hemicellulose-like substances in the inner layer
of their cellular wall. These cellular constituents not only provide rigidity and protection against
environmental interferences but also represent up to 7.1% (cellulose) and 16.3% (hemicellulose)
of their dry matter content in microalgae-bacteria aggregates (Zanchetta et al., 2021). However,
previous studies have reported that cellulose and hemicellulose content in microalgae could also
be positively influenced by starvation. The eukaryotic microalga Nannochloropsis salina grown
under nitrogen deficiency experienced a twofold increase in cellulose content compared to growth
under nutrient abundance (Jeong et al., 2017). The authors proposed that microalgae channel excess
energy and carbon intermediates from photosynthesis toward synthesizing storage molecules,
including cellulose-like compounds, as an alternative sink. This redirection was seen as a response
to inhibiting anabolic pathways requiring nitrogen, i.e., amino acid and nucleotide synthesis, which
usually works as the primary energy and carbon sink in microalgae.

The key components of the non-extractable ISBAMO fraction are water-insoluble, non-
extractable humic-like substances that come from EPS or partially/fully degraded microbial
constituents. Therefore, decreased non-extractable fractions after starvation could be associated
with limited degradation of microbial constituents because of decayed microbial activity.
Starvation leads the cell into a dormant-like state with no metabolic activity to synthesize microbial
constituents and potentially transform them into water-insoluble, non-extractable humic-like
substances (Neumann et al., 2021). Previous studies confirmed these observations, where the lack
of one or more nutrients during the formation of microalgae-bacteria aggregates decreased the
abundance of humic-like substances in anaerobic digestate effluent (Xie et al., 2018).

5.3.5. Complexity of microalgae-bacteria aggregates

The structural complexity of the ISBAMO fractions was determined to complement the
bioaccessibility characterization of the different types of microalgae-bacteria aggregates. This
complexity assessment allowed 1) the identification of groups of molecules based on their
fluorescence excitation and emission wavelengths and ii) the estimation of a complexity index
based on all fluorescence information (Jimenez et al., 2015b; Muller et al., 2014). This complexity
index is defined by dividing the sum of fluorescence volumes of complex, humic-like substances

by the sum of fluorescence volumes of simpler compounds (e.g., tyrosine, tryptophane, and
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microbial-related constituents). A fluorescence complexity index (FCI) greater than 1.0 indicates
a dominance of complex, humic-like substances whereas an index smaller than 1.0 indicates a
dominance of simpler compounds (Fernandez-Dominguez et al., 2021).

The fluorescence complexity indices from ISBAMO fractions for the samples from the
starvation experiments, i.e., loose flocs and filamentous granules, are presented in Figure 5.4. Most
aggregate types had an FCI lower or equal to 1.0, indicating that most bioaccessible fractions are
primarily simple constituents, e.g., tyrosine, tryptophane, and microbial-related constituents. These
results follow earlier studies in the eukaryotic microalga Scenedesmus acuminatus grown under
nutrient abundance and starvation, where up to 32% of its dry matter is in the form of amino acids,
including tyrosine (Zhang et al., 2019b). Similarly, the Chlorella genus commonly contains about
17% and 10% of its total dried biomass in the form of soluble polysaccharides (Gifuni et al., 2018)
and triacylglycerides (Andeden et al., 2021), respectively.
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Figure 5.4. Fluorescence complexity index (FCI) for the different biochemical fractions from loose flocs and

filamentous granules before and after starvation conditions.

Whatever the spatial structure of the biomass (loose flocs or filamentous granules), two
fractions had an FCI greater or equal to 1.0, indicating an abundance of complex, humic-like
substances. These specific fractions were the soluble fraction from filamentous granules grown

under nutrient-abundant conditions and the poorly extractable fraction from loose flocs grown
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under starvation. Even though the discussed results did not distinguish between the contribution of
external (e.g., EPS) and internal (e.g., microbial-related constituents) compounds to the complexity
of microalgae-bacteria aggregates, the overall complexification of these fractions could be related
to the adsorption of humic-like substances by EPS during microalgae-bacteria aggregation (Zhao
et al., 2014) or to the partial decay of cells (Xie et al., 2018). These sources of biomass complexity

should be considered in future studies.

5.4. Conclusion

Biochemical fractionation methods were applied to morphologically distinct microalgae-bacteria
aggregates to characterize their molecular complexity and organic matter, nitrogen, and phosphorus
bioaccessibility. This study shows that morphologically distinct microalgae-bacteria aggregates
have different total organic matter, total nitrogen, and total bioavailable phosphorus content.
Floccular biomass in consolidated flocs contains more bioaccessible fractions of organic matter,
nitrogen, and phosphorus than other analyzed structures. This biomass also presents the highest
proportions of soluble, readily extractable, and slowly extractable organic matter and nitrogen, as
well as bioavailable phosphorus in the form of inorganic phosphorus. After starvation, changes in
the poorly extractable and non-extractable fractions of organic matter in floccular biomass were
observed, suggesting that humic-like substances mostly accumulate under these conditions. All
microalgae-bacteria aggregates presented a low molecular complexity, highlighting their benefits
as soil fertilizer. The results indicated that microalgae-bacteria aggregates are a promising source

of highly bioaccessible organic matter, nitrogen, and phosphorus.
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6. General conclusion and future perspectives
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This thesis confirmed that combining abiotic stress factors like nitrogen limitation and low
dissolved oxygen concentration improved the production of polyhydroxyalkanoates as
polyhydroxybutyrate in microalgae-bacteria consortia biomass. Moreover, this combined stress
strategy also increased the removal of dissolved nutrients and mineralization of dissolved organic
matter in municipal wastewater, improving the effluent quality. The overall conclusions of this
thesis are divided according to the delineated experimental parts of the study and are presented in
the specified order.

It was evidenced that polyhydroxyalkanoate-producing microalgae were retrieved from
municipal activated sludge and contaminated freshwater samples. Subjecting microalgae cultures
from these sources to nitrogen-limited conditions improved polysaccharides content (41% dCW or
460 mg glucose g dried biomass™) over polyhydroxyalkanoates (0.5% dCW or 5 mg g dried
biomass™). The rather low production of polyhydroxyalkanoates was related to the
supplementation of exogenous organic carbon from cellular death and the semi-open method of
cultivation, which could have led to the growth of non-accumulating strains.

Polyhydroxyalkanoate production in Synechocystis sp. was maximized by manipulating
dissolved oxygen concentration in a nitrogen-limited growth medium. Lowering dissolved oxygen
concentrations to 1.2 mgOz L™ in nitrogen-limited medium maximized polyhydroxybutyrate
concentration of Synechocystis sp., achieving up to 12% dCW or 95 mg L™1. A high redox state was
observed under these conditions, suggesting that the increased production of polyhydroxybutyrate
likely occurred due to the inactivation of electron-consuming processes linked to high dissolved
oxygen concentrations (photorespiration).

The syntrophic interactions between Synechocystis sp. and wastewater-borne bacteria in
primary effluent led to nitrogen-limited conditions. The combination of nitrogen limitation and low
dissolved oxygen concentrations (5.7 mgO2 L™) in municipal wastewater achieved high
polyhydroxybutyrate production yields (9.8% dCW or 80 mg L™?) due to the inhibition of
photorespiratory activity. Moreover, that combined strategy was also able to reduce chemical
oxygen demand, ammonia nitrogen, and phosphorous content in wastewater from 265 to 63
mgCOD L™ (92% removal), 104 to 1.5 mgNH4*-N L (99% removal), and 5.0 to 1.6 mgPO4>-P L
1 (88% removal), respectively.

The bioavailability of organic matter, nitrogen, and phosphorus of microalgae-bacteria

biomass with different morphological structures was evaluated. It was observed that nutrients
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bioavailability of microalgae-bacteria biomass content varies according to the morphological
structure, which is determined by the abundance of microorganisms and their metabolic products.
In this context, more than 94% of the total organic matter, nitrogen, and phosphorus content of
microalgae-bacteria biomass from consolidated flocs was extractable. These results were attributed
to an abundance of macromolecules like polysaccharides, proteins, and lipids, which are more
easily accessible to soil microorganisms. Moreover, nitrogen-limited conditions were observed to
increase the extractability of microalgae-bacteria biomass flocs. That was linked to the fact that
microalgae-bacteria consortia channel energy and carbon intermediates from photosynthesis
toward synthesizing more extractable storage molecules, like cellulose, under nitrogen limitation.

Overall, results obtained in this thesis confirmed that microalgae-bacteria biomass is a
promising and attractive approach for removing organic matter and nutrients from wastewater
while simultaneously producing polyhydroxyalkanoates for potential bioplastic production.
However, some challenges are to be overcome to achieve an efficient scale-up of the technology.
These include an optimization of the selection and cultivation procedures of
polyhydroxyalkanoate-producing microalgae, the automatic control of sensitive operational
conditions that could interfere with polyhydroxyalkanoate production (phosphorus availability,
inorganic carbon concentration, pH, temperature), integration of optimal oxygen management
strategies to lower dissolved oxygen concentration, and valorization of the polymer metabolic
pathway in microalgae to develop a biorefinery concept for polymer-based bioproducts

(bioplastics, biofertilizers, biofuels, etc.).
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Figures

50 pm

Figure S0.1. Microscopic imaging of non-stressed polymer accumulating photoautotrophic strains observed under

fluorescence microscope at 40X after straining with Nile red dye. Any observed fluorescence, only a dark field.
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Figure S0.2. Indoor cultivation of C. sorokiniana dominated consortium in FP-PBR under nutrient-rich (left) and

nutrient-unbalanced (right) conditions. Note yellowish color.
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Tables

Table S5.1. Organic matter content in each fraction extracted from microalgae-bacteria aggregates. Lowercase letters
indicate whether there are significant differences (p < 0.05) between fractions extracted for each sample. Percentage

in terms of Total Organic Matter content.

Organic matter Total organic
(mgCOD-g dry matter™) matter
Sample type Soluble Readily Slowly Poorly Non- (mgCOD-g
extractable extractable extractable extractable extractable dry matter?)
108+1% 101+1°¢ 116+3°¢ 177+10° 502+11° c
Loose flocs (10%) (10%) (12%) (18%) (50%) 1004 £ 2
Consolidated 186+7° 359+1°% 304+1% 182+13° 66+38° oo -
flocs (17%) (33%) (28%) (16%) (6%) -
Smooth 181+53% 207+17° 157+17° 168+9P° 495+25° 1208 + 71 2
granules (15%) (17%) (13%) (14%) (41%) -
Filamentous 111+5% 121+7°¢ 157+8° 478+15% 356+25° 1293 +1°

granules (9%) (10%) (13%) (39%) (29%)
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Table S5.2. Nitrogen content in each fraction extracted from microalgae-bacteria aggregates. Lowercase letters indicate
whether there are significant differences (p < 0.05) between fractions extracted for each sample. Percentage in terms

of Total Nitrogen content.

Nitrogen Total
(mgTN-g dry matter?) nitrogen
Sample type Soluble Readily Slowly Poorly Non- (mgTN-g dry
extractable extractable extractable extractable extractable matter?)
22+1°2 9+1°¢ 11+1° 11+1° 40+ 12 .
Loose flocs 5394 (10%) (12%) (12%) (43%) 93+3
Consolidated 21 +9? 36+22 16 +2°2 g+1¢ 7+5° 88 + 42
flocs (24%) (41%) (18%) (9%) (8%) -
Smooth 12+132 21+1° 15+ 432 7+1¢ 4 £4° 5913
granules (20%) (36%) (25%) (12%) (7%) B
Filamentous 6+12 11+1° 15+1° 33+1° g+1b 73490
granules (8%) (15%) (21%) (45%) (11%) -
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Table S5.3. Total bioavailable phosphorous content in each fraction extracted from microalgae-bacteria aggregates.

Lowercase letters indicate whether there are significant differences (p < 0.05) between fractions extracted for each

sample. Percentage in terms of Total Bioavailable Phosphorous content.

Sample type

Bioavailable phosphorous
(mg TBP-g dry matter?)

Total bioavailable phosphorous

Inorganic Organic (mg TBP-g dry matter™)
phosphorous phosphorous
11+1° 3+1° b

Loose flocs (81%) (19%) 14+1

Consolidated 16+1°2 1+1° 17413

flocs (93%) (7%)

Smooth 15+1°2 2+1° a

granules (92%) (8%) 17+1

Filamentous g+1b 5+1°2 13410

granules (70%) (30%) -
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Table S5.4. Initial concentration of the BG-11 growth medium used for the cultivation of loose flocs under nutrient

reduced conditions for bioaccessibility of organic matter, nitrogen, and phosphorous and molecular complexity

assessment.

Difference with BG-11

Component Concentration (mg-L™?) growth medium described in
section 4.2.1 (%)

NaMgEDTA 14

(NHa)s[Fe(CsH407)2 6.0

CsHgO7-H20 6.0

CaCl,-2H,0 6.0

MgS0O4-7H20 75

K2HPO4 192

Na2CO3 20 none

H3BO3 2.9

MnClz-4H20 1.8

ZnS04-7H20 0.22

Na:Mo0O4-2H.0 0.39

CuS04-5H20 0.079

Co(NOs)2-6H20 0.0494

NaNOs 0 -100%
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Table S5.5. Initial concentration of the nitrate mineral salt growth medium used for the cultivation of filamentous
granules under nutrient reduced conditions for bioaccessibility of organic matter, nitrogen, and phosphorous and

molecular complexity assessment.

Difference with nitrate
mineral salt growth medium

Component Concentration (mg-L™?) described in section 4.2.1
(%)

CH3COONa 62

KH2PO4 1.4

Na,HPO4-12H,0 2.8

(NH4)2S04 25

Na.EDTA-2H0 0.625

Na2Mo004.2H,0 0.00025

FeSO4.7H20 0.0025
-75%

H3BOs 0.005

ZnS04.7H20 0.001

MnCl; 0.00025

CoCl2-6H20 0.0025

CuS04-5H20 0.0035

FeCls 0.05

NiCl2-6H.0 0.00025
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Methods

Polyhydroxyalkanoates content using gas chromatography
1. Take 25 mL of the desired culture and place it in a 50 mL Falcon tube. Harvest the cells by
centrifuging at 3000 g for 20 min. Thoroughly discard the supernatant.

2. Spread the cell pellets in plastic trays and freeze for at least 4 h at -2 °C. Afterwards, freeze-
dried the sample at -85°C and 0.05 hPa for 24 h.

3. Retrieve dried biomass using a spatula, place it in a 50 mL Falcon tube, and ground using 4.8-

mm stainless steel beads in a bead mill for 6 min.

4. Weight 10-20 mg of freeze-dried biomass in a 10 mL glass test tube with a Teflon liner screw
cap and add 2.0 mL volume of acidified (2 % v/v H2SO4) methanol and 2.0 mL of chloroform.

Vortex for 1 min.

5. Place the tubes in a dry bath at 120 °C for 2 h. Then, let the sample cool at room temperature
for 15 min. Add 1.0 mL of distilled water to the sample and vortex again for 1 min to facilitate

the solvent separation by density.

6. Retrieve the bottom layer using a glass Pasteur pipette and filter through a 0.45um pore-size

nylon membrane filter.

7. Take a small aliquot from the glass test tube (1.0 pL) and inject into the gas chromatograph.
Polyhydroxyalkanoates were determined as polyhydroxybutyrates and polyhydroxyvalerate. A
calibration curve was also performed following the steps before using Poly[(R)-3-
hydroxybutyric acid-co-(R)-3-hydroxyvaleric acid] of natural origin.
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Polyhydroxyalkanoates using Nile red fluorescent staining
1. Take 10 mL of the desired culture and place it in a 15 mL Falcon tube. Harvest the cells by
centrifuging at 3000 g for 20 min.

2. Discard the supernatant and resuspended cell pellets in 1.0 mL of Nile red dye (100 pg mL™*

dissolved in Dimethyl Sulfoxide (DMSQ)). Incubate for 10 min at room temperature.

3. Retrieve 20 pL of the stained cell pellets with a micropipette and place it in a glass-slide. Heat-
fixed the sample using a Bunsen burner. Remove excess dye with distilled water.

4. Place the slide in a fluorescence microscope equipped with an excitation filter (450-490 nm),
emission filter (515 nm), and a dichroic beam splitter (500 nm). Polyhydroxyalkanoates, more

specifically polyhydroxybutyrates, granules would take a bright red color.

Polysaccharides content using phenol-sulfuric method.
1. Take 10 mL of the desired culture and place it in a 15 mL Falcon tube. Harvest the cells by
centrifuging at 3000 g for 20 min. Thoroughly discard the supernatant.

2. Spread the cell pellets in plastic trays and freeze for at least 4 h at -2 °C. Afterwards, freeze-
dried the sample at -85°C and 0.05 hPa for 24 h. Retrieve dried biomass using a spatula, place
it in a 50 mL Falcon tube, and ground using 4.8-mm stainless steel beads in a bead mill for 6

min.

3. Weight 1-2 mg of freeze-dried biomass in a 10 mL glass test tube with a Teflon liner screw cap
and add 1.0 mL of HCI with a concentration of 1.0 M. Vortex for 1 min. Place the tubes in a

dry bath at 100 °C for 2 h. Then, let the sample cool at room temperature for 15 min.
4. Take 1.0 mL of the sample and place it in in a 10 mL glass test tube with a Teflon liner screw

cap. Add 1.0 mL of 5.0% m/V phenol solution and 5.0 mL of concentrated (36 N) H2SOa.
Vortex for 10 s.
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5.

Incubate for 10 min at room temperature. Then, place the glass test tube in a lukewarm water
bath (25 to 30 °C) for another 15 min.

Take a small aliquot from the glass test tube and measure the absorbance in a spectrophotometer
at 490 nm. A calibration curve was also performed following the steps before using glucose

solutions in concentrations from 2 to 100 mg L 2.
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Storage of photoautotrophic microorganisms

1.

Prepare the recommended solid culture medium for the isolated cyanobacteria or microalgae
strain. Recommended growth media for cyanobacteria is BG-11, for freshwater microalgae is
Basal Bold Medium or BBM, for Spirulina is Zarrouk, for diatoms and coastal seaweeds is f/2
and for marine algae is Artificial Seawater or ASN-III. Sterilize at 15 psi for 30 minutes at
121°C.

Disinfect a designated workspace using 5% v/V NaOCI. Then, place the strain to be inoculated
and sterilized glassware (Petri dishes, sterilized medium, inoculation loop, etc.) within a 15-25

cm radius from the Bunsen burner flame.

After 10 minutes, pour enough culture medium into a Petri dish to reach one-third of the total
container height. Allow it to solidify at room temperature within the sterilized area and on a

flat surface.

If the strain is on a solid medium, allow the inoculation loop to heat up until red-hot in the
Bunsen burner flame and let it cool behind the flame. Take a sample using the loop's tip and
perform a basic streak on the culture medium surface. Seal the Petri dish with parafilm and

masking tape when finished.

If the strain is in a liquid medium, retrieve a known volume of the strain using a previously
cleaned pipette behind the Biinsen burner. Empty the sample into the Petri dish, close the lid,
and gently spread the liquid in circular movements by gently tilting the Petri dish around the
worktable. Seal with plastic wrap and masking tape.

Finally, incubate the Petri dishes at room temperature in a well-lit room or area. Repeat the

process up to every three months for maintaining inoculums at an exponential phase.
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