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Abstract

The excessive presence of phosphorus in municipal wastewater streams is a critical concern,
contributing to environmental issues, including eutrophication. The potential solution lies
in harnessing the capabilities of Purple Non-Sulfur Bacteria (PNSB) to remove and recover
phosphorus from municipal wastewater, transforming it into a valuable resource for
agriculture as P-fertilizer. PNSB, with their unique ability to accumulate phosphorus as
polyphosphate (polyP) within their cells, offer a promising avenue for sustainable resource
recovery.

This thesis is part of a multifaceted research endeavor aimed at advancing our
understanding of PNSB-driven bioresource recovery in municipal wastewater treatment.
The research is structured around three interrelated objectives: (1) investigating the
impact of decoupling Solid Retention Time (SRT) and Hydraulic Retention Time (HRT)
on phosphorus uptake by PNSB, (2) exploring the consequences of varying phosphorus
concentrations in the influent on PNSB-mediated phosphorus uptake (3) employing 16s

rRNA gene analysis to unravel the intricate microbial community dynamics within the
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reactors, shedding light on the population diversity and shifts in response to changing
operational conditions.

The methodology involved the operation of steady-state batch reactors over a period of
230 days, with PNSBs cultivated in synthetic wastewater. Reactor operation was monitored
by measuring TSS, VSS, COD, and inorganic orthophosphate (Pi), or (PO4*-P) periodically.
The microbial communities were assessed using 16s DNA sequencing, and visualized using
the fluorescent stain DAPI and the chromatic stain LP2.

The results revealed that decoupling SRT-HRT parameters led to the formation of distinct
PPB communities with genera from Rhodobacteraceae and Xanthobacteraceae forming the
PNSB guild. The emergence of fermenters in the system underlines the challenges of reactor
stability in wastewater treatment, particularly in the presence of high organic loads.

This research offers valuable insights into the potential of PNSBs for phosphorus recovery
and highlights the need for robust systems to maximize resource valorization while addressing
challenges associated with reactor stability and phosphorus measurement accuracy. The
study’s findings contribute to the broader goal of sustainable wastewater treatment and

resource management, paving the way for future advancements in this critical field.
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Résumé

La présence excessive de phosphore dans les flux d’eaux usées est une préoccupation
majeure qui contribue a des problemes environnementaux tels que l’eutrophisation. La
solution potentielle consiste a exploiter les capacités des bactéries pourpres non sulfureuses
(PNSB) pour éliminer et récupérer le phosphore et le transformer en une ressource
précieuse pour 'agriculture sous forme d’engrais. Les PNSB, avec leur capacité unique a
accumuler le phosphore sous forme de polyphosphate (polyP) a l'intérieur de leurs cellules,
offrent une voie prometteuse pour la récupération durable des ressources.

Cette these porte sur un projet de recherche a multiples facettes visant a améliorer
notre compréhension de la récupération des bioressources par les PNSB dans le cadre du
traitement des eaux usées. La recherche s’articule autour de trois objectifs interdépendants

(1) étudier I'impact du découplage du temps de rétention solide (SRT) et du temps de
rétention hydraulique (HRT) sur I’absorption du phosphore par le PNSB, (2) explorer les
conséquences de la variation des concentrations de phosphore dans linfluent sur

'absorption du phosphore par le PNSB (3) utiliser I’analyse des génes de ’ARNr 16s pour
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déméler la dynamique complexe de la communauté microbienne au sein des réacteurs, en
mettant en lumiere la diversité et les changements en réponse a des conditions
opérationnelles changeantes.

La méthodologie a consisté a faire fonctionner des réacteurs discontinus en régime
permanent sur une période de 230 jours, avec des PNSB cultivés dans des eaux usées
synthétiques. Le fonctionnement du réacteur a été controlé en mesurant périodiquement les
MES, les MESV, la DCO et le PO,*-P. La communauté microbienne a été évaluée par
séquencage de ’ADN 16s.

Les résultats ont révélé que le découplage des parametres SRT-HRT a conduit a la
formation de communautés PPB distinctes avec des genres de Rhodobacteraceae et
Xanthobacteraceae formant la guilde PNSB. L’émergence de fermenteurs dans le systeme
souligne les défis de la stabilité des réacteurs dans le traitement des eaux usées, en
particulier en présence de charges organiques élevées.

Cette recherche offre des indications précieuses sur le potentiel des PNSB pour la
récupération du phosphore et souligne la nécessité de systémes robustes pour maximiser la
valorisation des ressources tout en relevant les défis associés a la stabilité du réacteur et a
la précision de la mesure du phosphore. Les résultats de 1’étude contribuent a 1’objectif
plus large du traitement durable des eaux usées et de la gestion des ressources, ouvrant la

voie a de futures avancées dans ce domaine essentiel.
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Chapter 1

Introduction

1.1 Municipal Wastewater as a Resource

Municipal wastewater consists of organic, inorganic, and biological pollutants that can cause harm
to humans and the environment if the water is directly discharged into natural water bodies.
Among all the nutrients present in wastewater, phosphorous is important because it contributes
to the excessive growth of cyanobacteria and other photosynthetic aquatic organisms leading to
the eutrophication of lakes (Jenkins and Wanner, 2014). Therefore, processes have been developed
that employ open microbial communities to achieve phosphorus removal and recovery, such as the
Enhanced Biological Phosphorus Removal (EBPR) process. Once recovered from the wastewater,
phosphorus has traditionally been applied on agricultural and reforested land as biofertilizer (Burn
et al., 2014; Schaum, 2018).

Carbon, nitrogen, phosphorus, and other elements present in wastewater are essential for the
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metabolic functions of the microorganisms in wastewater (Madigan et al., 2018). The microbiota
of domestic wastewater that originates in part from human waste and greywater, and that grows
in the sewer system itself, has the capacity to accumulate these nutrients within their cell bodies.

The nutrient-accumulating property of microorganisms is utilized in an activated sludge process
where the process of cell formation transfers part of the soluble nutrients from the wastewater to
the solids that can settle in the secondary clarifier. Such filamentous (e.g., Microthrix spp.) and
floc-forming (e.g., Zoogloea) organisms growing in appropriate balance provide the matrix in which
other bacteria thrive. They form a structure that is called a floc, which is readily separated from
the treated water by gravity (Grady et al., 2011). However, cell synthesis alone is insufficient to
remove the phosphorus for adequate protection of the natural environment. A special activated
sludge configuration forcing the biomass to cycle between (1) anaerobic conditions in the presence
of volatile fatty acids (VFA) from the influent and (2) aerobic conditions with minimal residual
(VFAs) is the basis for the Enhanced Biological Phosphorus Removal (EBPR) process (Jenkins and
Wanner, 2014).

While an activated sludge process configuration like the EBPR is superior to the
physicochemical processes for P-removal such as P-precipitation with dissolved iron and ion
exchange, due to comparatively low sludge production, the presence of the aerobic step makes it
an energy-intensive and complex process (Bunce et al., 2018). Approximately 38-52% of the total
energy required by a wastewater treatment plant is accounted for electrical energy (Rodziewicz
et al., 2022), and aeration consumes 30% to 60% of total electrical energy supplied (Izadi et al.,

2022). On the contrary, anaerobic processes can lower the energy requirement by eliminating the
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aerated aerobic step from wastewater treatment processes.

To create a sustainable, resource-cycling process, the potential of recovering nutrients in their
original form or as useful products should be considered in addition to energy reduction. Biosolids
generated after anaerobic processing of municipal wastewater organics and sludges are expensive
to dispose of, as they must be incinerated or landfilled when not used as fertilizers. Further, the
safety of applying these biosolids directly on land is questionable (Marchuk et al., 2023).
Wastewater contains valuable minerals and nutrients that can be 'mined’ before it is disposed of
as sludge. Aerobic treatment of wastewater has the potential to mineralize the organic
components of wastewater, for example, up to 60% of nitrogen is converted to inorganic nitrogen
(Magdoff and Chromec, 1977). Recovering the mineralized nutrients post-aerobic treatment is
difficult as the nitrogen and phosphorus are released into the supernatant from the sludge and
require additional processes for their recovery, including physicochemical or biological processes
(Wang et al., 2014).

Anaerobic bacteria coupled with methanogenic archaea can treat the wastewater at a low cost
while producing less residual sludge for disposal, and providing useful methane gas. These
methanogenic processes utilize a low amount of energy and have a high organic matter removal
efficiency (Zieliniski et al., 2023). However, their very low biomass yield makes them extremely
resourceful for the removal and recovery of N and P nutrients (Huang and Tang, 2007).
Furthermore, their low growth rate requires long solids retention times (SRT) to achieve
regulatory discharge limits (Forrez et al., 2011). This is an especially bad challenge in cold

seasons like the Canadian winter, where the cold temperature further multiple the necessary
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length of SRTs (Bhate, 2022). Therefore, it is necessary to find novel biological processes to

optimize resource recovery in all climates.

1.2 Purple Non-Sulfur Bacteria

Purple non-sulfur bacteria (PNSBs) are a subset of photosynthetic bacteria that absorb light in
the infrared region of the light spectrum. The low energy that PNSBs harvest defined their
preferred electron donor and carbon source to be photoorganoheterotrophic in anaerobic
conditions. Thus, they use organic acids and aromatic compounds as sources of relatively high
energy electrons and of already fixed carbon (Adessi and De Philippis, 2013; Capson-Tojo et al.,
2020; Fradinho et al.,, 2021; Imhoff, 1995). Nonetheless, they can also grow
photolithoautotrophically in the presence of hydrogen or thiosulfate. The metabolic versatility
and commercial potential of PNSBs in anaerobic conditions make them attractive candidates for
cost-effective, low-energy, and sustainable wastewater treatment. Their utilization of light energy
allows them to maintain relatively fast specific growth rates and to maintain high biomass yields
even at low temperatures. From the perspective of organic value-added products, they are a good
source of protein and carotenoids, which make the resulting biomass interesting as animal feed
(Capson-Tojo et al., 2020). In the broader group, microalgae and PPBs have shown promise as
low-energy nutrient accumulators, yielding high biomass. Their photosynthetic, anaerobic, and
high yields make them attractive options for resource recovery (Zarezadeh et al., 2019). Although
phosphorus accumulation has been observed in heterotrophic PAOs and other phototrophs like

microalgae (Akbari et al., 2021), classical heterotrophic PAOs require aerobic conditions and are



1. Introduction 5

difficult to maintain (Fall et al., 2022). However, PNSBs can utilize several inorganic electron
donors when they employ photoautotrophic metabolism, unlike microalgae (Capson-Tojo et al.,
2020; Hunter et al., 2008). Finally, with respect to phosphorus in wastewater (the nutrient of
focus for this study), PNSBs can take it up and store it as polyphosphate (polyP) in addition to
biomass synthesis. This forms the basis of employing PNSBs for wastewater valorization where
the stored phosphorus in the form of polyP can be recovered and up-cycled. The importance of
P-sequestration in the form of polyP has been extensively studied in EBPR systems (Fradinho
et al., 2021; Rittmann and McCarty, 2012).

Notwithstanding experiments to understand the behaviour of pure cultures of PNSBs for
phosphorus removal has been carried out in the past (Imhoff, 1995; Lai et al., 2017; Ohtake et al.,
1985; Stante et al., 1997), it is only recently that PNSB behavior in large-scale open community
systems is being explored. PNSBs can show a marked difference in their metabolism for nutrient
accumulation when in pure culture versus in a consortium (Constanina et al., 2020). Thus, there
is a need to understand the conditions that influence polyP accumulation in PNSB when present

with other microbiota in actual wastewater treatment reactors.

1.3 Phosphate Removal and PHAs Accumulation

Integrated System

As mentioned in the previous section, anaerobic treatment of wastewater sludge is superior to

aerobic treatment due to low electrical energy input to the treatment plant, and possible
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application in cold climates. In addition to these benefits and the high level of proteins and
carotenoids in the biomass, the accumulation of storage compounds could in themselves
additional value-added products. Beyond polyP accumulation, a number of PNSB species are
known to accumulate polyhydroxyalkanoates (PHAs), which are bioplastic precursors. This is of
special interest as both phosphate and PHAs are commercially useful products, and have the
potential to be harvested sustainably from wastewater.

Depending on the biochemical transformation process needed to obtain the desired end product,
several kinds of wastewater treatment configurations have been developed (Grady et al., 2011).
One such configuration is the EBPR system, which utilizes heterotrophs in a cyclical anaerobic
aerobic environment to remove phosphorus from the influent wastewater with the intermediate
accumulation of PHAs. This process clearly establishes the metabolic relationship between polyP
and PHAs accumulation in certain species. In aerobic-activated sludge systems, the enrichment of
the microbial populations capable of PHAs accumulation is also favored by the feast and famine
cycle that the biomass experiences in plug-flow reactors (Constanina et al., 2020). In these systems,
polyP and PHAs accumulation provide energy storage for the cell allowing it to either take up
substrate in the absence of an energy source (polyP in EBPR) or survive famine stages (PHAs in
activated sludge). For PNSBs, at least for some species, the production of ATP over the carbon
incorporation capacity of the cell leads to a significant increase in polyP accumulation (Fradinho
et al., 2021). Inspired by the configurations in other wastewater treatment systems, it may be
possible to engineer a selective environment that pushes for even greater accumulation of these

storage compounds by PNSBs.
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The photosynthetic enrichment method uses anaerobic operation and various illumination
configurations to select polyP and PHAs accumulating organisms (Capson-Tojo et al., 2020;
Kourmentza et al., 2017). Photosynthetic bacterial consortia live longer than other
microorganisms in a permanently illuminated anaerobic feast phase (Kourmentza et al., 2017).
Additionally, several of the existing studies focus on PHAs production using pure PPB cultures
(Capson-Tojo et al., 2020; Montiel-Corona and Buitrén, 2021) or heterotrophic aerobic mixed
cultures (Almeida et al., 2021; Higuchi-Takeuchi et al., 2016; Kourmentza and Kornaros, 2016).
Although other factors are currently being explored that are necessary to understand the
metabolism of PNSBs to enable their enrichment in open communities such as wastewater
(Fradinho et al., 2021), this study aims to contribute to a better understanding of the wastewater
treatment conditions that favor the enrichment of PNSBs and enable high uptake of carbon and
phosphorus. In earlier experiments conducted in the Frigon Lab, polyphosphate was the nutrient
of interest. Experiments were conducted to determine if it could be accumulated by PPBs in
unoptimized anaerobic conditions. This led to an exploration of two questions on the polyP
accumulating properties of PPBs in different environments: 1. How can different illumination
parameters leading to light limitations affect PPB enrichment and poly-P uptake?; and 2. How
does a short solid retention time affect the enrichment of PPBs and subsequently Poly-P
accumulation? (Jaber, 2020) While these studies were undertaken, as an extension to the second
question mentioned above, other operational parameters were explored as a part of this thesis.

The nutrient uptake by PNSBs can be optimized by adjusting the reactor conditions for the

enrichment of bacteria. As mentioned above, a continuous feast with permanent illumination in an
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anaerobic environment was found to promote polyP (Jentzsch et al., 2023) and PHAs (Constanina
et al., 2020) accumulation. Additionally, in a photobioreactor, the light intensity (Cerruti et al.,
2022; Katsuda et al., 2004), light path (Gonzélez-Camejo et al., 2020), solid retention time (SRT),
and hydraulic retention time (HRT) (Grady et al., 2011), organic loading rate (OLR) (Blansaer
et al., 2022), ratios of carbon, nitrogen and phosphorus (Capson-Tojo et al., 2020; Hiilsen et al.,
2014) are important criteria in designing treatment systems that can concurrently become resource
sinks.

Among the above-mentioned conditions, the SRT and HRT are critical factors in determining
the microbial community within the reactor. The organic sources present in the waste lead to
competition between microorganisms. A change in the retention time of the solids or liquids in
wastewater alters its organic composition which can encourage the proliferation of bacteria with

different specific growth rates (pnet) according to Equation (1.1) (Reis et al., 2011):

1
et = oo (1.1)

Thus, SRT can drastically alter the microbial community composition in the reactor (Grady
et al., 2011; Rittmann and McCarty, 2012). Optimizing the SRT and HRT to improve the
population density of open bacterial communities in a wastewater treatment plant has been a
well-researched topic (Chen et al., 2021; Solmaz and Isik, 2019; Xu et al., 2015; Zhang et al.,
2021). As an extension to this, it has been observed that decoupling the SRT and HRT has some
advantages. A higher SRT with lower HRT encourages the proliferation of slow-growing

phototrophs, and high biomass accumulation by virtue of an increasing OLR (Zhang et al., 2021).
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The separation of the SRT and HRT is called decoupling and has been used for enriching
microalgae. However, the research to establish the effect of different SRT/HRT configurations on
PNSB enrichment and nutrient removal is in its nascent stage. On extrapolating these parameters
to the PNSBs studied here, some probing questions are raised: Does decoupling of SRT provide
an advantage by boosting PNSB enrichment in reactors? What kind of microbial communities
can be selected for when PPB-growth-inducing conditions are applied along with SRT/HRT
decoupling? These questions remain to be explored in photobioreactors for PNSBs.

Similarly, among the several nutrients affecting the microbial community composition, the
concentration of phosphorus in the influent can influence the population in the reactor. Further,
inorganic orthophosphate (o-Pi) concentration in municipal wastewater can be a limiting
component in PNSB growth. Very few studies have been conducted to explore the effect of
o-Pi-deficiency on purple bacteria (Benning et al., 1993; Shaikh et al., 2023). Liang et al. (2010)
studied PAOs in o-Pi-limited conditions with up to 23 mg PO4*-P/L in the influent, and Dong
et al. (2021) studied efficiency of o-Pi-removal for isolated Rhodobacter spheroids at 50 mg
PO,%-P/L. Further, previous experiments have shown that complete removal of o-Pi from the
influent is not achieved in the low-o-Pi conditions of 23-25 mg PO,4*-P/L (unpublished data). As
far as the knowledge and resource availability of the author goes, no study was found to
understand if low o-Pi concentration can affect polyP accumulation in PNSBs. Thus, a new
knowledge gap has been identified that this thesis aims to address: Can reducing the o-Pi
concentration in the influent to less than 23 PO4*-P/L have an effect on P-accumulation within

the PNSBs? How does the microbial community change under extreme o-Pi limitation?
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1.4 Objectives

PNSBs have the potential to be applied for both phosphorus and PHAs recovery. While species-
level knowledge of PNSB metabolism exists, their behavior in an open community in wastewater
is yet to be fully understood. Certain gaps in the literature were identified with respect to PNSB
behavior. First, it is the effect of the retention time on PNSB enrichment and nutrient accumulation.
Second, is exploring the tendencies of PNSB when o-Pi limitation is introduced. Additionally, the
microbial community changes that may happen within the wastewater treatment community due
to the above changes are also of interest. The possibility of enrichment of PNSBs can be identified
by undertaking a 16S rRNA gene amplicon sequencing analysis to determine microbial population
diversity.

To explore the possibilities of PNSB behavior and population dynamics by changing reactor

conditions, the following objectives were defined:

1. To determine the effect of the specific growth rate of PNSB on phosphorus uptake and

accumulation when SRT and HRT are decoupled;

2. To determine if P-limitation in the influent impacts P-uptake by purple bacteria.

1.5 Organization of Thesis

The thesis literature review and research content has been organized into four additional chapters
described below:

Chapter 2 describes the existing literature on phosphorus, PHAs and studies carried out for
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polyP accumulation in purple bacteria as well as microalgal mixed communities. It further discusses
the knowledge gaps in the literature that require addressing.

Chapter 3 details the reactor setup and operation for the experiment which were used to test
the impact of decoupling the SRT and HRT and varying phosphorus values. The same setup was
divided into three phases where the reactor was cleaned to remove accumulated biofilm and yeast
extract to attain the required P-limitation. This chapter also includes analytical methods employed
for result assessment.

Chapter 4 describes and discusses the results of enriching the PNSBs. It describes the impact of
decoupling SRT-HRT and the o-Pi concentrations (including the presence of P-rich yeast extract)
in feed on the P removal by the bacterial community uptake. This chapter covers the results of
operational parameters to establish a steady-state run of the reactor, subsequent changes within
the microbial communities, and their possible causes.

Chapter 5 presents the final conclusions from this thesis by answering the hypotheses and

objectives, and suggests possible future work that must be done to refine the existing work.
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Chapter 2

Background

2.1 Municipal Wastewater Treatment

The basic municipal wastewater treatment process was developed in the late 19*" century and
includes primary and secondary treatments that remove, respectively, more than 60% and 85% of
suspended solids, and 35% and 85% of BOD. An additional step of tertiary treatment is employed
to remove excess dissolved nutrients namely phosphorus and nitrogen that may not be satisfactorily
removed through the previous steps (Nathanson and Archis, 24 Jul. 2023).

The sludge generated during the secondary treatment has to be stabilized before disposal.
One of the ways in which sludge is treated is through anaerobic digestion. The objective is to
treat 70% of organic and 30% inorganic matter that is inseparable from the sludge water. During
anaerobic digestion, the degradation of sludge happens in several steps including acid

fermentation, stabilization, and gasification where nitrogenous and proteinaceous compounds are
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converted with gas production (Cheremisinoff, 2002). This common route to recover energy from
anaerobic digesters has been possible through the metabolism of microorganisms (Burn et al.,
2014). The final products after digestion of sewage sludge contain phosphorus among other
organic matter, minerals, and micronutrients, which have a potential application in agriculture,
land remediation, and energy production (Rorat et al., 2019).

A boom in agriculture has facilitated the increasing human population of planet Earth. This
has led to an excessive consumption of natural resources for the cultivation of plants and animals
in farming. One of these resources is the fertilizer consisting of the three elements: nitrogen (N),
phosphorus (P), and potassium (K), which have been applied generously on the farmlands to boost
agronomy. Runoff from these cultivation lands is nutrient-rich and usually flows into natural water
bodies without treatment. This P and N-rich water leads to eutrophication in lakes and lagoons,
destabilizing the existing balance in nature. Thus, the need of the hour is to not only remove the
nutrients from water to be disposed of but also utilize them for generating value-added commercial

products.

2.2 Resource Recovery from Wastewater

Two commercially useful products namely phosphorus and polyhydroxyalkanoates (PHAs) have
been researched as potential resources derived from municipal wastewater. They are the primary

focus of research in the current study.
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2.2.1 Phosphorus

Fertilizer consumption in agriculture in the world stands at 146.4 kg per hectare of arable land
as of 2020 (World Bank). Phosphorus for fertilization is industrially obtained from processed
phosphate rocks (Green, 2015). Although sewage sludge is a rich source of phosphorus, its direct
application after removal from a treatment plant is restricted due to the presence of potential
contaminants such as toxic organics, heavy metals, and pathogens (Lamastra et al., 2018). To
address this, several P-removal technologies have been developed such as P-extraction from sewage
sludge char (Atienza—Martinez et al., 2014; Havukainen et al., 2016), phosphorus as a precipitate in
the form of struvite (NH4Mg(PO,4).6H20) (Canas et al., 2023), hydroxyapatite (Cas(PO4)3(OH))
or other calcium phosphates, and through electrodialysis (Cieslik and Konieczka, 2017). Barnard
devised Enhanced Biological Phosphorus Removal (EBPR) process (specifically the BardenPho
configuration), where it was observed that phosphate-accumulating organisms (PAOs) take up
volatile fatty acids (VFAs) in the anaerobic zone (without nitrite, nitrate or oxygen) using their
reserve polyP, and accumulated the carbon and energy in the form of PHAs and glycogen (Jenkins
and Wanner, 2014). Then, in the anoxic zone (where nitrate or nitrite are the main electron
acceptors) or the aerated zones (where oxygen is the electron acceptor), phosphate is taken back
up and new biomass is formed driven by the consumption of the PHAs and glycogen pools as
electron donors and the strong electron acceptors now available. This became the basis for the
EBPR process widely used for P-treatment (Jenkins and Wanner, 2014).

The popular P-sequestration processes are energy intensive, and the production costs are high

due to infrastructural and operation costs arising from aeration and resin usage among others (Egle
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et al., 2016). EBPR-Sequence Batch Reactor (EBPR-SBR) process is efficient and produces less
sludge waste (Khursheed et al., 2023) compared to other methods. Despite its advantages, the
energy consumption and global warming potential of EBPR is high at 0.348-0.396 kWh/m? and
150 kg CO2/kg PO4* removed (Zhao et al., 2023). Anaerobic bacteria used in the anaerobic step of
the above-mentioned process are viable as they reduce operation costs arising due to oxygen usage.
Despite that, they have a lower maximum growth rate compared to aerobic bacteria. They are
highly sensitive to low winter temperatures in Canada where reactors operate at less than 10-12°C
for 4-6 months (Dale et al.). Therefore, there is a need to understand biological processes that will

enhance the nutrient uptake into their biomass at lower energy consumption rates.

2.2.2 Polyhydroxyalkanoates (PHAs)

Polyhydroxyalkanoates are biodegradable, biocompatible, thermally, and mechanically malleable
bio-polyesters identified as an excellent environment-friendly alternative for commercially available
plastics. They are polymers of bioplastics popularly used in the medical and pharmaceutical fields.
Depending on the monomers and side chains, the material properties of PHAs vary. The molecular
constitution of PHAs is one of the deciding factors for choosing the conditions in which microbes
are cultivated. It is interesting to note that the chemical production of PHAs is not as popular as
its biological production because the latter results in higher yields (Chen et al., 2011).
Engineering of microbial metabolism through genetic modifications, or manipulation of
ecosystems can induce PHA production within bacterial biomass. Genetically modified bacteria

take part in a four-step process to synthesize and release PHAs: a) Quorum sensing — as soon as a



2. Background 23

high cellular density is detected, O uptake is suppressed; b) PHAs production is initiated; c)
Space creation — additional products from metabolic pathways are restricted to create space for
more PHAs; d) Self-disruption — the cell is programmed for autolysis (Constanina et al., 2020).
Engineered bacteria can give higher PHAs yields, require less energy, have a wide temperature
and pH tolerance, and be tailored for polymer function. However, inoculating and ensuring higher
survival rates in variable real-time wastewater can be a challenge leading to high operational costs
(Constanina et al., 2020). The high cost of production from pure cultures has prevented its
profitable business within the large commercial plastic production industry (Fradinho et al.,
2021).

Open microbial communities have been employed for the simultaneous treatment of
wastewater and the production of PHAs (Ike et al., 2019; Pardelha, 2013). Along with the
selection of bacteria in the treatment plant, the substrates that are present in wastewater to feed
the bacteria determine the pathway taken to produce one of the three storage molecules - polyP,
PHAs, or glycogen, or all depending on the culturing conditions (Constanina et al., 2020). In
addition to the storage function of PHAs in bacteria, it has been observed that PHA metabolism
is triggered in the presence of various stressors: low temperature, heat shock, osmotic shock,
oxidative pressure, UV protection, and heavy metals (Obruca et al., 2020). Morgan-Sagastume
et al. (2020) studied the PHAs accumulation in bacteria using feast-famine cycles to achieve up to
98% of COD removal and produce 0.7 gPHA /gVSS. A life cycle assessment of PHAs produced by
the open communities by Roibas-Rozas et al. (2020) utilized wastewater from a fish-canning

industry showed an environmental impact of 3.51 kg COy eq/kg biopolymer. Although the
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coupling of operational steps has been undertaken to simplify the process of wastewater
valorization using microbial consortia (Zeng et al., 2018), the step for open community
enrichment using aerobic dynamic feeding (ADF), which uses substantial energy has not been
omitted from the process steps. Therefore, phototrophic open communities may provide a
cost-saving alternative as they photosynthesize in anaerobic conditions (Fradinho et al., 2013).
Among the photosynthetic microbiota, purple bacteria may have the potential to operate with
low energy input due to their versatile heterotrophic metabolism used in conjunction with
biochemical energy derived from infrared (i.e., low energy) light. In addition to P-removal, they

have the capacity to synthesize PHAs (Capson-Tojo et al., 2020; Fradinho et al., 2021).

2.3 Purple Bacteria for Resource Recovery

Purple bacteria are phototrophic bacteria that photosynthesize in often in the absence of oxygen
(except in marine environments) using inorganic (e.g., sulfur and iron) or organic (e.g., volatile
fatty acids) electron donors, and autotrophic or heterotrophic carbon metabolism. These
facultative bacteria are metabolically versatile. The bacteriochlorophyll a and b present in purple
bacteria absorbs light of wavelengths between 760-1130 nm, resulting in their characteristic purple
colour (Fig. 2.1). Carotenoids in these bacteria absorb light at 400-500 nm, giving rise to the red
colour present in lakes with algal bloom (Madigan et al., 2018). PPBs are predominantly
anoxygenic, phototrophic, facultative anaerobes, and polyphosphate accumulating organisms
(Capson-Tojo et al., 2020).

PPBs are grouped into two categories based on physiological properties: purple sulfur bacteria
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(PSB) and purple non-sulfur bacteria (PNSB). PSBs use sulfide as an electron donor and store it
intracellularly as elemental sulfur (Imhoff, 1995). Whilst the non-sulfur variant (PNSB) typically
prefers organic electron donors; However, contrary to their name, they have also been found to be
able to oxidize moderate concentrations of sulfide (<0.5 mM) to elemental sulfur granules,
tetrathionate, or sulfate and excrete the granules (Imhoff, 1995). In fact, R. capsulatus, R.
spheroids, and Rhodospirillum produce elemental sulfur as their final oxidized product, and R.
sulfidophilus and several Rhodobacter and Rhodopseudomonas species oxidize sulfur to sulfate.
Other more common electron donors for PNSBs are molecular Hy oxidized by a membrane-bound
hydrogen-ubiquinone oxidoreductase (McEwan, 1994). Their ability to metabolize high organic
load and pollutants has been possible due to their unique glyoxylic acid cycle (GAC) metabolic
pathway that affects VFA uptake and biomass synthesis. Further, they employ the
Calvin—Benson cycle (CBB), tricarboxylic acid cycle (TCA), and Embden-Meyerhof-Parnas
pathway (EMP) to generate several essential metabolic precursors for cell growth (McEwan, 1994;

Petushkova et al., 2021).

2.4 Polyphosphate and PHAs in PNSBs

Inorganic polyphosphate (polyP) is important in multiple cellular functions, primarily as an ATP
precursor and as phosphorus storage. PolyPs can form complexes with cellular constituents and
with polyphosphate kinase (PPK), can assist in mobility, virulence, and stress control. The
enzyme polyP kinase 1 (PPK1) is responsible for polyphosphate synthesis in the presence of

excess phosphate, whereas exopolyphosphatase (PPX1) and endopolyphosphatase (PPN1)
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Figure 2.1: Characteristic absorbance peaks shown by purple bacteria at 805 nm and 870

nm measured using spectrophotometry.

degrade polyPs in their absence (Achbergerova and Nahalka, 2011; Hirota et al., 2010; Kornberg
et al., 1999; Kulakovskaya et al., 2016; Rao et al., 2009). R. palustris, a model purple bacteria,
have the ability to produce phosphoenolpyruvate (PEP) by combining the pyrophosphoryl group
from ATP to pyruvate using PEP synthetase (PPS) or pyruvate-phosphate dikinase (PPDK)
enzymes. The pyrophosphoryl group obtained from PEP or ATP combines with phosphate to
form intracellular polyphosphate when excess phosphorus is present in their environment.

In the presence of excess substrates, for example, sugar or fatty acids, PNSBs follow different
metabolic pathways. Depending on the type of substrate supplied, they form a variety of PHAs
monomers, one of the storage molecules synthesized for famine conditions (Constanina et al., 2020;

Khatami et al., 2021). When R. palustris G11 is subjected to an Og limited environment, it shows
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an increase in NADH. Citrate synthase and isocitrate dehydrogenase are then inhibited by the high
NADH level enabling acetyl-CoA redirection from the TCA cycle to the acetoacetyl-CoA formation

cycle to form PHB using excess carbon (Lai et al., 2017).

2.5 Selection Factors for PNSB in Reactors

PNSBs generate ATP via photophosphorylation in ambient conditions and take up carbon in
nutrient-limited conditions. This capability allows them to grow and accumulate PHAs in
carbon-feast mode utilizing their internal cell-reducing power unlike the feast and famine ratio
employed on mixed heterotrophic communities in Aerobic Dynamic Feeding (Almeida et al., 2021;
Capson-Tojo et al., 2020). In Aerobic Dynamic Feeding, alternating cycles of short carbon-feast
and long carbon-famine phases are employed to select PHA-accumulating bacteria which depends
on their ability to grow on the accumulated PHAs (Almeida et al., 2021; Jayakrishnan et al.,
2021). Almeida et al. (2021) enrich PPBs in the continuous C-feast regime using pre-treated
domestic wastewater and molasses as substrate. In the first few weeks of operation, their reactor
showed an average of 12% PHA content with a phosphorus uptake and release profile under
P-limiting conditions. Interestingly, the suspension later saw an increase in sugar concentration
(20% of total organics) that led to a fermentation process. This fermentation condition caused a
decline in biomass.

Of several factors dictating the behaviour of purple bacteria in reactors, the retention time
(RT) has an important effect on the type of VFA generated and thus, the microbial community in

a nutrient recovery system. The contact period between biocatalysts and substrate is determined
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by HRT. The amount of time anaerobic bacteria are exposed to the substrate is measured by
the SRT (Jayakrishnan et al., 2021). The effects of decoupling the SRT and HRT for improved
performance in microalgal-bacteria photobioreactors have been widely studied with algae-based
reactors and not PNSBs. Gonzalez-Camejo et al. (2019) observed that a lower SRT of 4.5 to
9 days and HRT of 3.5 days were optimum for phosphorus consumption and carbon fixation in
outdoor photobioreactors. Typically, anaerobic filter (AF), packed bed (PB), expanded bed reactor
((EBR)), and membrane-bound reactors have enabled attached growth for decoupling of SRT in
microalgal or open community-based reactors (Sattler, 2014). Chen et al. (2021) demonstrated
that anaerobic digester performance increases with increasing SRTs (30 to 50 days) and a decrease
in Acidobacteria and Bacteriodetes. Settling of biomass at rates of 24 gVSS h™'m™ (Cerruti et al.,
2020) or measured as settleability of algae at 77-90% (Arias et al., 2019) has been applied for SRT
decoupling. Hafez et al. (2009) utilized the decoupled system to generate Hy from glucose in a
reactor enriched with Clostridium sp. Algal-bacterial photobioreactors have been extensively used
in experiments to study the effect of uncoupling SRT and HRT on the enrichment and nutrient
removal performances which showed promising results with P-removal rates of 0.4 mg PO,*-P /L
day! (Solmaz and Isik, 2019), with 55% to 91% TP removal efficiency (Arias et al., 2019; Xu et al.,
2015; Zhang et al., 2021). Furthermore, a number of studies have been carried out to understand
the polyP removal and PHA-accumulation capacities of isolated PNSB strains in reactor systems
(Blansaer et al., 2022; Lai et al., 2017; Monroy and Buitrén, 2020). However, no study has been
undertaken to assess the impact of decoupling the SRT and HRT on PNSBs in a photobioreactor.

The influence of those parameters on phosphorus and PHAs accumulation in mixed PNSB cultures
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is unclear. Therefore, the goal of this study is to improve our knowledge in these gap areas.
Finally, the effects of P-limitation on PNSB mixed culture enrichment and corresponding
polyP and PHAs accumulation remain to be explored. Carstensen et al. (2018) recently presented
a biological model describing the disruption in photosystem I (PSI) due to reduced inorganic
orthophosphate. This caused lumen acidification in chloroplasts of barley, leading to reduced ATP
synthase activity. However, bacteria can adapt to P-limitation by degrading phosphoglycerolipids
and replacing them with glycoglycerolipids. Purple bacteria can also synthesize glycoglycerolipids
and sulfoquinovosyldiacylglycerol as their lipid membranes which facilitates their survival (Tamot
and Benning, 2009). A pure culture of R. spheroids NR3 began accumulating polyP only at
concentrations over 10 mM external o-P; in media (Hiraishi et al., 1991). The hypothesis would
be that in a P-limited phototrophic-microbial reactor, PNSB selection and carbon uptake will be
encouraged due to their survival capacity. Although picocyanobacteria (a member of the
phototrophic microbial community) can out-compete heterotrophic bacteria by the above
mechanism (Tamot and Benning, 2009), lipid remodelling during P-deficiency is more common
than assumed as shown in marine heterotrophic bacteria (Sebastidn et al., 2016). In mixed
culture photobioreactors, low-P conditions of <25 mg P/L have not been studied yet (Section

1.3), which necessitates further exploration.
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Chapter 3

Materials & Methods

3.1 Growth Medium

The medium is prepared according to Biebl and Pfennig (1981) with modifications in the phosphate
(0.02 g/L, 0.06 g/L and 0.1 g/L of KHyPOy4 fed to each reactor) and substrate (Table 3.1). All
the solutions were stored in glass bottles in the dark. Stock solutions of yeast extract broth and
potassium phosphate solutions were autoclaved separately before storage. The pH was adjusted

between 7 and 8 by adding 1N HCI to the glass bottles containing the media.
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Table 3.1: Compositions of media fed to the reactors (Modified from (Biebl and Pfennig,
1981))

Medium composition per litre of distilled water

MgS04.7H,O 02g
NaCl 04¢g
NH,Cl1 04g
CaCL.2H,O 0.05¢
Acetate or Propionate 05¢g
Yeast extract 02¢g
Fe-citrate solution (0.1 g/ 100 mL) 5mL
Trace element solution 1 mL

Trace element solution composition per litre of distilled water

HCI (25%) 1 mL

ZnCly 70 mg
MnCl>.4H.0 100 mg
H;BOs 60 mg
CoCL:.2H;0 200 mg
CuClL..2H:0 20 mg
NiCl,.6H,O 20 mg
NaMo004.2H,0 40 mg

3.2 Experimental Design

A total of 24 reactors were set up in 50-mL falcon™ tubes filled to the rim, manipulated in an
anaerobic hood, and incubated on a shaker in normal air conditions (modified from Jaber (2020)).
All the reactors were inoculated with 100 u L of secondary sludge from La Prairie wastewater
treatment plant located in St. Hyacinthe, Quebec. Out of the 24 reactors, 12 were fed with
acetate, and others with propionate added as the sole substrate to a mineral medium containing
yeast extract (Section 3.1). The 24 reactors were divided into two batches of 12 reactors each. Six

reactors in each of the VFA-fed reactors were operated with decoupled SRT (7 days) and HRT (2
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Figure 3.1: Schematics of the experimental design. Each row of reactors corresponds to

an amount of phosphate added to the mineral medium independently of the yeast extract.

Each pair of columns indicates the intended sole substrate besides yeast extract (acetate

or propionate), and the SRT-HRT configuration (decoupled or coupled as described above).

Duplicates of reactors were employed in the experiment.

days), whilst four reactors were operated with coupled SRT = HRT (2 days). In each of these sets,

duplicates of reactors were fed with different concentrations of PO4%, that is, 22.7 mg P/L; 13.6

mg P/L; and 4.5 mg P/L. Each SRT-HRT configuration had a control in which no phosphorus

was added (Fig. 3.1). The reactors were operated for a total of 232 days between April 2022 to

December 2022.
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3.3 Reactor Setup and Operation

The reactor operation lasted 232 days and was adjusted in 3 different phases to address questions
raised by the observations made on the reactors as the experiment developed. In Phase 1 (50 days of
operation), the reactors were operated semi-continuously with feeding and wastage without special
cleaning of the cell walls. This led to the accumulation of biofilm on the reactors’ surfaces, which
was judged undesirable. In Phase 2 (117 days of operation), the biofilms were scraped off every two
weeks using a lab brush saved exclusively for this experiment under running hot water. In Phase
3 (48 days of operation), the wall cleaning was continued as during Phase 2, and yeast extract was
removed from the growth medium because it was suspected that it was contributing phosphorus and
degradable carbon substrates to the medium, which was thought to preclude adequate assessment
of the questions the study attempted to address. Thus, yeast extract broth was eliminated from
the feed composition. The wastage volume and frequency of wastage was changed for phase 2 and
3, details of which are in Table 3.2.

For the reactors with decoupled HRT & SRT, the 50-mL screw cap tubes (i.e., reactors) were
centrifuged at 5000 rpm in a centrifuge (Thermo Scientific ™ Sorvall ™ Legend™ Micro 21R
Microcentrifuge) for 40 min. to settle the biomass.

Out of 50 mL volume of cell suspension in each reactor, 15-25% of suspension and 35-50% of
supernatant were discarded as per HRT of 2 days without disturbing the biofilm, if any. For the
4 coupled reactors in each batch, 50% of cell suspension was discarded every day. Each of the
reactors was then refilled to 50 mL with fresh feed solution (Table 3.2).

The pH of the reactors was measured on the bench (pH probe: LE422 electrode, Mettler Toledo,
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Figure 3.2: The operational steps are described. For decoupling the SRT and HRT, the

cell suspension was centrifuged and the supernatant was removed. The centrifugation step

was skipped for coupled reactors.

Material No.: 30089747; pH meter: Orion Star™ A211).

The headspace of the 24 reactors was filled with inert No using a nozzle from Na gas cylinder

at low pressure (0.1 psi) for 2 minutes per reactor to create an oxygen-free environment.

The

reactors were then screwed closed and checked for leaks by wrapping the tubes with brown hand

paper (Superior Sany Solutions). Before placing them in the incubator, the reactors were randomly

arranged on a tray to eliminate biased irradiation from the lamp (Fig. 3.2).
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Table 3.2: Wastage and feeding volume and frequency

SRT>HRT (Decoupled) SRT=HRT (Coupled)
Cell Suspension Supernatant Frequency of
Cell Suspension
Wastage Volume Wastage Wastage
Wastage Volume (mL)
(mL) Volume (mL) (Days)
Phase 1 7 18 25 1
Phase 2 12.5 25 375 2
Phase 3 12.5 25 375 2

3.4 Analytical Methods

3.4.1 Operation Parameters

Every time the reactors were maintained (i.e., every day in Phase 1 and every 2 days in Phases
2 and 3), the OD, orthophosphate and pH were measured. Every week at the end of an SRT (7

days), the TSS, VSS, sCOD, and VFA were measured.

Every feeding day

Two types of measurements were carried out for the OD. In the first type of measurement, the
absorbance was measured at 660, 805, and 870 nm using the spectrophotometer. In the second type,
the absorbance was measured in a spectrum from 400 nm to 900 nm to highlight the wavelengths
at which the absorbance was the highest.

The pH measurement was carried out using a pH probe (LE422 electrode, Mettler Toledo,
Material No.: 30089747) every time after the reactors were fed.

The samples were prepared before orthophosphate measurement was carried out. About 2
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mL of the sample was centrifuged at 20,000 g for 20 minutes in phase 1 and up to 40 minutes
in phases 2 and 3 and the supernatant was used for orthophosphate measurement, protocol given
in APHA (2012). The supernatant (200 L) was taken in triplicates in a 96-well plate and 50
uL of vanadate-molybdate reagent was added to it. After the color developed at 10 minutes, the
absorbance of the samples was measured at 470 nm, and turbidity at 800 nm using a SpectraMax

UV-Vis spectrophotometer.

Every SRT = 7 days

Once a week, the total suspended solids (TSS) and volatile suspended solids (VSS) were measured
following standard methods 2540D and 2540E (APHA, 2012) respectively.

The sCOD was measured every week or at the end of each SRT following the steps in APHA
(2012).

VFAs were measured at the same time as the TSS, VSS and sCOD using a gas chromatograph
(7820A Agilent, Agilent Technologies, USA) and CP7485 Agilent column (25 x 0.32 nm x 0.3 um)

using helium as the carrier gas, with a flow rate of 6.5 L/min.

3.4.2 16S rRNA Gene Amplicon Sequencing Analysis

Every 7 days the biomass was archived for subsequent community analyses. On these days, 2 mL
of mixed liquor was centrifuged, the water discarded and the pellet placed at -80°C until analysis.
DNA was extracted from the pellets Qiagen DNeasy Powersoil Kit (Qiagen, Germany)

according to the manufacturer’s instructions. The samples were purified using PCR purification
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kits (Qiagen, Canada, Cat no. 28106; and Bio Basic, Canada, Part no. 9K-006-0004). DNA
within the samples was amplified using 806R and 515F primer sets in a PCR (Caporaso et al.,
2012) and its concentration was measured using NanoDrop™(OneC Microvolume UV-Vis
Spectrophotometer, Thermo Scientific™). The PCR conditions applied are mentioned in
Appendix A.3. All the samples were barcoded, checked for quality using P5, P7 primers, and
purified again. 10 ng of DNA from each sample was pooled in two samples, and quantified using
Quant-iT PicoGreen dsDNA Reagent. The samples were then sent to Génome Québec for
sequencing using Illumina Miseq technology. The results were processed using Qiime2 software

(Bolyen et al., 2018) and analyzed (Appendix D).

3.4.3 DAPI and LP2 Staining

The samples were centrifuged and the biomass pellet was taken with a pipette. The pellet was then
washed with 1x PBS. After centrifugation at 10,000x g for 5 min, the supernatant was discarded
and the samples were stained following the steps below. Samples were stained with 4’6-Diamidino-2-
Phenylindole (DAPI) (Terashima et al., 2020) to visualize polyP and Lipid Green 2 (LP2) (Kettner
and Griehl, 2020) for PHAs. The samples were plated, dried using ethanol 70%, and washed with
1x PBS twice. The samples were stained with DAPI and incubated in the dark for 20 minutes.
The slides were washed with PBS thrice and stored at 4°C before observation under Zeiss LSM 710
confocal microscope with 100x oil immersion objective. The 405 nm blue diode laser 30 mW, and
Ar Ton laser 458/488/514 nm 25 mW with fluorescence cubes Zeiss FS 49 (DAPI) and Zeiss FS 38

(eGFP) for LP2 were employed for imaging. The image processing was performed on ZEN (Zeiss
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Efficient Navigation) software.
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Chapter 4

Results

4.1 Reactor Operation

The reactors were inoculated with activated sludge and operated for a duration of 232 days, and
the characteristic red colouration of PNSB was observed within the first 7 days of operation for
each of the phases (Fig. 4.1). During the entire operation, reactors were fed semi-continuously with
a synthetic influent medium containing either acetate or propionate, and different concentrations
of added phosphate (mg PO,*-P/L: 22.7, 13.6, 4.5, and 0 - no-growth control) with the objective
of observing the effect of P limitation. Biomass wasting was adjusted such that half of the reactors
had SRT=HRT (i.e., Coupled retention times) and the other half had SRT>HRT (i.e., Decoupled
retention times), to determine the impact of the average growth rate on the biomass (Fig. 4.1).
The experimental run was divided into 3 phases depending on the observations and the

adjustments made to the protocol to meet the objectives. In Phase 1 (Day 1 - 65), biofilm
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Figure 4.1: PNSB suspensions in Falcon™ tube reactors. Pictures showing progressive
change in colour (yellow-orange to red) and intensity (pale red to dark brown due to biofilm
formation in some reactors). (a-c)Phase 1: (a) Day 2; (b) Day 7; (¢) Day 44. (d-e) Phase
2: (d) Day 66 (e) Day 173. (f-g) Phase 3: (f) Day 201 (g) Day 230

accumulation was observed, which was not desirable because it precluded adequate control of the
SRT. In Phase 2 (Day 66 - 182) and 3 (Day 183 - 232), walls were cleaned to remove biofilm.
However, yeast extract was presumed to contribute additional degradable COD and P in Phase 2;
thus, the communities likely did not experience P limitation. In Phase 3, yeast extract was then

removed from the influent medium to observe true P-limited conditions. All reactor conditions

were duplicated in independent reactors. The detailed observations are presented below.
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4.1.1 Visual Inspection

Throughout the operation period, PNSB growth was monitored by visual inspection (Fig. 4.1)
and by OD measurements. Within the first few days of inoculation, a pink-red colouration
developed within all the reactors (Fig. 4.1(a),(b)). The presence of purple bacteria in the reactor
was confirmed by the observation of characteristic absorbance peaks of BChl a pigment at 805
and 870 nm (Fig. 4.2). However, by the end of Phase 1, thick biofilm formations with deep red
and almost black colouration were observed in most reactors (Fig. 4.1 (c)).

The accumulation of biofilms in all reactors precluded the accurate comparison between
coupled and decoupled SRT & HRT conditions because of very long solids retention in the
biofilms. Consequently, in Phase 2 and 3, reactor walls were cleaned. As a result, the red color
remained relatively more intense in the reactors with decoupled SRT & HRT than in the reactors
with SRT equal to the HRT (Fig. 4.1(d),(f)). This was according to expectations.

During Phase 1 and 2, two pairs of replicate reactors received minimal medium without added
mineral phosphate. It was expected that no biomass would grow in these reactors. However,
a similar red colouration could be observed in these reactors as was in the other reactors with
coupled SRT & HRT and receiving the medium with phosphate addition (Fig. 4.1 (e)). Therefore,
it was hypothesized that yeast extract was the remaining source of P in the medium, and it was
removed in the hope of establishing at least one P-limited condition. As a result, no biomass grew

in the reactors not receiving phosphates as it was expected (Fig. 4.1 (g)).
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Figure 4.2: Normalized curves for absorbance of IR wavelengths. The average values of
absorbance for the duplicate reactors fed with propionate and 13.6 mg PO,% /L and coupled
configuration are presented here. The spectral plots for other reactors are in Appendiz A.4.

The peaks correspond to the peaks at 805 nm and 870 nm characteristic of PNSBs (Fig. 2.1).

4.1.2 Performance Parameters

Optical Density (OD)

Optical Density measurements were taken at 660, 805, and 870 nm to estimate bacterial density
and establish bacteriochlorophyll a (BChl a) containing PNSBs in the reactors.

Beginning from Day 0, the OD at 660 nm measurements rapidly increased and reached a steady
state after approximately 15 days and remained steady for the rest of Phase 1 (Fig. 4.3 (b), 4.4(b)).
The ratios of ODs 870 nm/660 nm & 805 nm/660 nm (Appendix A.3) steadily increased during
Phase 1 for approximately half of the Phase 1 period, likely indicating an increase in the biomass
level of BChl a (Fig.4.3(c,d), Fig.4.4(c,d)).

In Phase 2, the OD at 660 nm measurements decreased slightly with respect to their values at
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the end of Phase 1, and stabilized by Day 95 with higher values in the decoupled than in the coupled
reactors as observed in Phase 1 (Fig. 4.3(a), 4.4(a)). Drops in the 870 nm/660 nm and 805 nm/660
nm ratios compared to Phase 1 values were observed under all reactor conditions, suggesting that
the PPB enrichment had been impacted by the removal of biofilm accumulation. Nonetheless, their
values remained higher in both acetate-fed and propionate-fed decoupled than in coupled reactors
(Fig. 4.3(c,d), 4.4(c,d)), suggesting a higher enrichment of BChl a at longer SRT. Finally, during
the period of steady measurements of OD at 600 nm, the values were not markedly different between
high (22.7 mg PO4*-P/L), medium (13.6 mg PO4*-P/L), and low (4.5 mg PO43 /L) P-fed reactors,
and the no P addition (0 mg PO4*-P/L) reactors (Fig. 4.3(a,b),4.4(a,b)). This was unexpected
and a source of P was suspected to be present in the medium, which was hypothesized to be the
yeast extract.

In Phase 3, the OD at 660 nm dropped to half of Phase 1 indicating lower biomass concentrations
due to the removal of yeast extract and biofilm from the reactors. However, the behaviour of the
OD across the reactors with different phosphate in feed and SRT-HRT configuration remained
similar to the previous phases, for instance, the decoupling of SRT continued to influence the
biomass enrichment. OD ratios at 870 nm/660 nm and 805 nm/660 nm were relatively constant
at approximately 1 for all the decoupled reactors and at slightly lower values for the coupled
reactors. The spectral graph (Fig. 4.2, Appendix A.4) continues to show peaks at 805 and 870
nm denoting the presence of BChl « in the reactor suspensions. Finally, the OD 600 nm in the no
phosphate control (0 mg PO4*-P/L) reactors rapidly decreased, and the OD ratio 870 nm/600 nm

also decreased, indicating that the biomass as a whole could not sustain itself and that PNSB was
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decreasing in relative abundances.

Total and Volatile Suspended Solids

The Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) were measured to estimate
the biomass accumulated within the reactor. This was done to complement the data obtained from
OD measurements.

The TSS and VSS values followed a similar temporal profile as the OD measurements and
showed high concentrations of solids in Phase 1, which declined through Phases 2 and 3. In Phase
1, the average VSS values were between 594480 and 20024191 mg/L. When walls were cleaned of
the biofilms containing bacteria starting with Phase 2, the VSS dropped to average values between
399+40 and 1817+195 mg/L. Then, they continued to reduce in Phase 3 with VSS averages of
231424 and 964+81 mg/L. The VFA (acetate or propionate) fed to the reactor and coupling or
decoupling HRT and SRT did not have any visible effect on the accumulated VSS/TSS ratios.
Finally, with the exception of the no phosphate control (0 mg PO4*-P/L) reactors during Phase
3, changing the phosphate added to the feed medium did not affect the VSS concentration across
the reactors (Fig. 4.3,4.4). Changing the VFA fed to the reactor - acetate or propionate did not

change the TSS concentrations

Residual Soluble COD

The enriched PNSB-based communities were successful in removing COD from the wastewater.
The mean residual soluble COD (sCOD) in Phase 1 was significantly higher in the effluent of

coupled reactors than decoupled reactors fed with 22.7 mg PO4*-P/L at 189 mg COD/L (p=0.026
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Figure 4.5: Average residual sCOD concentrations for duplicate reactors fed different VFAs
and added phosphate concentrations. For a given phase, values for reactors that received feeds
containing different P concentrations were plotted with slight offset to visualize error bars.
acetate-fed decoupled (a) and coupled (b) reactors; propionate-fed decoupled (c) and coupled

(d) reactors. Error bars are the half-range of the two duplicate reactors.

at «=0.05) for acetate-fed reactors. No such significant difference was found for propionate-fed
reactors (p=0.45). Removal of the biofilm and subsequently yeast extract led to lower sCOD
concentrations of 129 and 113 mg COD/L for acetate- and propionate-fed reactors, respectively,
in Phase 2, and to sCOD being below detection in Phase 3 (Figure 4.5). The value of residual
sCOD: below the detection level during Phase 3 suggested that yeast extract was contributing

non-degradable COD.
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Residual Orthophosphate (PO4*-P)

Throughout the three phases, the measured residual orthophosphate concentrations by
colourimetric measurements appeared to be proportional to their added phosphate in the feed
medium (Fig.4.6). However, two observations made during Phase 1 attracted attention. First, as
the solids accumulated through the phase, the residual orthophosphate concentrations
unexpectedly increased. Second, whilst the phosphate concentrations in the feed medium were
not measured in Phase 1, the residuals appeared to be higher than the added phosphate in all
reactors. Additionally, the control reactors without phosphate added to their feed medium had
residual phosphate concentrations similar to the ones measured in the reactors receiving medium
supplement with 4.55 mg PO4*-P/L (i.e., low-P) reactors. At this point, it was hypothesized that
the extra-long SRT due to the accumulation of biofilm may have had the effect of concentrated
phosphates. Therefore, it was further hypothesized that stopping biofilm accumulation would
solve the discrepancies, and it was resolved to start measuring the orthophosphate in the feed
medium (which was implemented starting on Day 66).

At the beginning of Phase 2 between 90 and 118 days, the residual phosphate concentrations
rapidly lowered to concentrations well below the ones added to the feed media (Fig. 4.6(e)). This
behaviour was seen across all the reactors irrespective of the VFA fed. This was perhaps due to
the change of lamps that might have affected the light intensity and path incident on the reactors.
Nonetheless, these observations were short-lived and the orthophosphate concentrations in the
reactor efluent were once again above the measured concentrations of the feed media by the end of

Phase 2. On the basis of these observations, it was then hypothesized that the yeast extract could
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be contributing much more phosphate than anticipated, and yeast extract was removed from the
medium formulation.

In the control reactors containing zero phosphate in feed, the effluent of the reactors did not
detect any phosphate once the biomass had almost completely washed out of these reactors.
However, despite the removal of yeast extract from the feed medium, the residual phosphate
concentrations measured in the effluent of all the reactors with phosphate added to the feed
media remained higher than the phosphate concentrations of the influent (Fig.4.6). Therefore, it
appears that the biomass somehow interfered with the colourimetric measurement of

orthophosphate in these experiments (Fig. 4.6(e)).
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Figure 4.6: Orthophosphate concentrations in the feed and the effluent of the reactors
fed acetate (a,c,e) or propionate (b,d) with SRT decoupled (a,b,e) or coupled (c,d) to HRT.
Panel (e) is an expansion (Day 88 to 120) of Panel (a) to visualize a period when the effluent

residual phosphate concentrations were below the influent concentrations.

High Residual Phosphate Value Corrections

The measured orthophosphate concentrations in the effluent of the reactors being higher than the

influent concentrations were not plausible. The possible causes were investigated. The results of
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the experimental investigation are all presented in Appendix B. Whilst the exact reason for the odd
measurement of PO4%-P in the reactors is yet to be determined, it was concluded that the bacterial
biomass in the reactor was producing a compound interfering with the colourimetric assay, which
caused the residual phosphate concentrations to be overestimated. It was hypothesized that the
changing compositions of the microbial communities could provide possible explanations for this

anomalous behaviour (Section 4.2).

4.2 Microbial Community Analysis

Biomass samples to determine the microbial community composition by 16S rRNA gene amplicon
sequencing analysis were generally chosen at two points of each phase, one when the reactors
reached a steady state, and the second, after the phase ended (Fig. 4.3(b),4.4(b)). During Phase
2, a third point was selected at Day 110 because it corresponded to a period when the effluent
orthophosphate concentrations were not higher than the ones in the feed media as measured by the
colourimetric assay. Thus, it was hypothesized that the biomass composition could be a factor in

this observation.

4.2.1 Phase 1

Principal Coordinate Analysis (PCoA) was used to visualize the Bray-Curtis dissimilarities
between communities developed at different reactor conditions from the beginning of the steady

state (defined based on OD600 temporal stability) and the end of Phase 1 (Fig. 4.7). Acetate and
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propionate addition to the growth medium gave rise to distinctly different communities, well
separated along the PCoA1l axis (Fig. 4.7). While the acetate-fed microbial communities did not
change much through the steady-state period as symbols representing communities at the
beginning and the end of the Phase 1 steady-state period appear close to each other,
propionate-fed communities drifted in the PCoA plot in a similar direction down the PCoA2 axis
irrespective of the amount of phosphate added to the medium, indicating similar changes in the
population profiles of the communities. These variations in ASV profiles were accompanied by the
development of more diverse communities when the added VFA was propionate than when it was
acetate as seen in Fig. 4.9 (c,d). All the acetate-fed reactors were enriched with more than 50% of
Rhodopseudomonas whereas propionate-fed reactors saw a mix of genera from families
Rhodobacteraceae and Xanthobacteraceae, as well as fermentative bacterial genera from the family

Dysgonomonadaceae.
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Figure 4.7: Principal Coordinate Analysis visualizing the Bray-Curtis dissimilarities
between communities present in the reactors during Phase 1. Colour legend corresponds
to different VFA (acetate and propionate) and orthophosphate concentrations added to the
feed media; control means no orthophosphate added. Coupled means SRT = HRT, Decoupled
mean SRT > HRT. Solid symbols are samples from the beginning of the steady state (Day
24) and empty symbols are from the end of Phase 1 (Day 50).

At the beginning of the steady-state period of Phase 1, the communities fed acetate comprised
at least 78% of amplicon reads from the phylum Proteobacteria, whilst this proportion was only
60% (with 50% when no phosphate was added) with the remaining being reads mainly from
Firmicutes or Bacteroidetes (Fig. 4.8(a)). The differences in the distribution of reads among

phyla between the communities receiving acetate and propionate remained similar until the end of
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Phase 1 (Fig. 4.8(b)). The majority of the proteobacterial reads were associated with the genera
Rhodopseudomonas and Rhodoplanes belonging to the family Xanthobacteriaceae, and the genera

Rhodobacter and unclassified ASVs both belonging to the family Rhodobacteriaceae (Fig. 4.13).
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Figure 4.9: The top 10 species from (c) acetate and (d) propionate of Phase 1. A change in

the community can be seen in the decoupled and coupled propionate-fed reactors at the start

(Day 24) and end (Day 50) of reactor operation. No major difference in the communities

between the start and end of the reactor operation was seen in decoupled and coupled acetate-

fed reactors.
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The significance of the impact of the manipulated experimental parameters was tested by
redundancy analysis (RDA) (Fig. 4.10). The three parameters exerted a significant impact on the
compositions of the communities. These differences appeared related to the composition of the
PNSB populations. The main differences were due to the VFA fed to the photoreactors, with two
genera within Rhodobacteraceae (one unclassified and the other one being Rhodobacter itself, to a
lesser extent) being both in higher abundances when propionate was in the growth medium (Fig.
4.10 and 4.9). The coupling of SRT and HRT (decoupled vs. coupled) appeared to correlate with
the proportions of Rhodopseudomonas (higher in reactors with decoupled SRT & HRT) and
Rhodobacter (slightly higher in reactors with coupled HRT & SRT in corresponding phosphate
concentrations) (Fig. 4.10 and 4.9). However, the reason for this impact is not clear because the
accumulation of biofilms retained the biomass for a long time in both reactors. Finally, the

abundances of the genus Rhodoplanes appeared to increase at low phosphate additions (Fig.

4.9(c)(d)).
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Figure 4.10: Redundancy Analysis (RDA) of bacterial community compositions defined at
the species level during Phase 1. Overall model p-value = 0.001. Explanatory variables were
experimental design parameters: VFA-type (acetate or propionate) p-value = 0.004, SRT
type (Decoupled or Coupled) p-value = 0.001, and added phosphate to influent (P content)
p-value = 0.001. Axes p-value (RDAI=RDA2) = 0.001. The numbers next to star symbols
are a specific genus projection: (1) Midas 13979 from Rhodopseudomonas, (2) Unknown
species from Rhodobacter, (3) Unknown species from Rhodoplanes, (4) Unknown species of
the family Rhodobacteraceae. Open and solids circles are from the beginning of the steady-

state period (Day 24) and the end of Phase 1 (Day 50), respectively.

4.2.2 Phase 2

Once regular cleaning of the tube walls was instituted to remove biofilms, the compositions of

communities drifted away from their compositions at the end of Phase 1. By Day 78, the OD660
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became more stable, which can be defined as the beginning of the Phase 2 steady-state period (Fig.
4.3(b), 4.4(b)); thus, a first series of Phase 2 biomass samples were chosen for 16S rRNA gene
sequencing. Approximately a week after (i.e., by Day 92), the measured phosphate concentrations
in the reactor efluents by colourimetric assay were found to be much lower than the measured
concentrations in the influent (Fig. 4.6), as it should be expected. This lasted until approximately
Day 110; this change in the behaviour of colourimetric phosphate measurements prompted the
selection of the biomass samples of Day 110 to determine the community compositions. Finally, the
phosphate concentrations remaining high in the effluents after Day 110, prompted the initiation
of Phase 3 with yeast extract removed, and the biomass samples of Day 171 were chosen to be
analyzed for the communities.

The PCoA visualizations of the Bray-Curtis dissimilarities between the communities in these
3 dates during Phase 2 revealed that at steady-state the communities in reactors fed acetate or
propionate similarly changed in time as that in Phase 1 (Fig. 4.11). After achieving a steady
state, operation between days 80-120 when the reactor showed low residual PO4-P concentrations
in the effluents of the reactors (Fig. 4.6), the microbial community compositions drifted along the
PCoA2 axis from the south-west quadrant to the north-west one (Fig. 4.11). Nonetheless, in these
clusters, a clear distinction remained between the communities between reactors with coupled and
decoupled HRT & SRT. The community compositions changed considerably by the end of Phase 2,
as they appeared on the right of PCoA1l opposite to the communities from earlier sampling points

in Phase 2 (Fig. 4.11).
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Figure 4.11: Principal Coordinate Analysis visualizing the Bray-Curtis dissimilarities
between communities present in the reactors during Phase 2. Colour legend corresponds
to different VFA (acetate and propionate) and orthophosphate concentrations added to the
feed media; control means no orthophosphate added. Coupled means SRT = HRT, Decoupled
mean SRT > HRT. Solid symbols are samples from the beginning of the steady state (Day
80), crosses from (Day 110), and empty symbols from the end of Phase 2 (Day 171).

The compositions of the communities sampled in the early days of Phase 2 were dominated by
members of the phylum Proteobacteria, with populations of noticeable abundances from the phyla
Firmicutes and the Bacteroidota (Fig. 4.12). However, by the end of Phase 2, the community
composition revealed by the PCoA analysis (Fig. 4.11) was characterized by a sharp decrease of
the abundances of Proteobacteria in almost all reactors and proportional increases of the two other
phyla (Fig. 4.12).

The variations in community compositions between Day 78 (start of Phase 2 steady-state period)
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and Day 110 visible on the PCoA plot (Fig. 4.11) were mainly due to changes in PNSB populations
members of the Proteobacteria phylum. Generally, the main PNSB population in the reactor was
a member of the Xanthobacteraceae family (either genera Rhodoplanes, Rhodopseudomonas, or two
species unclassified at the genus level including Midas 40482). These populations were replaced by
PNSB classified within the Rhodobacteraceae family (genus Rhodobacter, and another unclassified
species) (4.13). This implies that PNSBs were successfully enriched up to Day 110.

The communities found in the reactors at the end of Phase 2 comprised lower relative
abundances of PNSB (typically found to be the majority of the Proteobacteria phylum in the
current study). Instead, the communities appeared to have become dominated by population that
could be associated with fermentative organisms such as the genera Proteiniphilum (phylum
Bacteroidota),  Proteiniclasticum  (phylum  Firmicutes), and Ezeguobacterium (phylum

Firmicutes).
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which is replaced by Bacteroidota and Firmicutes by the end of reactor operation.
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Figure 4.13: The top 10 species from (c) acetate and (d) propionate of Phase 2. The

change in the community can be seen across the start and end of reactor operation. A distinct

difference in the community composition of decoupled and coupled systems was observed for

Day 110.

The significance of the experimental conditions on the variations in community compositions
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through Phase 2 was also evaluated by redundancy analysis (RDA). The analysis was conducted
for Days 110 and 171 together (including sampling time in the model) and separately (Fig. 4.14).
As expected form the magnitude of changes observed above, the time of sampling (Day 110 or
171) was highly significant (Fig. 4.14(a)). Additionally, the SRT type was also significant in this
analysis (Fig. 4.14(a)), as SRT and HRT coupling vs. decoupling appeared to have impacted
both the PNSB and presumed fermentative populations similarly on the two sampling days. For
PNSB populations, long SRT (i.e., low net average growth rate ) due to decoupling from HRT
led to higher abundances of the family Rhodobacteriaceae (both the genus Rhodobacter and an
unclassified population), whilst some Xanthobacteriaceae (Midas 40482 and Rhodopseudomonas)
populations were somewhat more abundant at low SRT coupled with HRT (4.13). For presumed
fermentative populations, long SRT (decoupled) led to higher abundances of the population Midas
45616 of the genus Proteiniphylum (phylum Bacteroidota), whilst short SRT (coupled) led to higher
relative abundances of the populations Thauera (phylum Proteobacteria), Midas 56159 of the genus
Proteiniphylum, and Ezeguobacterium (phylum Firmicutes).

On close inspection of the RDA results, the added concentrations of phosphate to the feed
media were the second most significant model parameters for Days 110 and 171 (Fig. 4.14(b,
c¢)). The main differences are between the control (i.e., no phosphate added to feed) reactors and
the others. For Day 110, the relative abundances of PNSB populations (both Rhodobacteriaceae
and Xanthobacteraceae related populations; Fig. 4.14(b), points (4) and (6), respectively) were
markedly lower when no phosphate was added to the influent (4.13). Opposingly, the Midas 84354

from Exiguobacter genus (Fig. 4.14(b), point (10)) showed higher relative abundances when no
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phosphate was added to the feed, especially in reactors with coupled SRT & HRT (4.13).

For Day 171, the observations with respect to phosphate addition to the influent remained
largely similar from the FEziguobacter genus population (4.13). For the other presumptive
fermentative populations, the Thauera genus was found to be much lower in relative abundances
when phosphate was not added to the feed. At the same time, there is a slight effect on the two
Proteiniphylum populations with Midas 45616 being more abundant when phosphate was added

to the feed and Midas 56159 being more abundant when it was not (4.13).
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Figure 4.14: Redundancy Analysis (RDA) of bacterial community compositions defined at the species level
during Phase 2. The p-values of the model, explanatory variables, and azes are mentioned in the figures. (a) RDA
for biomass from both Day 110 and the end of Phase 2 (Day 171). The time axis is an additional explanatory
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171). The numbers next to star symbols are a specific genus projection: (1) Midas 13979 from Rhodopseudomonas
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Proteiniclasticum ruminis (a), (6) Midas 40482 from the Xanthobacteraceae family (a,b), (7) Midas 45616 from
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4.2.3 Phase 3

During Phase 3, biofilm was removed from the reactors and no yeast extract was supplied in the
feed media. The PCoA of the community compositions at the beginning and end of the steady-
state period revealed distinct communities for acetate-fed and propionate-fed reactors (separated
along the PCoAl axis; Fig. 4.15). In the PCoA plot, phosphate addition to the feed and the SRT
type did not appear to influence the community structures markedly. Nonetheless, the community
compositions in the majority of the reactors drifted towards the upper-left between Day 201 and

Day 230 as visualized in the PCoA plot (Fig. 4.15).
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Figure 4.15: Principal Coordinate Analysis visualizing the Bray-Curtis dissimilarities
between communities present in the reactors during Phase 3. Colour legend corresponds
to different VFA (acetate and propionate) and orthophosphate concentrations added to the
feed media; control means no orthophosphate added. The control from the start of the Phase
is shown. No biomass was present in the control at the end of Phase 3. Coupled means SRT
= HRT, Decoupled means SRT > HRT. Solid symbols are samples from the beginning of the
steady state (Day 201), and open symbols are from the end of Phase 3 (Day 230).
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Although a fresh inoculum (composed of a mixture of biomass from all reactors of Phase 1)
and new reactor vessels were used for this phase, a similar trend as in Phase 2 was observed in
the variations in the community structures. While Proteobacteria constituted more than 80% of
the community at the beginning of the steady-state period (Day 201), the drift in community
structures observed in the PCoA visualization is explained by a sharp decrease in the relative
abundances Proteobacteria (as in previous phases dominated by Rhodobactereaceae-related and
Xanthobacteriaceae-related PNSB populations; Fig. 4.17) to well below 80% in most reactors and
reaching as low as 28% in reactors with decoupled SRT & HRT and receiving acetate in the feed
(Fig. 4.16). Like in Phase 2, Bacteroidota and Firmicutes reached together between 30% and 70%
of the communities at the end of the Phase 3 steady-state period (Day 230, Fig. 4.16). In Phase
3, the main population members of the two presumptive fermentative phyla were members of the
genera Proteiniclasticum (phylum Firmicutes) and Proteiniphilum (two populations: Midas 45616

and 56159; phylum Bacteroidota), and Thauera (phylum Proteobacteria; Fig. 4.17).
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Figure 4.16: Phyla of Phase 3. The microbial community at the start and the end of
the reactor phase are plotted in the diagram, separated by the red dotted line. Acetate and
propionate-fed reactors are separated by the black dashed lines. There is a shift in the
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ND = Not Detected due to biomass washout or depletion.
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Figure 4.17: The top 10 species from acetate (a) and propionate (b) of Phase 3. The

change in the community can be seen at the start and end of the reactor operation. There is

a shift in communities from PNSBs to fermentors. No difference is seen between decoupled

and coupled reactors.
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When the experimental factors were tested for their significance in affecting the community
compositions by RDA performed on data at the end (Day 230) of Phase 3, the VFA in the feed
medium was the only significant factor, although the SRT type showed some tendency to significance
(p-value = 0.065; Fig. 4.18). With respect to PNSB, propionate in the feed led to higher relative
abundances of Rhodobacter (Fig. 4.18, point(2)), whilst acetate in the feed supported higher
abundances of Rhodoplanes (Fig. 4.18, point(3); Fig. 4.17). For the presumptive fermentative
bacteria, Thauera were at slightly higher abundances when propionate was the carbon and electron
source (Fig. 4.18, point(8)), whilst Proteiniphilum (Fig. 4.18, point (9)) and Proteiniclasticum

(Fig. 4.18, point(5)) were at higher abundances in acetate-fed reactors (Fig. 4.17).

4.3 Fluorescent Visualization

4.3.1 DAPI for Polyphosphate Visualization

One of the objectives of this thesis was to evaluate the impact of operation parameters on the P
uptake and accumulation by PNSB. Despite the difficulties in quantifying the orthophosphate
residual concentrations, they were similar in all conditions that received the same phosphate
additions to the feed media except at some exceptional times (e.g., Day 78 to 110 in Phase 2).
Nonetheless, the question remained about the possible storage of P, likely in the form of
polyphosphate (polyP). DAPI has been used for the quantification of polyP without the
interference of DNA (Aschar-Sobbi et al., 2008). On staining with DAPI, the blue fluorescence

indicated the enrichment of bacteria, and the pink fluorescence (Fig 4.19) was visible
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Figure 4.18: Redundancy Analysis (RDA) of bacterial community compositions defined
at the species level during Phase 3. Qwverall model p-value = 0.004. FExplanatory variables
were experimental design parameters: VFA-type (acetateflow] or propionate[high]) p-value =
0.006, SRT type (Decoupled or Coupled) p-value = 0.065, and added phosphate to influent
(P content) p-value = 0.242. Azes p-value RDA1 = 0.033; RDA2 = 0.188. The numbers
next to star symbols are a specific genus projection: (2) Rhodobacter, (3) Rhodoplanes, (5)
Proteiniclasticum ruminis (8) Thauera, (9) Proteiniphilum. Open and solids circles are from

the beginning of the steady-state period and the end of Phase 2, respectively.
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intracellularly which might indicate the presence of polyP. Decoupled reactors - high-P in influent
(a), low-P in influent (b), and coupled reactors high-P in influent (¢) did not differ in their
fluorescence of polyP.

Three samples were chosen for discussion as representative of typical observations under
widespread conditions. Acetate-fed decoupled reactors with high phosphate addition (Fig. 4.19
(a)) and low phosphate addition in the influent (Fig. 4.19 (b)) showed the presence of polyP. The
biomass in the acetate-fed coupled reactors with 22.7 mg PO,4* /L in the influent were similar to
the other two fluorescent images. As Terashima et al. (2020) note, the fluorescence from lipids

faded rapidly as opposed to polyP, which indicated that some polyP accumulation was achieved

within the cultured biomass.

Figure 4.19: DAPI stained cells. The nucleus of the cells emitted a blue fluorescence which
is an indicator of the enrichment of bacteria. The pink fluorescence was visible intracellularly
indicating the presence of polyP. Biomass from acetate-fed reactors was sampled. Decoupled
reactors with (a) 22.7 mg PO,* /L in influent, (b) 4.5 mg PO,* /L in influent, and (c)
coupled reactors with 22.7 mg PO,* /L in influent showed fluorescence by polyP and nucleus.
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Figure 4.20: LP2 stained cells. The black dots are the biomass visualised. The green

fluorescence might be because of PHAs staining in the biomass. Acetate-fed decoupled reactors
with (a) 22.7 mg PO,* /L, and (b) 4.5 mg PO,* /L in the influent are shown against a (c)
propionate-fed, decoupled reactor with 13.6 mg PO,* /L in the influent.

4.3.2 LP2 for Polyhydroxyalkanoate Visualization

PNSBs can store carbon in the form of polyhydroxyalkanoates as described in the Literature
Review. Apart from the defined objectives it was of interest to know if the enriched PNSBs in
this experiment accumulated PHAs. Lipid-Green 2 (LP2) stains polyhydroxyalkanoates (PHAs)
and emits fluorescence indicating the presence (Higuchi-Takeuchi et al., 2016; Kettner and Griehl,
2020). Selected acetate and propionate-fed reactors were chosen for LP2 staining as all the
reactors did not produce a detectable fluorescence. For the biomass accumulated in the reactors,
the LP2 stained some cells especially those present in clusters, which might indicate some PHAs
accumulation. However, there was no clear fluorescence from individual cells to draw any

conclusion (Fig. 4.20).
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Chapter 5

Discussion

5.1 Enrichment of PNSBs and the Emergence of

Fermenters

Throughout the reactor operation of 232 days, the bacterial community changed dynamically.
PNSB’s ability to grow anaerobically and phototrophically under infrared radiation was utilized for
its enrichment in anaerobic reactors. The reactor setup with IR lamps enriched for purple bacteria
at the beginning of all the phases. The quantification of the biomass was done through OD and
VSS measurements that showed biomass enrichments similar to that found by Cerruti et al. (2020)
for biomass grown at similar SRTs and illuminated with similar light. The biomass enrichment
measured through ODggy was higher in the reactors of this experiment than that obtained by

Hiilsen et al. (2014), who used real settled wastewater to enrich for purple bacteria. These two
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experiments were considered for comparison as they successfully enrich PNSBs. The development of
the deep red colour of the cultures and the absorbance of light at 805 and 870 nm are characteristics
of PPB bacteria (Fig. 2.1) (Madigan et al., 2018). The ODg7y/ODggo ratio indicated that a high
proportion of the microbial community was rich in BChl a containing microorganisms. This high
ratio of the ODgr9/ODggp ratio was maintained in the reactors throughout all the phases, which
could indicate a consistent presence of PNSBs within the reactors.

In Phase 1, it was likely that the presence of biofilm enabled the emergence and maintenance
of PPB population in the reactors. An experiment by Shaikh et al. (2023) gave rise to
protein-rich biomass consisting of PNSBs through biofilm formation in nutrient-sufficient
conditions. They observed no PNSB enrichment in the form of a biofilm when the influent was
P-deficient. Further, Capson-Tojo et al. (2023) conducted a systematic study of suspended vs.
attached PNSBs grown in an outdoor flat plate reactor and found that a higher relative
abundance of PPB, and a higher enrichment of biomass in general, was achieved in the biofilms
than the suspended solution (Capson-Tojo et al., 2023). This could be observed through the VSS
values that were the highest in Phase 1 compared to the other phases. Further, more than 60% of
cumulative relative abundance of Rhodopseudomonas, Rhodoplanes, Rhodobacter, and other
unclassified PNSB related Rhodobacteraceae and Xanthomonaceae populations were enriched in
all the reactors in this experiment (Fig. 4.9). Thus confirming the positive enrichment of PNSBs.

By Phase 2, a drop in the total VSS was observed which could be due to the removal of biofilm
that could have been contributing to more substrate through its decay due to higher retention time

(Rittmann and McCarty, 2012). The reduction in the ODg79/ODggo ratio could be explained by
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the top 10 species in Phase 2 (Fig. 4.13), which saw the relative abundance of PNSBs fall from
50-80% to 30%. In Phase 3, the lowest amount of VSS was detected, which could be due to the
removal of yeast extract that was contributing to cell growth (Morsy et al., 2019).

It was interesting to note that although the VSS reduced from Phase 1 to Phase 3, in terms of
operation, the residual sCOD reached a value of almost zero in all the reactors by the time Phase 3
was reached. It is possible that in Phase 1 the decay of the biofilm microbes and a subsequent release
of the soluble microbial products from their consumption by other microorganisms could have led to
the increase in the residual sCOD in the system (Rittmann and McCarty, 2012). Further, in Phase
2, the yeast extract could have acted as an additional source of SCOD due to its carbon content
(Sparviero et al., 2023). By the time Phase 3 was reached, these additional sources of sCOD that
were contributing to its measurement were removed and hence the residual sCOD reached zero.

The high percentage of relative abundance of fermenters was a recurring phenomenon at the
end of all three phases of reactor operation. The community went from a high abundance of PNSB-
related populations (70 to 90%) to almost 60% Proteiniphilum in Phase 3. Two possible causes may
be i) attenuation of light in the bulk of decoupled reactor (Capson-Tojo et al., 2022); and (ii) natural
reactor instability (He et al., 2017; Maus et al., 2020) as indicated by the growth of Proteiniphilum.
Proteiniphilum is an obligately anaerobic, chemoorganotrophic, proteolytic organism known for
producing acetic acid and propionic acid from yeast extract (Trujillo et al., 2015). Since no external
source of protein was fed to the reactor, the high enrichment of protein-rich PNSBs (Alloul et al.,
2019; Hiilsen et al., 2022; Wang et al., 2021) in all the reactors across the phases could have

led to their decay and subsequent scavenging by Proteiniphilum. The decrease in PNSB biomass
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by the end of each phase may be due to adjustments made by the microbial community in the
new conditions created by stepwise removal of biofilm and yeast extract in Phase 2 and Phase
3 respectively (Septlveda-Munoz et al., 2022). An alkaline environment developed in the reactor
within 24 hours (Fig. A.6) could have encouraged the growth of Proteiniphilum (Wang et al., 2021).
The presence of Proteiniphilum has been associated with process failure in food waste digesters due
to high oil, salt, or protein conditions (He et al., 2017). An increase in OLR conditions gives rise to
fermenters (Khafipour et al., 2020; Maus et al., 2020). Almeida et al. (2021) saw that an upsurge
of sugars (glucose and fructose) in the influent caused acidification and subsequent decrease in
biomass due to decay giving rise to fermenters in stage 2 of their reactor operation. Therefore,
an OLR imbalance could be a possibility for Phase 1 and 2 as the biofilm and yeast extract were

sources of carbon, but not for Phase 3.

5.2 P-uptake and PNSB enrichment between Day 88-

110 of Phase 2

Throughout all the phases, decoupling SRT-HRT directly enriched different populations of PPB.
It was seen through the RDA plots (Fig. 4.10, 4.14, 4.18) that a significant difference in the
community compositions was achieved by decoupling SRT-HRT. Studies have been conducted to
utilize the effect of decoupling SRT and HRT on changing the microscopic-microalgal morphology
(Zhang et al., 2021), selection of cyanobacteria (Arias et al., 2019), nutrient removal, and algal

enrichment (Solmaz and Isik, 2019; Xu et al., 2015). Cerruti et al. (2020) mentioned that the



5. Discussion 89

decoupling of reactors had a positive impact on PPB enrichments. In addition to achieving PNSB
enrichment, it was shown that different populations could be enriched.

In Phase 2, the distinction between the communities of decoupled and coupled reactors is
significant. Further, the PNSB community was able to take up phosphate and leave a residue
well below the phosphate fed. This may be attributed to a change in the lamps carried out to
address technical problems in the beginning of Phase 2. The sudden change in the intensity and
positioning of lamp could have acted as a stressor to induce such a behaviour within the PNSBs.
An increase in light intensity up to an optimum level has a favourable effect on P-removal by purple
bacteria (Liang et al., 2010; Liu et al., 2019). A simultaneous change in the light path due to the
repositioning of the lamp could have an effect on P-uptake behaviour (Gonzédlez-Camejo et al.,
2020). Similar to the P-uptake and transformation between inorganic and organic phosphorus seen
in Scenedesmus, extracellular and intracellular polymeric substances from PNSBs may have an
effect on its P-uptake behaviour (Wu et al., 2021). However, although the light path and intensity
were not disturbed afterwards, the residual PO4*-P reverted to its earlier behaviour as seen in

Phase 1, reaching values over that present in the feed.

5.3 Effect of P-concentration and VFA in the feed on

the microbial community

Feeding 3 different phosphate concentrations up to 22.7 mg PO,% /L did not have any effect on

the microbial community. It was seen in the RDA plots that the P-content was perhaps not a
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significant explanatory variable for Phase 2 and 3, except for Day 88-110. While the low P-content
were supposed to induce some P-limitation in the reactors affecting the microbial community, no
significant effect was observed. Shaikh et al. (2023) carried out an experiment with P-limitation
showing its effect on biofilm formation, and confirming the enrichment alone.

In all the reactors, the PNSBs showed higher abundance when propionate was in the feed
instead of acetate. In Phase 1, it was observed that Rhodopseudomonas showed high abundance
in acetate-fed reactors, which has been found earlier (Cerruti et al., 2020; Okubo and Hiraishi,
2007). However, statistically, the VFA was the least significant parameter when the RDAs were
scrutinized for the end of Phase 2 and all of Phase 3, although a comparatively higher abundance
of PNSBs was found in propionate reactors compared to acetate reactors (Fig. 4.13, 4.17).

The experiments carried out for this thesis had their limitations. Firstly, the formation of
biofilm and the addition of yeast extract influenced the concentration of PO43-P in the feed, but
it was addressed in Phase 3. Secondly, the higher values of residual PO4*-P were unexpected
and were addressed through several corrective tests (Appendix B). However, promising results
were obtained in terms of PNSB enrichment at the beginning of each of the phases and selective

microbial communities with decoupled SRT-HRT.
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Chapter 6

Conclusions & Future Work

6.1 Conclusion

The current study explored the potential of PNSBs as versatile organisms that can hold the key
to developing energy-efficient and sustainable nutrient-recovery wastewater treatment facilities.
They can be selected in open communities by applying selection pressure by changing the light,
nutrient concentration, pH, temperature, and SRT-HRT among other parameters. This study
determined additional factors that impact their enrichment as well as phosphate and PHA
accumulating capabilities in an SBR. The reactors were excellent anaerobic digesters in phases 2
and 3, removing most of the COD from the influent. It was shown that a successful enrichment of
PNSB in both coupled and decoupled reactors is possible in the presence of biofilm. Since
microbial community development within an open community is a dynamic process and changes

with time even if conditions are maintained constantly, it led us to ask further questions on
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maintaining community stability and performance in realistic conditions. This study shows that
decoupling the SRT significantly affects the microbial community composition and reactor
performance. However, phosphorus quantities lower than 25 mg PO,*-P/L did not have a visible
effect on the microbial community or P-accumulation within the reactors. The conclusions to the

defined objects are listed below:

SRT-HRT Decoupling

1. PNSBs form distinctly different communities on uncoupling SRT and HRT where certain

bacteria prefer decoupled SRT while others grow in coupled systems.

2. The decoupling of SRT and HRT does not form distinct open communities in the presence

of biofilm in the reactors.

P-content in influent

3. Altering the P-content in the influent below 25 mg PO, -P/L did not have any visible effect

on the open communities diversity within the reactors.

16S analysis of open community

4. The development of fermenters in the suspension despite the maintenance of reactor
conditions reflects some challenges in growing PNSBs. A constant OLR to the reactors led
to the activation of metabolic pathways within PNSB that converted the excess carbon to

pyruvate encouraging heterotrophic fermenters to replace the PNSBs.
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5. Phosphorus measurement can be hindered by substances produced by the mixed culture.
Since the exact mechanism of operation of open communities during a nutrient recovery
operation is still unknown, the exopolymeric substances produced by them pose an exciting

field of discovery.

Although out of the scope of this study, the development of biofilm had a significant impact on
the community development within the reactor which can be further explored (Capson-Tojo et al.,
2023). Yeast extract in the reactors was not apparent in their influence on the P-uptake behavior
but it perhaps had an influence on the growth of fermenters (Maus et al., 2020).

To conclude, mixed purple bacteria cultures in photobioreactors can be successfully employed
to extract nutrients from wastewater leaving a low carbon footprint. However, akin to any realistic
operation of a reactor, it is imperative to assess all the parameters that require constant monitoring

to ensure the growth of the right microbial communities and high recovery efficiency.

6.2 Future Work

This study aimed to broaden the knowledge in a relatively niche and unexplored field of open
communities in PBRs. While important observations related to the microbial communities were
made, tests need to be conducted to improve phosphorus measurement techniques and open

community stability in reactors.
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6.2.1 Interference in P-measurement

Appendix B details the results from tests conducted to determine the cause of P-measurement offset.
The presence of an interferent in the supernatant is confirmed but the element or compound causing
this is unknown. Currently, ion chromatography is being carried out in the MiCel lab to determine
the interferent. This knowledge can help in developing accurate methods for P-assessment for
future studies in wastewater treatment. Further, if the interferent is an exo-polymer, it can provide
insights into the dynamics of the microbial community within the reactors.

The orthophosphate measurements were performed using metavanadate for quick assessment.
The development of yellow coloration during testing is a factor of time (Rice et al., 2012) along
with a concentration (Dabkowski and White, 2015). Thus, it is essential to optimize the duration
in which the color development is allowed before the reading is taken on a spectrophotometer.
The color development also depends on the redox potential of the sample which is in turn a
function of the pH of the solution (Zeitoun and Biswas, 2020). A similar principle applies to
orthophosphate measurement using ascorbic acid. All of these factors play a role in determining
the final concentration of orthophosphate measured in the reactor suspension and must be

optimized before beginning the experiments.

6.2.2 Operation Improvement

The P-value offset in the study raised several questions that open space for further research.
Although phosphorus measurement optimization is out of the scope of this study, further

investigation may be carried out in that direction. Additional periodic tests may be carried out
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on some parameters while optimizing P-measurement namely pH, redox potential, and interfering
ions.

Fermenter growth in the reactors is a natural possibility within a reactor with open communities
as discussed in Chapter 4. While predation and phage attacks are inevitable possibilities till their
mechanism is fully understood, maintenance of purple bacteria in the wastewater treatment systems
requires constant monitoring. While undertaking future experiments it is advised to monitor VFAs
regularly throughout the operation period to ensure no shock loading of organic matter takes place
causing the proliferation of fermenters. If a high load of OLR is registered, adjustment to original
levels can revert the microbial community to its original composition (Khafipour et al., 2020).

The distance between the lamp and the reactor as well as its intensity should be monitored
regularly. The lamp’s light being infrared has the possibility of altering the temperature to which
the bacteria is exposed which may have an effect on the metabolic pathway leading to change in
microbe communities and P-uptake behavior (George et al., 2020).

It may be interesting to take into account the role of quorum sensing by the PNSBs to
accumulate phosphorus effectively. Operating the reactors at low volumes of cell suspension
(Appendix B) may be more conducive to enriching PNSBs and removing phosphorus. It may also
lead to lower production of exopolymeric substances that probably interfere with the
P-measurements (Dow, 2021; Zhang et al., 2019).

Further experiments must be designed taking together all the parameters into account while

assessing P-uptake by open communities.



6. Conclusions & Future Work 101

6.2.3 Microbial Community Exploration

Other than the genus Proteiniphilum discussed in Chapter 4, several other genera were identified
that could provide insights into open community behavior in real wastewater treatment reactors.
A summary of the different genera and their properties are given in Appendix C. Some of the non-
PNSBs such as Thauera can remove phosphorus, synthesize PHAs, and produce exopolysaccharides.
Similarly, Ezxiguobacterium is also a PHA-accumulating genus. In fact, they can alter polystyrene
properties by forming a biofilm on its surface. Although PHAs accumulation was not discussed
in this study, polyP accumulation by PNSBs in open communities can form a building block to
understand PHAs accumulation by the consortia. Further experiments may be carried out to
understand the role of non-PNSB, polyP, and PHAs accumulating organisms in a mixed culture

such as the ones identified in this study.

6.2.4 Optimizing Quantification using LP2

To be able to quantitatively assess PHAs in the bacteria periodically, an attempt was made to
apply LP2 staining for PHAs measurement in PPBs. The protocol developed by Kettner and Griehl
(2020) was modified for this purpose. A brief description of the modifications in the protocol for
PHA quantification in PPBs is given in Appendix E. Further work and tests must be conducted to
accurately deploy the staining technique for quick quantification of PHAs. Future work may also

include extraction of PHAs from the cells and characterization.
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Closing Remarks

Thus, knowledge from this experiment determined the importance of reactor decoupling and
microbial community stability. Results from this study along with suggestions for improvement
can pave the way to create energy-efficient, cost-effective wastewater valorization systems using

open communities.
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Appendix A

Experimental Results

Table A.1: Reactor operation parameters describing the SRTs, HRTs, Organic Loading,

and phosphorus content of different phases of the experiment

Process Parameters Units Phase I Phase II & III
Solid Retention Time
Decoupled Day (d) 7 6.67
Coupled d 2 2.53
Hydraulic Retention Time
Decoupled d 2 233
Coupled d 2 2.53
Loadings
Organic Loading per feed frequency
Acetate mg COD L 532.85 532.85
Propionate mg COD L 755.93 755.93
Phosphorus
High mg PO4P L 2276 2276
Medium mg POs-P L 13.66 13.66
Low mg PO;-P L' 4.55 455




Table A.2: Results from reactor operation in all three phases. The table enlists all the values with corresponding

standard deviations found during the reactor operation period

-

Measu  Units  P-in Phase 1: Biofilm Phase 2: Yeast extract Phase 3: No biofilm & yeast extract
red feed
Param (mg Acetate Propionate Acetate Propionate Acetate Propionate
eters
PO, Decoupled Coupled Decoupled Coupled Decoupled Coupled Decoupled Coupled Decoupled Coupled Decoupled Coupled
P/L)
TSS mg 185381+ 724.76+9 179571+ 70190+ 156542+ 49042+ 191667+ 6445849 1006.67 38583+ 125333+ 310.00420.
solids/ 2276 179.58 8.04 7754 66.20 138.26 4273 181.19 3.63 +62.46 2743 67.09 09
L
1366 200524+ 658.57+7 199190+ 785.71+ 1640.83+ 56833+ 2085.83+ 693.7518 940 39083+ 1281.67+ 513331157
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sss 01476+ - 203762+ - 1545004 - o : 935 . 123500+ :
i 161.49 22543 82.05 - +73.06 54.54
VSS mg 161722+ 626.67+1 1690.00+ 65722+ 134958+ 399.17+ 1656251 640.00+1 756.67+ 26867+ 918.67+7 230.67+23.
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L
13.66 179333+ 593.80+8 1788.33+ 788.89+ 138875+ 45167+ 1817.08+ 523.75+7 70800+ 24400+ 964.00+8 380.67+149
’ 138.44 0.06 142.82 4843 121.34 55.72 194.74 2.61 83.23 23.98 129 a7
455 1893 44+ - 200222+ - 1275.00+ - 1595.00+ - 689.33+ - 928.00+5 -
: 174.99 19148 7935 221.83 77.99 8.13
sCOD mg 2276 12822 189.39 169.58 151.77 5744 45.25 101.74 73.55 08771 0.8769 0.8900 0.8774
O/ . +55.95 +75.64 +60.29 +71.51 +19.65 +13.38 +46.02 +17.41 +0.02 +0.02 +0.02 +0.02
13.66 129.47 185.66 115.14 155.49 63.06 4370 92.58 92.75 0.8869 0.8868 0.8871 0.8873
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Figure A.1: TSS of (a) acetate and (b) propionate fed reactors across all the three phases
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Figure A.2: VSS of (a) acetate and (b) propionate fed reactors across all the three phases
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Table A.3: PCR reaction conditions.

25% for amplification.
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The primers are 515F + 806R. The PCR was run

Step Temperature Time

Initial denaturation 94° 3 min

Denaturation 94° 45 sec

Annealing 50° 60 sec

Elongation 68° 45 sec

Final elongation 68° 10 sec
Cooling 4° 00
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Figure A.4: Normalised curve showing the presence of BChl a in the reactors. Averages

of the normalized values of the duplicates were taken.
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110

Appendix B

Orthophosphorus troubleshooting

Test 1: Was the error due to manual operation?

Error Identification: Method 1
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Figure B.1: P-measurement using the Molybdovanadate (yellow method) was carried
out by another independent researcher. The wavelength of the supernatant samples was

spectrophotometrically measured at 470 nm. The absorbance data from both researchers was

not significantly different (t(22)=2.07, p>0.05).
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Test 2: Was the error due to the measurement from the supernatant after

centrifugation?

Error Identification: Method 2
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Figure B.2: The supernatant was passed through a 0.22 pum cellulose acetate filter to
eliminate any floating bacteria in the supernatant after centrifugation. Measurements of the
orthophosphate in supernatant were taken at 470 nm spectrophotometrically using the yellow
method before and after filtration. There was no significant difference between the data before

and after filtration (t(46)=2.01, p>0.05).
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Test 3: Was the error due to the colorimetric method chosen?

Linear Regression Curve
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Figure B.3: A linear regression curve of the absorbance at 470 nm from the samples using
the two colorimetric methods - Molybdovanadate (yellow) method and Ascorbic Acid (blue)
method is plotted. The standard deviation from the

B&A method of assessment
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Figure B.4: A Bland €& Altman method of assessment between the Molybdovanadate
(yellow) method and Ascorbic Acid (blue) method. However, since the BEA method does

not specify the sufficiency of the agreement between the methods, no conclusion could be

made.
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Test 4: Was the error in measurement due to reactor setup?

Another set of experiments was conducted with a different reactor setup that used 12
mL deep well plates placed in an airtight box with AnaeroPack™1to create an anaerobic
environment. The exact procedure as described in Fig. 3.2 was followed. The PNSBs
cultured in the system were analyzed using 16s, the results of which are presented below.

The reactor setup is called "new reactor” for the sake of simplicity.

PCOA2 (29.2 %)
04 -02 00 02

-0.6

I [ I I
-04 -02 0.0 0.2 0.4

PCoA1 (36.3 %)

Figure B.5: PCoA of the bacteria in the reactor are presented here. At the start of the
operation, the species of bacteria are not distinct from each other (upper right corner).
Although, by the end of the operation, the new population (upper left corner) is different

from the initial microbiota, the reactor population is not quite distinct from one another.
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Figure B.6: When the bacteria at the end of the reactor was analyzed using PCoA, it was
observed that there is no significant pattern of population distribution within the different

reactors.
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Figure B.7: On plotting an RDA of the bacteria from different reactors at the end of the
operation, the axes of the RDA plot were found to be insignificant denoting no significant

pattern in species development.
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Figure B.8: The top 10 most abundant species of both acetate and propionate-fed reactors

are plotted here.
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Figure B.9: By the end of the reactor operation, Rhodobacteraceae and Xanthobacteraceae

take over which may signify a better regqulation of nutrients by PPBs in the presence of

fermenters allowing their abundance when low volumes of bacteria are cultured. (Dow (2021);
Efremenko et al. (2023); Zhang et al. (2019))
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Test 4: Was the error due to the supernatant matrix?

Error Identification: Method 4
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Figure B.10: The orthophosphate measurement was taken at different time intervals to
note any change in P-values in the supernatant over time. It was observed that there was
indeed an offset in the P-values indicating the presence of another compound that interacted

with PO,*-P within the supernatant.
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Figure B.11: To identify the amount of interference that may be taking place while

measuring the PO,*-P due to the supernatant matriz, an internal standard method of

dilution was employed to eliminate the interference. However, another test was conducted

using ferric and aluminum ozide ions that precipitated PO, -P chemically (not presented

in this document). It was found that the interferent was also precipitated.

Thus, the

offset in phosphorus measurement from this experiment could not be applied directly to the

orthophosphate results obtained in this study.
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Appendix C

Summary of selected genera identified

Table C.1: Some properties of different fermenters identified in the reactor across phases

Genus Characteristics

Acetoanaerobium Obligate anaerobe.  Chemo-organotrophic. =~ Ferment carbohydrates,
producing acetate and sometimes other volatile acids. Ferment yeast
extract, producing acetate and several volatile acids. At slower growth
rates produce acetate from Hyo and COs. May require yeast extract for
growth.” (Trujillo et al. (2015))

Achloeplasma Given the ubiquity of this genus in the environment, very little research has
been done on its 15 identified species. They are similar to Mycoplasma as
they lack a cell wall, are very small and have few genes. Achloeplasma
laidlawii is a well-known process contaminant. Their presence in
wastewater is due to their widespread occurrence in respiratory mucosal
and urogenital tract. (Williams (April 21, 2021)) They also exhibit cell
fusion phenomena. (Vishnyakov (2022))

Erysipelothrix “Erysipelothrixz is an aerobic, non—spore-forming, gram-positive bacillus
that has been linked to skin infections in meat and fish handlers.”(Actor
(2012)) “Growth occurs at 15-44°C, with an optimal temperature of
30-37°C, and at a pH range of 6.7-9.2. The organism is a facultative
anaerobe, chemoorganotrophic with respiratory metabolism, and weakly
fermentative. ~ Acid but no gas produced from glucose and other
carbohydrates. Growth is improved by 5-10% carbon dioxide. In addition
to lactic acid, small amounts of acetic acid, formic acid, ethyl alcohol,
and COg are produced from the fermentation of glucose. Acid without
gas is produced within 48 h from glucose, lactose, fructose and galactose.”
(Stackebrandt et al. (2006))
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Ezxiguobacterium  “The members of the genus display low G+C content and are gram-positive,
facultative anaerobes or aerobes with high morphologic, physiologic,
and geographic diversity. Cluster analyses of 16S rRNA gene sequence
data suggests that Ezriguobacterium has developed molecular mechanisms
and possesses several stress tolerance related genes, confirming its
ability to inhabit extreme conditions. Several phosphate-solubilizing
Eziguobacterium have been isolated and studied through the mechanisms
involving acidification, secretion of organic acids, proton extrusion and
chelation and exchange reactions. Phosphate solubilization could also be
induced by phosphate starvation and release of plant root exudates such
as organic ligands.”(Pandey (2020)) Species from this genus can degrade
polystyrene by forming biofilm (Chauhan et al. (2018); Pandey (2020);
Parthasarathy et al. (2022)).

Macellibacteroidetes “Cells stain Gram-positive but have a Gram-negative type of cell wall.
Non-motile, non-spore-forming, mesophilic rods with a fermentative and
obligately anaerobic type of metabolism. Growth occurs at 20-45 pC
(optimum 35-40 uC) and at pH 5.0-8.5 (optimum pH 6.5-7.5). Does
not require NaCl for growth, but tolerates up to 2% NaCl. Yeast extract
is required for growth. Catalase-negative. Cellobiose, glucose, lactose,
mannose, maltose, peptone, rhamnose, raffinose, sucrose and xylose are
used as electron donors, but not arabinose, glycerol, mannitol, Casamino
acids, acetate, lactate, pyruvate, Hy/COy or Ha/COg2 in the presence of
acetate. Sodium sulfate, sodium thiosulfate, elemental sulfur, sodium
sulfite, sodium nitrate and sodium nitrite are not used as terminal electron
acceptors. The main fermentation products from glucose metabolism are
lactate, acetate, butyrate and isobutyrate.” (Jabari et al. (2012))

Paludibacter “Nonmotile.  Nonsporeforming.  Gram-negative.  Strictly anaerobic.
Chemo-organotrophic. Optimum growth temperature, 30°C. No growth
occurs at 37°C. Oxidase and catalase-negative. Nitrate is not reduced.
Various sugars are fermented, and acetate and propionate are the major
fermentation end products with succinate as a minor product.”(Trujillo
et al. (2015)) “It could not grow in the presence of oxygen (20%, v/v, in
the gas phase) nor after No-CO2 purging only (without adding reducing
agents). Growth was observed with the following substrates (20 mM
unless specified): arabinose, xylose, fructose, galactose, glucose, mannose,
cellobiose, lactose, maltose, sucrose, pectin and starch (1 g 1-1). Yeast
extract was not required but stimulated the growth. The major end
products from glucose fermentation were acetate and propionate in a molar
ratio of 4:1.”(Qiu et al. (2014))

Proteiniclasticum  They are strictly anaerobic, proteolytic, grow at 24-46°C, and pH between

TUmMinis 5.6 — 8.7. The major fermentation products were acetate, propionate and
iso-butyrate from PY medium. (Zhang et al. (2010))
Proteiniphilum “Nonsporeforming. Gram-stain-negative. Obligately anaerobic. Growth

occurs at 20-45°C. Oxidase and catalase-negative. Chemo-organotrophic.
Proteolytic. Yeast extract and peptone can be used as energy sources.
Nonsaccharolytic. Carbohydrates, alcohols, and organic acids (except
pyruvate) are not used. Gelatin is not hydrolyzed. Not resistant to 20%
bile. The major fermentation products from peptone-yeast extract (PY)
medium are acetic acid and propionic acid. Nitrate is not reduced.”(Trujillo
et al. (2015)) “The purified rod-shaped bacterial strains utilized pyruvate
and produced acetate and propionate from proteinaceous materials, but
not glucose or other sugars.”(Chen and Dong (2005))
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Pseudomonas They do not accumulate PHA but exhibit denitrifying properties with

stutzeri gas release. “The denitrification process carried out by bacteria
makes use of N oxides as terminal electron acceptors for -cellular
bioenergetics under anaerobic, microaerophilic, and occasionally even
aerobic conditions.”(Lalucat et al. (2006))

Thauera They are frequently found in wastewater, have versatile metabolism.
produce exopolymeric substances, and degrade aromatic compounds.(Liu
et al. (2013)) “Species from Thauera genus (identified by denaturing
gradient gel electrophoresis) were found to be abundant in SBRs operated
under ADF conditions using a mixture of acetate, propionate, and lactate
and operated at different loading rates. Bacteria from the genera Thauera

and Azoarcus were dominant in an SBR fed with acetate at SRTs of 1
and 10 days.” (Reis et al. (2011)) “...the Thauera is an important genus

with metabolic versatility for the remediation of environmental pollutants
in wastewater treatment. They are found to be typical denitrifiers but can
also perform P removal. They can also oxidize sulfide/S to form poly-S
using CO2 as the electron acceptors, and then poly-S is oxidized to sulfate.
Thus Thauera can be regarded as one of the key organisms responsible for
denitrifying P removal and sulfide oxidation in S-EBPR systems.” (Guo
et al. (2019))
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Appendix D
QIIME2 Codes for 16s Analysis

1. Importing Data

giime tools import \
--type ’SampleData[PairedEndSequencesWithQuality]’ \
--input-path /media/Manifest.txt \
--output-path /media/paired-end-demux.qza \
—-—input-format PairedEndFastqManifestPhred33

qiime demux summarize \
--i-data /media/paired-end-demux.qza \
--o-visualization /media/paired-end-demux.qzv

2. Sequence Quality Control and Feature Table Construction

qiime dada2 denoise-paired \
--i-demultiplexed-seqs /media/paired-end-demux.qza \
—--p-trim-left-f 0 \
—--p-trim-left-r 3 \
--p-trunc-len-f 249 \
—--p-trunc-len-r 248 \
--o-representative-sequences /media/rep-seqs.qza \
--o-table /media/table.qza \
--o-denoising-stats /media/stats-dada2.qza \

3. Feature Data Summary
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qiime feature-table summarize \
--i-table table.qza \
--o-visualization table.qzv \
--m-sample-metadata-file /media/metadata.txt
giime feature-table tabulate-seqgs \
--i-data /media/rep-seqgs.qza \
--o-visualization /media/rep-seqs.qzv

4. Files for phylogenetic diversity analysis

qiime alignment mafft \
--i-sequences /media/rep-seqs.qza \
--o-alignment /media/aligned-rep-seqs.qza

qiime alignment mask \
--i-alignment /media/aligned-rep-seqs.qza \
--o-masked-alignment /media/maksed-aligned-rep-seqs.qza

qiime phylogeny fasttree \
--i-alignment /media/maksed-aligned-rep-seqgs.qza \
--o-tree /media/unrooted-tree.qza

qiime phylogeny midpoint-root \
--i-tree /media/unrooted-tree.qza \
--o-rooted-tree /media/rooted-tree.qza

5. Alpha Diversity Analysis

qiime diversity alpha-rarefaction \
--i-table /media/table.qza \
--i-phylogeny /media/rooted-tree.qza \
--p-max-depth 31641 \
--m-metadata-file /media/metadata.txt \
--o-visualization /media/alpha-rarefaction.qzv

6. Beta Diversity Analysis



D. QIIME2 Codes for 16s Analysis 123

qiime diversity core-metrics-phylogenetic \
--i-phylogeny /media/rooted-tree.qza \
--i-table /media/table.qza \
--p-sampling-depth 18108 \
--m-metadata-file /media/metadata.txt \
--output-dir core-metrics-results

7. Taxonomic Analysis

qiime feature-classifier classify-sklearn \
--i-classifier /media/MIDASClassifier4.8.1.qza \
--i-reads /media/rep-seqs.qza \
--o-classification /media/taxonomy.qza

giime metadata tabulate \
--m-input-file /media/taxonomy.qza \
--o-visualization /media/taxonomy.qzv

giime taxa barplot \
--i-table /media/table.qza \
--i-taxonomy /media/taxonomy.qza \
--m-metadata-file /media/metadata.txt \
--o-visualization /media/taxa-bar-plots.qzv
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Appendix E

LP2 optimization

E.1 Objective

The experiment by Kettner and Griehl (2020) utilizing lipidgreen2 (LP2) for staining PHA
was improvised. The objective of this experiment was to develop a protocol for quantitative
measurement of PHA in a continuously operating reactor. It involved optimizing the wavelengths
and volumes of LP2 at which a usable calibration curve could be obtained by modifying the protocol

by Kettner and Griehl (2020).

E.2 Methodology

To create a calibration curve, 1, 1.5, and 2 mL of Cupriviadus necator DSM541 strain were washed

and suspended in PBS and HEPES in two different sets of centrifuge tubes. Different volumes (20,
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50, and 100 uL) of 50uM LP2 were used for staining the cell suspension. The fluorescence was
measured at 440, 450, and 460 nm excitation wavelengths and 490, 500, 510, and 520 nm emission

wavelengths.

E.3 Result

A volume of 100 pL, 50 uM LP2 was ideal for staining the cells. The bacterial cells must be
suspended in PBS and the fluorescence is to be measured at 450 nm excitation and 520 nm emission

wavelengths. The calibration curve obtained at the above conditions is presented in Fig. E.1.

Fluorescence at 100 uL, 50uM LP2
450/520 nm

0 0.5 1 1.5 2 2.5
Sample Cell Volume, mL

Figure E.1: A straight calibration curve was obtained when wusing LP2 stain as a
quantitative tool for measuring PHA within Cupriviadus necator DSM541. The cells were
suspended in PBS and stained with 100 pL of uM LP2 in 2 mL aliquots. The fluorescence
was measured at 450 nm excitation and 520 nm emission wavelength. The numbers in the

legend indicate the triplicate measurements taken.
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