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Lay abstract

This thesis aimed to provide sustainable biotechnological solutions to three
environmental challenges: lead contamination, petroleum-based plastics, and elevated CO2
levels in the atmosphere. Certain metal-reducing bacteria can grow by consuming toxic Pb(lI)
ions from aqueous environments and thus reduce their toxicity. Furthermore, various
microorganisms can store biodegradable polymers, known as polyhydroxyalkanoates (PHAS),
in their cells. The stored PHA polymers can be extracted and processed to produce
biodegradable plastics. PHA accumulators can produce significant amounts of PHA by
utilizing organic substrates or CO2. Therefore, PHA-based plastics can reduce environmental
deterioration due to non-degradable plastics and elevated CO: levels. Lab-scale experiments
and mathematical modeling can provide a better understanding of the growth and enrichment
of PHA accumulators in engineered PHA-production systems. Research findings in this thesis
will allow cost-effective and sustainable production of biodegradable plastics from organic

wastes and flue gas.



Ph.D. Thesis — Abdelrahman Amer; McMaster University — Civil Engineering

Abstract

Lead contamination threatens human life and the environment. The biological reduction
of Pb(Il) to metallic Pb is an attractive solution for Pb(Il) pollution. Delftia acidovorans,
Azonexus caeni, and Comamonas testosteroni were isolated and studied for their capabilities
to utilize Pb(Il) as a terminal electron acceptor. D. acidovorans strain Pb11 and A. caeni strain
Pb2 cultures showed a 5.2- and 8.1-fold growth at 10.0 mg-Pb(Il)/L in 3 d, respectively.
Petroleum-based plastics are another emergent environmental concern. Polyhydroxyalkanoates
(PHAS), a sustainable alternative to conventional plastics, are biodegradable polymers
produced by PHA accumulators under autotrophic or heterotrophic conditions. In this thesis,
the growth and enrichment of PHA accumulators, such as Plasticicumulans acidivorans and
Cupriavidus necator, were investigated as they can accumulate 90% of their cell weight as
PHA. An energetic model was developed to calculate theoretical PHA vyields. The true
autotrophic and heterotrophic PHB yields were estimated as 2.97 (gpyp/ moly,) and 0.66
(9puE/ Gacetate), YESPECtively. Moreover, the growth of C. necator was investigated in lab-scale
experiments under various autotrophic, heterotrophic, and mixotrophic conditions. When C.
necator was cultivated in two-stage systems, high optical densities were attained in less than
24 h. In addition, a mathematical model for the competition between PHA and non-PHA
accumulators in the feast-famine enrichments was developed. The calibrated and validated
model for P. acidivorans suggested that microbial diversity in mixed cultures impacted the
enrichment process. Another aspect of this thesis was to propose an innovative method for
enriching PHA accumulators in mixed cultures. By applying autotrophic and autotrophic-
heterotrophic enrichment strategies, C. necator dominated the mixed cultures (> 90%) in less
than five days. Based on this thesis findings, it can be concluded that biotechnology
applications in Pb(I1) remediation and PHA production could reduce the severe impacts of Pb

contamination, petrochemical plastics, and climate change due to elevated CO: levels.
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Preface
This thesis has been prepared in accordance with the guidelines of the sandwich thesis
format from the School of Graduate Studies at McMaster University. Five papers are included

in this thesis as listed below.

e Amer, A., and Kim, Y. (2022). Isolation of Pb (I1)-reducing bacteria and demonstration of
biological Pb (I1) reduction to metallic Pb. Journal of Hazardous Materials, 423, 126975.
e Amer, A., and Kim, Y. Theoretical estimation for the yield coefficients for microbial
polyhydroxyalkanoate production (under preparation).
e Amer, A., and Kim, Y. Minimizing the lag phase of Cupriavidus necator growth under
autotrophic, heterotrophic, and mixotrophic conditions (under review).
e Amer, A, and Kim, Y. Modeling the growth of diverse microorganisms during feast-
famine enrichment (under review).
e Amer, A, and Kim, Y. Highly selective enrichment of Cupriavidus necator using its
autotrophic and heterotrophic characteristics (under review).
The first manuscript is presented in Chapter 2. The work was started in January 2019.
The manuscript was submitted in April 2021 and accepted in August 2021. The work was
conducted under the supervision of Dr. Younggy Kim. The manuscript is included in this thesis
as it provided a novel approach to remove Pb(ll) from water streams by isolating bacteria that
can reduce Pb(Il) to metallic Pb°. The suggested remediation method could be applied to

efficiently treat water streams and soils contaminated with Pb(l1). My contributions include:

e Literature review
e Design and conducting the experiments

e Writing the manuscript
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The second manuscript is presented in Chapter 3. The work was started in May 2021.
The work was conducted under the supervision of Dr. Younggy Kim. The manuscript is
included in this thesis as it provided a novel modeling study on the estimation of theoretical
yield coefficients of polyhydroxyalkanoate and cell in PHA accumulators under distinct

cultivation conditions. My contributions include:

e Literature review

e Model development

o Data collection

e Writing the manuscript

The third manuscript is presented in Chapter 4. The work was started in October 2021.

The work was conducted under the supervision of Dr. Younggy Kim. The manuscript is
included in this thesis as it demonstrated a novel study on the impact of growth conditions on
the metabolic responses of Cupriavidus necator, commonly employed in commercial PHA

production. My contributions include:

e Literature review

e Design and perform the experiments

e Writing the manuscript

The fourth manuscript is presented in Chapter 5. The work was started in May 2020.

The work was conducted under the supervision of Dr. Younggy Kim. The manuscript is
included in this thesis as it provided a novel study on modeling the enrichment of PHA
accumulators in mixed microbial cultures using the feast-famine strategy. The mathematical
model can be applied to optimize the cultivation conditions to ensure successful enrichment of

PHA accumulators in mixed cultures. My contributions include:

e Literature review

Vi
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e Conceptualization and model development

e Data collection

e Model calibration and validation

e Writing the manuscript

The fifth manuscript is presented in Chapter 6. The work was started in May 2022. The

work was conducted under the supervision of Dr. Younggy Kim. The manuscript is included
in this thesis as it introduced innovative methods to enrich Cupriavidus necator in mixed
microbial cultures. The suggested enrichment methods can be employed to obtain mixed
cultures dominated by C. necator within a few days. The enriched cultures can utilize organic
wastes directly without sterilization requirements, which can significantly reduce the PHA
production costs. These findings can substantially reduce the high prices of biodegradable

plastics. My contributions include:

e Literature review

e Conceptualization

e Design and conducting the experiments

e Collecting and analyzing experimental data

e Writing the manuscript
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1. Introduction
1.1. Overview

Lead (Pb) contamination is a major concern that causes serious environmental pollution
in the last decades. Lead is classified as the second most hazardous heavy metal after arsenic.
Pb is released to groundwater and soils from mining and ore processing, Pb-acid batteries
recycling plants, and industrial wastewater effluents (Rahman & Singh, 2019). Pb has severe
health effects on natural aquatic life and human bodies (Bao et al., 2017; Levinson et al., 1996;
Tiquia-Arashiro, 2018). Pb has several chemical forms such as Pb°, Pb(1V) and P(11). Among
them, Pb(Il) is highly mobile and bio-available, and thus Pb(ll) is considered the most toxic
inorganic form in aquatic environments (Matta & Gjyli, 2016). Thus, this thesis focused on
providing biotechnological solutions to Pb(Il) contamination by employing microorganisms
that can utilize and reduce Pb(Il) as a promising alternative to the current chemical treatment

methods that produce large amounts of wastes (Modestra et al., 2017; Peens et al., 2018).

Another serious environmental concern is the petroleum-based plastics. Conventional
chemical plastics have been extensively utilized since 1950s in all aspects of modern life. The
current chemical plastics are produced from fossil fuels which increase the greenhouse gas
(GHG) emissions. The massive production of petroleum-based plastics exceeded 368 million
metric tons in 2019 (Almeida et al., 2021; Matos et al., 2021). Chemical plastics are widely
used because of their chemical resistance and thermostability (Fang et al., 2019). However,
petroleum-based plastics cause severe pollution issues when they are released into the
environment. Around 90% of consumed plastics end in landfills or oceans and thus contaminate
nearby soil and groundwater by leaking toxic contaminations (J. Lee et al., 2021). Thus,
bioplastics are promising alternatives to conventional petroleum plastics because of their
similar physical and chemical properties (Mascarenhas & Aruna, 2017). Polyhydroxyalkanoate

(PHA) is a bioplastic polymer accumulated inside microbial cells as stored granules. The PHA

1
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polymers can be extracted and processed to produce biodegradable plastics (J. Lee et al., 2021).
Therefore, applying biotechnological approaches to produce PHA from organic substrates,
waste feedstocks, and/or inorganic carbon sources (e.g., CO2) can provide ecofriendly
alternatives to the petroleum-based plastics (Estévez-Alonso, Pei, et al., 2021; Sohn et al.,

2021).

1.2. Literature review on biological Pb(I1) remediation

Chemical precipitation, membrane filtration, adsorption, electrodialysis, and
photocatalysis are currently applied to remove Pb(ll) from contaminated water streams and
soils. Nevertheless, these methods cause several environmental, operation, and maintenance
problems such as hazard wastes and production of huge amounts of sludge (Modestra et al.,
2017; Peens et al., 2018). Biological removal methods of Pb from wastewater are more
attractive alternatives as they suit wastewater characteristics and can lower the capital and
operation costs. Potential Pb(ll) bioremediation includes mechanisms such as adsorption
(biosorption), intracellular bioaccumulation, extracellular sequestration, and bio precipitation

(Naik et al., 2013a; Naik & Dubey, 2011a, 2013; Tiquia-Arashiro, 2018).

The biological reduction of metals is a promising biotechnological approach for the
remediation of contaminated water streams. The dissimilatory metal reduction was previously
reported for various metals such as Fe(l11), Mn(1V), U(V1), Se(VI), Se(1V), and Cr(VI) (Lloyd,
2003; Lovley, 1993; Lovley et al., 1991; Schmieman et al., 1998). Under anaerobic conditions,
microorganisms can obtain the energy required for microbial growth by coupling the oxidation
of an organic substrate (i.e., electron donor) with the reduction of an oxidized metal cation
(i.e., terminal electron acceptor), which is not related to metal assimilation inside microbial
cells (Lovley, 1993). For instance, Geobacter metallireducens (formerly strain GS-15) was
reported to couple the oxidation of acetate with the reduction of Fe(lll) to Fe(ll) under

anaerobic conditions (Lovley et al., 1987).
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Similarly, Pb(I1) can be reduced to Pb® when microorganisms are provided with an
organic substrate as the electron donor and Pb(l1) as the only terminal electron acceptor under
anaerobic conditions. When Pb(Il) is reduced to Pb° the latter will not be available for
metabolic uptake and biodegradation (Modestra et al., 2017). The microbial Pb(Il) reduction
to Pb® was previously demonstrated in the literature (Brink et al., 2017, 2019, 2020a;
Colantonio & Kim, 2016b; Jannati, 2019; Peens et al., 2018). For instance, Colantonio and
Kim (2016) reported microbial Pb(l1) reduction to Pb® in microbial electrolysis cells (MECs)
at the anode chamber under open-circuit conditions (Colantonio & Kim, 2016b). A
subsequent study utilized an enriched MEC anode to reduce and remove lead from synthetic
wastewater (Jannati, 2019). Also, a microbial consortium was employed to reduce and
remove up to 90% of 80 ppm of Pb(Il) under anaerobic conditions (Brink et al., 2017). The
same consortium was subsequently studied to remove up to 1000 ppm of Pb(ll1) with 99%
efficiency (Peens et al., 2018). However, the isolation of bacteria that can reduce Pb(ll) to
PbP was not previously demonstrated. Therefore, one of the main objectives of this thesis was
to isolate, identify, and study Pb(ll)-reducing bacteria that can be applied in Pb remediation

applications.

1.3. Polyhydroxyalkanoate (PHA): a biodegradable plastic

Bioplastics are sustainable substitutes to synthetic petroleum plastics because of their
similar physical and chemical properties (Mascarenhas & Aruna, 2017). Bioplastics include
biodegradable biological-based plastics in addition to petrochemical plastics (Bishop et al.,
2021). Biodegradable bioplastics include several polyesters such as polylactic acid (PLA),
polyhydroxyalkanoates (PHA), starch blends, polysaccharides (carbohydrates polymers), and
aliphatic polyesters (Kumar et al., 2020). The production of biological-based biodegradable

plastics currently accounts for 55.5% of the global bioplastic production (Carpine et al., 2020).
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PHAs are microbiologically produced polymers with tunable physical, mechanical, and
thermal properties (J. Lee et al., 2021). PHAs are highly biocompatible, biodegradable, and
sustainable (Khatami et al., 2021). Under standard conditions, PHAs can be biodegraded into
biomass, water, and CO2 in approximately two months, which significantly reduces the
environmental impact of wasted plastics (Hassan et al., 2013). PHAs have been applied in many
applications and commercial products such as biomedical applications, agriculture, packaging,

and biochemicals (Khatami et al., 2021).

PHAs are classified into short chain length (scl), medium chain length (mcl), and long
chain length (Icl) according to the number of carbon atoms in the side chain. The scl-PHAs
(e.g., 3-hydroxyvalerate and 3-hydroxybutyrate) have less than five carbon atoms while the
mcl-PHAs (e.g., 3-hydroxydecanoate, 3-octanoate and 3-hydroxyhexanoate) have 5 — 14
carbon atoms. The Icl-PHAs have more than 14 carbon atoms but they are uncommon and less
studied (Raza et al., 2018). PHAs are composed of homo (e.g., ploy-3-hydroxybutyrate (PHB),
poly-3-hydroxyvalerate (PHV)) or copolymers (e.g., poly-3-hydroxybutyrate-co-3-
hydroxyvalerate (P(3HB-co-3HV)). Thus, PHAs differ in their properties and chemical
composition depending on the structural variations of the building monomers (Raza et al.,
2018). For instance, PHB has properties comparable to polypropylene with strong resistance
to moisture and low gas permeability. However, the low thermal stability and high brittleness
hinder the wide PHB application in the industry. The copolymer P(3HB-co-3HV) is more
flexible than PHB and can be used to in a variety of products including compost bags,

disposable food containers, and bottles (S. Y. Lee, 1996).

1.4. Literature review on microbial PHA production

The first PHA polymer, identified as PHB, was identified by Maurice Lemoige in 1926
as intercellular granulates accumulated by Bacillus megaterium (Lemoigne, 1926). Since this
first discovery, over 300 microbial species were studied for their abilities to accumulate PHA

4
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(Grothe & Chisti, 2000; Hanggi, 1990; S. Y. Lee, 1996b). PHA accumulators store intercellular
PHA granules as carbon and energy reserves to be used as an alternate source of fatty acids
under harsh conditions with low organic substrates (Kourmentza et al., 2017). Both prokaryotic
and eukaryotic microorganisms have been reported to accumulate different PHA compositions
depending on the provided organic substrate (Raza et al., 2018). For instance, acetate was found
to induce PHB production while PHV was produced when propionate was used as the carbon
source. When a mixture of acetate and propionate was used, the polymer composed of a mixture
of PHB/PHV with ratios similar to the fractions between acetate and propionate in the supplied

substrates (Jiang et al., 2011; Woraittinun & Suwannasilp, 2017).

Based on the cultivation conditions required to trigger PHA accumulation, PHA
accumulators are classified into two main distinct groups: growth-associated and nutrient-
limited PHA accumulators (Kourmentza et al., 2017). In the growth-associated PHA
accumulation, PHA accumulators can accumulate high PHA fractions during the growth phase.
For instance, Azohydromonas australica can produce up to 80% of the cell dry weight as PHB
while growing on inexpensive carbon sources such as sucrose (Gahlawat & Srivastava, 2013).
The second group of PHA accumulators cannot simultaneously grow and synthesize significant
amounts of PHA in the growth phase. Various types of bacteria, such as Cupriavidus necator,
Pseudomonas oleovorans, and Pseudomonas putida, require a nutrient-limitation condition
such as nitrogen (N), phosphorus (P), or oxygen (O) to accumulate significant PHA amounts.
Cupriavidus necator (previously Alcaligenes eutrophus (Karst & Friedrich, 1984; Repaske &
Repaske, 1976) and Ralstonia eutropha (Cramm, 2009; Miiller et al., 2013; Tiemeyer et al.,
2007; Volova et al., 2002)) can accumulate PHA up to 90% of their cell dry weight under

nutrient limited conditions (Grothe & Chisti, 2000; Hanggi, 1990; S. Y. Lee, 1996b).

Based on the carbon source, PHA can be produced under heterotrophic or autotrophic
conditions. Heterotrophic microorganisms utilize organic substrates as the carbon and energy

5
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sources for growth and/or PHA accumulation. Several pure organic carbon substrates have
been investigated such as glucose (Biglari et al., 2020; Ryu et al., 2008); glycerol (Mohamad
Fauzi et al., 2019; Moita et al., 2014; Moralejo-Garate et al., 2014; Mothes et al., 2007; Pérez
Rivero et al., 2016; Tanadchangsaeng & Yu, 2012); lactate (Jiang, Marang, et al., 2011b); and
acetate (Chua et al., 2003; Marang et al., 2014). In addition, organic wastes were also
investigated for heterotrophic PHA production (Agustin Martinez et al., 2015; Mannina et al.,
2020; Verlinden et al., 2011). Heterotrophic PHA production was reported under aerobic,
anaerobic, and anoxic conditions (Tiemeyer et al., 2007). In chemolithotrophic PHA
production, autotrophic bacteria can utilize an inorganic carbon source (e.g., CO2, CO) in the
presence of H2 as the electron donor and O: as the terminal electron acceptor to grow and
accumulate PHA (DeCicco & Stukus, 1968; E. & T., 1970; Ishizaki et al., 2001; Miyahara et
al., 2020; Takeshita & Ishizaki, 1996; Volova et al., 2002). The recommended gas mixture
composition to attain sufficient cell growth has a volume-based ratio of Hz: O2: CO2=7:2: 1

(Ishizaki et al., 2001).

PHA formation under heterotrophic or autotrophic conditions is similar to the cell
synthesis pathway. To synthesize PHA granules or new cells, bacteria first convert the carbon
source (i.e., organic substrate or CO2) to an intermediate organic compound (e.g., acetyl-CoA),
and then the latter is used to synthesize PHA monomers (Jiang et al., 2011; van Aalst-van
Leeuwen et al., 1997). Several models have been described in the literature to estimate
theoretical PHB yields. For instance, Beun et al. (2002) modified a metabolic model to perform
detailed energetic and stochiometric analysis, which enabled to estimate the theoretical yields
and maintenance coefficients (Beun et al., 2002; van Aalst-van Leeuwen et al., 1997).
However, since PHA and cell are synthesized similarly, theoretical cell and PHA yields can be
estimated by following the same procedure. Several approaches have been suggested to

estimate theoretical cell yields in the literature (Dias et al., 2005; van Aalst-van Leeuwen et al.,
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1997). For example, the Thermodynamic Electron Equivalents Model (TEEM1) was
introduced to predict bacterial cell yields based on electron equivalents (Rittmann & McCarty,
2001). The TEEML utilizes the reduction half-reactions of electron donors, terminal electron
acceptors, and cell synthesis to obtain balanced stoichiometric equations, which can be used to
predict biomass yields (McCarty, 2007; Rittmann & McCarty, 2001). Therefore, we applied
the TEEML to predict theoretical PHA and cell yields in PHA accumulators under autotrophic

and heterotrophic conditions.

Cupriavidus necator has unique metabolic capabilities as it can grow under autotrophic
or heterotrophic conditions. As a heterotrophic bacterium, C. necator can grow and accumulate
PHB by utilizing organic substrates such as acetate (Marudkla et al., 2018; Sugimoto et al.,
1999), glucose (Biglari et al.,, 2020), commercial glycerol (Mothes et al., 2007,
Tanadchangsaeng & Yu, 2012). C. necator can also grow autotrophically by utilizing a mixture
of Hz, Oz, and CO2 (DeCicco & Stukus, 1968; Takeshita & Ishizaki, 1996). C. necator can also
consume organic substrates along with inorganic carbon, which is known as mixotrophic
growth (Rittenberg et al., 1969; Jawed et al., 2022; Karst & Friedrich, 1984). In addition, C.
necator can accumulate up to 90% (w/w) of the cell dry weight as PHB using different
metabolic pathways (Jawed et al., 2022; Lopez-Cuellar et al., 2011; Passanha et al., 2013).
Therefore, we conducted lab-scale experiments to assess the impact of cultivation conditions
on the metabolic responses of C. necator, and to study the impact of supplied organic and

inorganic substrates on the lag phase length of C. necator.

1.5. Literature review on the enrichment of PHA accumulators

The current commercial large-scale facilities utilize pure cultures for PHA production
(Argiz et al., 2020; Korkakaki et al., 2016). Among over 300 identified PHA accumulators,
only a few microorganisms such as Cupriavidus necator, Alcaligenes latus, Protomonas
extorquens, Pseudomonas oleovorans, Azotobacter vinelandii, Paracoccus denitrificans, and

7
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recombinant E. coli are employed in industrial PHA production because of their high PHA-

production capacities (Grothe & Chisti, 2000; Hanggi, 1990; S. Y. Lee, 1996b).

The current production costs of PHA-based plastics are higher than that of the
petroleum-based plastics by 5 to 10 times. Around 50% of the overall production cost is due to
the organic substrates (Kim, 2000). As a result, PHA production using mixed microbial cultures
(MMCs) is gaining an increased attention over pure culture-based production. The application
of MMCs to produce PHA has many advantages including the availability of inexpensive
organic substrates (e.g., organic wastes) and elimination of the requirements for sterilized

conditions (Fang et al., 2019; Kumar et al., 2020; Oliveira et al., 2017).

To allow PHA production using MMCs, the enrichment of PHA accumulators in mixed
cultures is an essential step before PHA accumulation using specific waste feedstocks. Several
approaches were applied to select and enrich microbial populations with high-PHA storing
capacities. The aerobic dynamic feeding strategy, known also as feast-famine process, is the
most accepted strategy for enriching PHA accumulators in mixed cultures (Chen et al., 2016).
In the feast stage, the external carbon substrates are supplied in excess so that PHA
accumulators can simultaneously grow and store PHA inside their cells. In the famine cycle,
only PHA accumulators can continue to grow using the internally stored PHA after the
consumption of external organic substrates, while non-PHA accumulators start to starve
because of the absence of carbon sources. This ecological advantage enables PHA
accumulators to strongly outcompete with other heterotrophs and eventually dominate the
cultures after several enrichment cycles (Chen et al., 2016; Fang et al., 2019). The feast-famine
enrichment method was successfully applied to obtain enriched cultures that can accumulate

PHA up to 89% of the cell dry weight (Johnson et al., 2009).
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The competition between PHA-accumulating and non-PHA-accumulating bacteria in
mixed cultures was not comprehensively modeled in previous studies (Fang et al., 2019;
Marang et al., 2015; Mozumder et al., 2020). For instance, Activated Sludge Model No. 3
(ASM3) does not describe the simultaneous microbial growth and PHA storage. Instead, the
model assumed that all heterotrophs convert organic substrates into internal storage products
inside bacterial cells before utilizing the stored products for growth purposes (Gujer et al.,
1999; Henze et al., 2000; Ni et al., 2009, 2010; Ni & Yu, 2007, 2008). As a result, ASM3
cannot be applied to simulate feast-famine enrichments (Sin et al., 2005). Therefore, in this
thesis, we aimed to develop and calibrate a comprehensive mathematical model (based on
ASM3) to describe the distinct PHA-storage capabilities of heterotrophs, and to simulate the
competition between PHA accumulators and non-PHA accumulators in conventional feast-

famine enrichments.

The major drawback of the feast-famine enrichment strategy is the long time required
to obtain a culture with high PHA-accumulating capacities (Jiang, Marang, et al., 2011b;
Johnson, Kleerebezem, et al., 2010a, 2010b; Marang et al., 2014). For instance, it took 23
months to obtain a mixed culture able to accumulate PHA up to 70% (w/w) by using the
conventional feast-famine strategy (Marang et al., 2016). In addition, some stability issues such
as sludge bulking were reported to impact the process operation (Martins et al., 2011; Wen et
al., 2012). Therefore, alternative enrichment methods have been suggested to overcome the
drawbacks of the feast-famine strategy. For example, the addition of settling and withdrawal
steps to the feast-famine cycles exerted additional physical pressure on the selectivity of PHA
accumulators, resulting in an enriched culture with PHA-accumulating capacity up to 74% after
30 days of operation (Chen et al., 2015). The focus of previous studies was mainly on
improving PHA accumulation without trying to minimize the enrichment time which

substantially affects the PHA production costs using MMCs. Thus, this thesis aimed to develop
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a rapid enrichment strategy for mixed microbial cultures by including the autotrophic growth

conditions.

1.6. Research objectives

The research work conducted in this thesis aims to provide sustainable biotechnological
solutions to three major environmental challenges: Pb(ll) contamination, petroleum-based
plastics, and climate change due to greenhouse gas emissions. In this thesis, we investigated
microorganisms to reduce Pb(Il) to metallic Pb to decrease Pb(lIl) toxicity. Also, we studied
and modeled the enrichment and growth of representative PHA accumulators such as
Cupriavidus necator and Plasticicumulans acidivorans in pure and mixed microbial cultures.

The specific research objectives were:

e To isolate and identify Pb(ll)-reducing bacteria; investigate the microbial growth of the
isolated microbes using Pb(ll) as a terminal electron acceptor; and demonstrate metallic Pb
formation separately from lead phosphate precipitation (Chapter 2).

e To estimate theoretical PHA yields by using the thermodynamic energetics for organic and
organic substrates, electron donors, electron acceptors, and products; estimate the free
energy of formation of several PHA monomers; calculate theoretical PHB and cell yields
for PHA accumulators under autotrophic and heterotrophic conditions; and study the
impact of ambient conditions on theoretical PHA yields (Chapter 3).

e To investigate the impact of cultivation conditions on the microbial responses of
Cupriavidus necator; study the impact of the compositions and pressures of the gaseous
substrates (O2, CO2, and H2) on autotrophic growth; investigate several strategies to
increase autotrophic biomass yields; examine the heterotrophic and mixotrophic growth on
acetate, glucose, and glycerol; and study C. necator ability to switch between heterotrophic

and autotrophic conditions in two-stage cultivation systems (Chapter 4).
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e To develop and calibrate a mathematical model to comprehensively describe heterotrophs
with distinct PHA-storage capabilities; simulate the competition between PHA
accumulators and non-PHA accumulators in feast-famine enrichments; investigate the
influence of the uncertainty in model kinetics on the enrichment of PHA accumulators;
study the impact of operational parameters such as solids retention time, carbon-to-nitrogen
ratio, and cycle length on the enrichment of PHA accumulators in mixed cultures (Chapter
5).

e To develop a rapid enrichment method for PHA accumulators as a potential alternative to
the feast-famine enrichment strategy; cultivate Cupriavidus necator in mixed cultures
without the need to sterilize growth solutions; compare between the autotrophic, alternating
autotrophic-heterotrophic, and heterotrophic enrichment cycles; and study PHA

accumulation by the enriched cultures (Chapter 6).
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2. Isolation of Pb(I1)-reducing bacteria and demonstration of biological
Pb(l1) reduction to metallic Pb

Lead (Pb) is a major environmental pollutant found in industrial wastewater and mining
areas. Pb causes major health problems to humans and is highly toxic to microorganisms. The
current removal methods apply chemical treatment methods which produce large amounts of
highly concentrated sludge. In this study, we isolated several bacterial species that can reduce
Pb(I1) to metallic Pb°. The isolated bacteria were investigated for the ability to grow on acetate
as the electron donor and Pb(Il) as the only terminal electron acceptor under anaerobic
conditions. Biological Pb(Il) reduction can efficiently be applied in the remediation of

groundwater and water streams contaminated with Pb(Il).
The following published journal article is included in this chapter:

e Amer, A, and Kim, Y. (2022). Isolation of Pb (I1)-reducing bacteria and demonstration of
biological Pb (I1) reduction to metallic Pb. Journal of Hazardous Materials, 423, 126975.
The co-author’s contributions include:

e Supervision.
e Funding acquisition and conceptulization.

e Manuscript revision.
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Abstract

Pb(I1) contamination imposes serious threats to human health and the environment.
Biological reduction of Pb(l1) to metallic Pb is an attractive method for remediation of Pb(ll)-
contaminated water and sediments. In this study, Pb(I1)-reducing microorganisms were isolated
by the dilution-to-extinction (DTE) and streak-plate methods. As a result, Delftia acidovorans,
Azonexus caeni, and Comamonas testosteroni were successfully isolated. At a high lead
concentration (10 mg-Pb(l1)/L), each of the isolated D. acidovorans strain Pb11 and A. caeni
strain Pb2 cultures showed successful utilization of Pb(ll), resulting in a 5.15- and 8.14-fold
growth in 3 days, respectively. Pb(Il) reduction to metallic Pb by D. acidovorans strain Pb11
and A. caeni strain Pb2 was confirmed using scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM-EDS) was coupled with X-ray photoelectron
spectroscopy (XPS). This strategic analysis was necessary to confirm the formation of metallic
Pb separately from lead phosphate precipitates which are inevitable in the biological Pb(ll)
removal experiments. Among the 3 isolated microbes, C. testosteroni strain Pb3 did not leave
immobile and detectable Pb solids in SEM-EDS analyses. D. acidovorans and A. caeni are

recommended for engineered remediation of Pb(I1)-contaminated wastewater and sediments.

Keywords

Bioremediation; Heavy metal contamination; Lead phosphate precipitation; Lead reduction;

Metallic Pb formation

2.1. Introduction

Lead (Pb) pollution of water and wastewater streams is a serious environmental concern
as Pb has toxic effects on human health (Abadin et al., 2007b; Igiri et al., 2018). In aquatic
environments, Pb(1l) is considered more toxic than other inorganic Pb forms as Pb(ll) is highly

soluble and mobile. Biological Pb(Il) reduction to metallic Pb is an attractive treatment method
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because Pb© is not available for metabolic uptake and metallic Pb particles can readily be
separated from polluted environments (Jing & Kjellerup, 2018). Microbial Pb(Il) reduction by
mixed cultures has been demonstrated in previous studies (Colantonio & Kim, 2016b; Kabutey
etal., 2019). Under anaerobic conditions, microorganisms can gain energy by oxidizing acetate

and reducing Pb(l1) to metallic Pb (Eq. 2.1).
CH;CO0™ + 4Pb%* + 4 H,0 — 4Pb° + 2HCO;™ + 9H™ (2.1)

This biological Pb(I) reduction reaction is spontaneous (AG=-50.3 KJ/mol) under
common concentrations of reactants and products ([(CH3COO]= 12.2 mM; [Pb?] = 24.13 uM
(5 mg/L); [HCO*] = 0.12 mM; [H*] = 107 M; and T = 30°C, Appnedix A1) (Arnold &
Brezonik, 2009). Based on the free energy calculations with the thermodynamic model, the
theoretical biomass yield on Pb(ll) is estimated to be 12.62 g-cells per mole Pb(11) (Appendix
A) (Bruce & McCarty, 2020; McCarty, 2007). Microbial Pb(Il) reduction to Pb©® was
previously reported in microbial electrolysis cells (MECs) at the anode chamber under open
circuit conditions (Colantonio & Kim, 2016b). A subsequent study successfully utilized an
enriched MEC anode to reduce and remove Pb(Il) from synthetic wastewater (Jannati, 2019).
A microbial consortium originally collected from Pb-batteries recycle plant could reduce and
remove 90-99% of elevated Pb(Il) concentrations (80-1000 ppm) under anaerobic conditions
(Brink et al., 2017; Peens et al., 2018). Although biological Pb(Il)-reduction was previously
reported in the literature (Brink et al., 2017, 2020a; Colantonio & Kim, 2016b; Jannati, 2019;
Peens et al., 2018), none of the previous studies enriched, isolated, or identified Pb(I1)-reducing
microorganisms. Therefore, the main goal of this study is to isolate microbial species that can

reduce Pb(ll) to metallic Pb.

Lead phosphate precipitation is known to be a common obstacle to demonstrating

biological Pb(I1) removal in research studies as lead phosphate salts are insoluble in water (Eq.
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2.2 and 2.3) (Stumm & Morgan, 1996; Tiquia-Arashiro, 2018); as a result, Pb(Il) removed by
lead phosphate precipitation can hardly be separated from other targeted Pb forms in research

experiments.
3 Pb** +2(P0,)%* &  Pb3(POy)z (s Kgp = 107435 (2.2)
Pb** + H* + (P0,)*>~ & PbHPO, s Ksp = 107238 (2.3)

In this study, the confirmation of metallic Pb formation by Pb(l1)-reducing bacteria was
also a serious challenge because lead phosphate precipitates and metallic Pb©® co-existed in the
experimental samples. Thus, we aimed to confirm the presence of metallic Pb by applying the
analytical approach developed by Brink and coauthors (Brink et al., 2020a). The specific
objectives of this study were to: (1) isolate Pb(Il)-reducing bacteria; (2) demonstrate metallic
Pb formation separately from lead phosphate precipitation; and (3) investigate the microbial

growth of the isolated microbes using Pb(ll) as a terminal electron acceptor.

2.2. Materials and Methods
2.2.1. Source of microorganisms and growth solution

Samples for the isolation of potential Pb(Il)-reducing microbes were effluent from a
healthy lab-scale microbial electrolysis cell (MEC) fed with Pb(Il). The growth solution used
for all isolation and subsequent growth experiments was prepared using: 1.0 g/L of
NaCHsCOO; 0.031 g/L NH4CI; 0.215 g/L NaH2PO4; 0.864 g/L Na2zHPOs-7H20; 0.013 g/L
KCI; and a trace amount of minerals and vitamins (Colantonio & Kim, 2016a). Acetate
concentration was sufficiently high to ensure that Pb(ll) was the limiting factor in the
experiment. Designated Pb(ll) concentrations (0.50 mg-Pb(Il)/L (2.41 pM), 5.0 mg-Pb(l1)/L
(24.13 pM), and 10.0 mg-Pb(Il)/L (48.26 puM)) were achieved by adding lead acetate
(Pb(CH3COQ).) (Fisher Scientific, Canada) in the growth solution. The resulting pH of the

growth solution was always between 7.0 and 7.50 in all experiments in this study (SevenMulti,
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Mettler-Toledo International Inc., OH). All experiments (isolation and growth) were conducted
at 30°C. For all experiments in this study, the growth solution (including Pb(l1)) was purged
with N2 gas for at least 5 min to establish anaerobic conditions. The dissolved oxygen
concentration was always below the detection limit (YSI 5000 dissolved oxygen instrument,
OH). The purged solution was aliquoted into Hungate tubes using sterilized syringes to avoid

oxygen contamination and then autoclaved before injecting microbial cultures.

2.2.2. Microbial isolation by dilution-to-extinction (DTE)

Samples from the MEC were taken and serially diluted in the growth solution with 0.50
and 5.0 mg-Pb(I1)/L and kept in 10-mL electrode-free glass tubes. After 5 days of incubation,
the highest diluted tube with bacterial growth was selected for the next round of the serial
dilution experiment (DTE method) (Xing et al., 2010; Zuo et al., 2008). The DTE isolation
experiment was performed in duplicate and repeated over four rounds. After the 4th round of
DTE, the isolated microorganisms were identified based on 16S-rDNA gene sequences in

Sanger sequencing.

2.2.3. Microbial isolation by streak plate method

The streak plate method was also employed for microbial isolation from the MEC
effluent. The agar medium was prepared with 0.50 or 5.0 mg-Pb(I1)/L in addition to the growth
solution in 1.5% agar. Agar plates were streaked with MEC effluent and incubated for 5 days
in a sealed jar system with an anaerobic indicator strip (VWR, Canada) (Nagy et al., 2018;
Tortora et al., 2015). During the incubation, an anaerobic gas generator sachet (Oxoid™
AnaeroGen™, Thermofisher) was added into the jar to maintain anerobic conditions so that
Pb(I1) can be used as the only TEA in the agar medium. After the incubation, colonies on the
agar plates were selected based on their shapes and colors and then transferred to anaerobic
tubes with 10-mL growth solution and 0.50 or 5.0 mg-Pb(Il)/L. The anaerobic tubes were

incubated for 5 days before isolates were identified based on 16S rDNA gene sequences in
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Sanger sequencing. It should be noted that the isolated bacteria were then transferred and
cultured under anaerobic conditions with Pb(ll) so that Pb(Il) can only be available as the

terminal electron acceptor.

2.2.4. ldentification of isolated microbes

The samples from the isolation experiments (streak plate and DTE methods) were
prepared for 16S rDNA gene sequencing using the colony PCR procedure (Surette Laboratory,
McMaster University, Canada) (Sim et al., 2012). The PCR reaction was performed with Veriti
thermal cycler (Applied Biosystems, USA) with a pair of universal bacterial primers: 8f
(AGAGTTTGATCCTGGCTCAG) and 1482r (GGTTACCTTGTTACGACTT) (Caccavo et
al., 1994; Xing et al., 2010). The reaction tube included: 5 pL of DNA template; 1 pL of 10
MM forward and reverse primers; 0.25 pL of Taq polymerase; 5 pL of 10x PCR buffer; 1 pL
of 10 mM dNTPs ;1.5 pL of 50 mM MgCl2; and dH20 to a final volume of 50 pL. The PCR
program included one cycle of heating to 94°C for 2 sec followed by 29 cycles (94°C for 30 sec,
56 ‘C for 30 sec, 72°C for 1 min) and a final cycle at 72°C for 10 min. In addition, Sanger
sequencing was performed with the ABI BigDye™ v1.1 terminator chemistry on 3730 DNA
Analyzer (Applied Biosystems, Foster City, CA, USA) (Mobix Lab, McMaster University,
Canada). Sequencing results were viewed and modified by Finchtv program (Digital World
Biology, Seattle, USA) and merged using the EMBOSS merger tool (Singh & Bhatia, 2016).
The obtained merged sequences were tested against NCBI BLAST database to identify the
isolated bacteria (available in GenBank under accession numbers from MW309863 to

MW309869) (McGinnis & Madden, 2004).

2.2.5. Pb deposition on carbon fibers

Each of the isolated bacteria was further examined for its Pb(I1)-reducing capability in
glass tubes filled with 5-mL growth solution at 5.0 mg-Pb(I1)/L. Several pieces of carbon fibers
(10 um diameter and ~2 cm long; Zoltek, USA) were added in the tubes to check if the microbes
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can deposit reduced Pb on the surface of the carbon fibers. After 5-day incubation, the solution
was analyzed to measure the residual Pb(Il) concentrations in ICP-OES. The carbon fibers were
collected and cleaned with 70% ethanol (for 60 min) and distilled water (for 30 min) for 3 times
to remove attached microbial cells and then examined in scanning electron microscopy and
energy dispersive X-ray spectroscopy (SEM-EDS) (JEOL JSM-6610LV, Japan) to investigate
how Pb(Il) was removed by the microbes (Colantonio & Kim, 2016a, 2016c). It should be
noted that SEM-EDS analysis cannot distinguish between different Pb forms and was applied
here to prove the microbial Pb deposition on the carbon fibers (Grimes et al., 1995; Naik et al.,

2013Db; Naik & Dubey, 2011b).

2.2.6. Pb(I1) concentration measurement

Pb(Il) concentration was measured in inductively coupled plasma-optical emission
spectrometry (ICP-OES) (Vista Pro, Varian Inc., USA) according to EPA Method 200.7. A 5-
mL sample was filtered (0.45 pum syringe filters, Pall Ltd., Canada), and the filtrate was

acidified by adding 0.2 mL of HNOs3 (30 % v/v) prior to the ICP-OES analysis.

2.2.7. Microbial growth on Pb(11)

The capability of the isolates to utilize Pb(ll) as a terminal electron acceptor was examined
in an additional test (no carbon fibers in this test). Lower concentrations of Delftia acidovorans
strain Pb11 and Azonexus caeni strain Pb2 (the optical density at 600 nm was ~0.001 to 0.005)
were injected in glass tubes filled with 10-mL of the growth solution at different Pb(ll)
concentrations (0 to 10 mg/L). The initial biomass was minimized to avoid Pb(ll) absorption
into bacteria cells. After 3 days of incubation, samples were collected and analysed with qPCR
to quantify the growth of the microbes on Pb(Il) by comparing the number of 16S rDNA gene
copies after 3 days of incubation to the initial number of genes. DNA was extracted using
Instagene™ Matrix (Bio-Rad, Canada). Specific 16S rDNA primers for A. caeni strain Pb2
(CAACCCTGATCCAGCCAT and CATGCAGGGTATTAGCCCAC; 77 bp) and D.
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acidovorans strain Pbll (GTAACAGGTCTTCGGACGCT and
GAGAAGCCTTTTCGTTCCGT; 374 bp) were designed as previously described (Lorenz,
2012) and synthesized by Life Technologies Inc., Canada. The qPCR reaction matrix
contained: 10 uL of 2x iTag™ Universal SYBR® Green Supermix; 1 puL of 10 uM forward
and reverse primers; 2 pL of DNA template; and 6 pL dH20 per reaction well. The gPCR
program consisted of 40 cycles (94°C for 5 sec and 60°C for 30 sec) followed by the melt curve
analysis (65-95°C with 0.5°C increments at 5 sec/step). Samples were run in triplicate on a 96-
well plate with Bio-Rad CFX 96 Real-time detection system (Bio-Rad, Canada). The standard
curve (Fig. Al) was prepared for serially diluted extracted DNA templates from the isolated
bacteria (Arya et al., 2005). The ratio between the number of 16S rDNA gene copies in the
final and initial samples was determined based on the gPCR threshold number (Cq) using the

comparative Ct method (Schmittgen & Livak, 2008).

Final 16s TDNA gene copies _ 2Cqinitial=Cq final (24)

Fold change in bacterial population = —— -
Initial 16s rDNA gene copies

2.2.8. Strategic analyses for confirming metallic Pb formation

D. acidovorans strain Pb11 and A. caeni strain Pb2 were injected into glass tubes with
15-mL of the growth solution. Pb(ll) was injected into the tubes (5 mg-Pb(Il)/L for each
injection), and the injection was repeated every 2-3 days over two weeks (total 30 mg-Pb(I1)/L).
After 2 weeks, the solution was analyzed both in ICP-OES and X-ray photoelectron
spectroscopy (XPS) to confirm Pb(Il) reduction to metallic Pb by the microbes as previously
described (Chastain & King Jr, 1992; Grimes et al., 1995; L. K. Wang et al., 2006). The final
solution was pre-treated by adding ethanol (30% v/v), and the samples were kept overnight for
the lysis of bacterial cells. The samples were then filtered using 0.20 pm Acrodisc® syringe
filters (Pall Ltd., Canada). The filter membranes were manually extracted from the syringe
filters and analysed in XPS (Quantera Il Scanning XPS Microprobe, PHI, USA) to identify the

composition of removed Pb on their surfaces (Brink et al., 2020b; A. Y. Lee et al., 2002). The
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X-ray photoelectron spectroscopy (XPS) analysis was applied to confirm Pb(ll) reduction to
metallic Pb by the microbes as previously described (Chastain & King Jr, 1992; Grimes et al.,

1995; L. K. Wang et al., 2006).

2.3. Results and Discussion
2.3.1. Isolation of Pb(Il)-reducing bacteria

Delftia acidovorans and Azonexus caeni were successfully isolated by streaking the
MEC effluent on agar plates while Comamonas testosteroni and A. caeni were isolated from
the MEC effluent after 4 rounds of DTE (Table 2.1 and Fig. A1.2). D. acidovorans was isolated
by the streak plate method at both the low (0.50 mg/L) and high (5.0 mg/L) Pb(ll)
concentrations. For the isolated colony from the 5.0 mg-Pb(Il)/L plate, 3 species within the
Delftia genus were identified with similar 16S rDNA identities: Delftia tsuruhatensis strain
NBRC 16741 (99.44%); Delftia lacustris 3327 (99.44%); and Delftia acidovorans strain NBRC
14950 (98.89%). The isolate was named as Delftia acidovorans strain Pb11. Delftia species
were reported in previous studies to use Cr(VI) and Se(IV) as terminal electron acceptors
(Garavaglia et al., 2010; Morel et al., 2011; Prakash et al., 2010). Azonexus caeni was isolated
both in the streak plate method (5.0 mg-Pb(I1)/L) (named as Azonexus caeni strain Pb2) and
the DTE technique (0.50 and 5.0 mg-Pb(I1)/L) (named as Azonexus caeni strain Pb21 and strain
Pb22) (Table 2.1), indicating that A. caeni can be isolated with either the aqueous or agar
mediums. A. caeni was previously reported to utilize different terminal electron acceptors such
as Oz and NOs™ (Quan et al., 2006). Comamonas testosteroni strain was isolated by the DTE
method at both 0.50 and 5.0 mg-Pb(Il)/L (Table 2.1) (hamed as Comamonas testosteroni strain
Pb3 and strain Pb31). C. testosteroni was previously isolated from heavy-metal contaminated
sites and reported to resist Cu(ll), Cd(l1), and As(I11) and reduce both Se(IV) and Se(VI) to Seo

(Willems & Gillis, 2015; Zheng et al., 2014).
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Table 2.1. List of species isolated by applying the streak plate and dilution-to-extinction (1:100

dilution factor) methods. Pb(11) was added as 0.50 or 5.0 mg/L in both broth and agar mediums.

Experiments were run in duplicate. The isolation procedure is summarized in Fig. A1.2.

Isolation Designated strains @
Pb(11) conc. Highest identified species Identity
procedure
Delftia tsuruhatensis strain NBRC 16741 95.69%
0.50 mg/L  Delftia lacustris strain 3327 Delftia acidovorans strain Pb1l 95.42%
Delftia acidovorans strain NBRC 14950 95.40%
Streak plate
Delftia tsuruhatensis strain NBRC 16741 99.44%
method
Delftia lacustris strain 3327 Delftia acidovorans strain Pb11° 99.44%
5.0 mg/L
Delftia acidovorans strain NBRC 14950 98.89%
Azonexus caeni strain Slu-05 Azonexus caeni strain Pb2° 99.24%
Azonexus caeni strain Slu-05 Azonexus caeni strain Pb21 96.46%
0.50 mg/L Comamonas testosteroni strain
Comamonas testosteroni strain KS 0043 96.59%
4 rounds of Pb3
1:100 DTE Azonexus caeni strain Slu-05 Azonexus caeni strain Pb22 96.58%
5.0 mg/L Comamonas testosteroni strain
Comamonas testosteroni strain KS 0043 98.30%

Pb31P

2 The sequences were submitted to the NCBI genebank database under accession numbers:

MW309863 to MW309869.

b These isolates were used for the remaining investigations and experiments.
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2.3.2. Pb(Il) removal and deposition on carbon fibers

In the Pb deposition tests with carbon fibers with the isolated bacteria, D. acidovorans
strain Pb11 showed 80.13+3.62% of Pb(Il) removal (from 5.0 to 0.99 mg-Pb(I1)/L). In addition,
D. acidovorans strain Pb11 was found to form relatively thick deposits on the carbon fiber
surfaces where the deposits were proven to contain Pb in a solid form in the SEM-EDS analysis
(Figs. 2.1A and 2.1B). Similarly, A. caeni strain Pb2 was found to remove Pb(ll) by
83.04+6.30% (from 5.0 to 0.85 mg-Pb(I1)/L), and Pb in a solid form was detected in the SEM-
EDS analysis (Figs. 2.1C and 2.1D). However, among the 3 isolates, C. testosteroni strain Pb31

did not leave immobile and detectable Pb solids on the carbon fiber surfaces, as shown in the
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Fig. 2.1. Pb deposition on graphite fibers by isolated microbes: (A and B) Pb accumulation by D.
acidovorans strain Pb11; (C and D) Pb accumulation by A. caeni strain Pb2. All fibers were thoroughly

cleaned with ethanol to remove biofilms prior to the SEM-EDS analysis.
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SEM-EDS analysis (Fig. AL1.3), suggesting that C. testosteroni strain Pb31 cannot be applied

in the same manner for Pb(l1)-remediation applications.

2.3.3. Bacterial growth with Pb(I1)

Both D. acidovorans strain Pb11 and A. caeni strain Pb2 were found to utilize Pb(Il) as
an electron acceptor and grow more rapidly at the higher Pb(ll) concentrations, as proven by
the gPCR analysis (Fig. 2.2). After incubation for 72 hrs, the population of D. acidovorans
strain Pb11 has increased by 4.7, 6.8, and 9.8 times for the initial Pb(ll) concentrations of 0, 5,
and 10 mg/L, respectively (Fig. 2.2A). Similar outcomes were obtained for A. caeni strain Pb2
where the bacterial population increased by 4.1, 8.3, and 12.6 times for 0, 5, and 10 mg-
Pb(I1)/L, respectively. Because the acetate concentration was sufficiently high (12.2 mM), the
microbial growth was limited by Pb(Il) concentrations (< 0.05 mM), resulting in a greater fold

increase in 16S rDNA gene copies for the higher initial Pb(Il) concentrations.
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Fig. 2.2. gPCR analysis results for the microbial growth of (A) D. acidovorans strain Pb11 and (B) A. Caeni
strain Pb2 samples at different initial Pb(Il) concentrations. Samples were incubated for 3 days (n=4;

duplicated experiment with 2 gPCR samples per experiment).
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2.3.4. Confirmation of Metallic Pb formation

In the XPS analysis, particles of D. acidovorans strain Pb11 (95.8% Pb(Il) removal
from 30.0 to 1.13 mg-Pb(I1)/L) and A. caeni strain Pb2 (98.9% Pb(ll) removal from 30.0 to
0.28 mg-Pb(I1)/L) were found to contain lead oxide (PbO) and lead phosphate. The samples
with D. acidovorans strain Pb11 and A. caeni strain Pb2 showed Pb 4f peaks at 138 eV (Figs.
2.3C and 2.3E) and O 1s peaks at 530 eV (Figs. 2.3D and 2.3F), which signify the existence of
PbO (Kloprogge & Wood, 2020; A. Y. Lee et al., 2002). It should be noted that PbO was not
observed in the abiotic control experiments (Fig. 2.3B). Formation of PbO during the
experiment was not feasible because a complete anaerobic condition was maintained. In
addition, the isolated bacteria (D. acidovorans strain Pb11 and A. caeni strain Pb2) did not
remove Pb(ll) in the presence of oxygen, indicating that PbO was not created by aerobic
reactions (Fig. A1.5). Also, the potential PbO formation reactions from Pb(l1) or Pb© and H20

cannot be driven with positive free energy values (Egs. 2.4 and 2.5).
Pb** + H,0 - PbO+2H* AG=+19.2 kJ/mol (2.4)
Pb©® + H,0 - PbO + H, AG=+12.85 kJ/mol (2.5)

Thus, the only explanation for PbO detection is the formation of metallic Pb© particles
during the anaerobic experiment. Pb©® was then oxidized to PbO when the sample solution was
filtered, and the filters were dried for the XPS analysis as described in a previous study on Pb
detection in biological samples using XPS (Brink et al., 2020Db). It should be noted that the
surface of metallic lead (e.g., recently cut) is rapidly oxidized upon exposure to air to form a
PbO layer protecting Pb© from further oxidation, which proves the possibility of Pb©
oxidation in air (Abadin et al., 2007a; Schoenung, 2008). Another important challenge for the
demonstration of biological Pb(Il) removal is the abiotic Pb(ll) partial removal as a result of

lead phosphate precipitation (Stumm & Morgan, 1996). It should be noted that lead phosphate
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Fig. 2.3. XPS spectrums for Pb 4f (left) and O 1s (right) peaks for: Control (A, B); D.
acidovorans strain Pb11 (C, D); and A. caeni strain Pb2 (E, F) samples. The O 1s spectrums
showed two peaks (PbO: red dash lines; Pb-PO4 precipitants: blue dash lines) in the biotic
samples (D, F); and one O 1s peak for Pb-PO4 in the control sample (B). All peaks were
referenced to the adventitious C1s peak at 284.8 eV.

is highly insoluble in water with very low solubility products (e.g., Ksp of Pba(POa)2 is 10°4%%)
(Stumm & Morgan, 1996). In our XPS analysis results, lead phosphate was detected in both
control (without bacteria) and biotic samples where there were a second O 1s peak at 531.5 eV

(Fig. 2.3) and a P 2p peak at 132.2 eV (Fig. Al.4).

2.4. Conclusions

This study examined two isolation methods (solid- and liquid-medium based) for
Pb(I1)-reducing microorganisms. D. acidovorans and A. caeni were isolated by the solid-
medium method (streak plate) while A. caeni and C. testosteroni were separated by the liquid-

medium method (dilution-to-extinction). In the further experiments with the isolated species,
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D. acidovorans strain Pb11 and A. caeni strain Pb2 were found to utilize Pb(ll) and reduce it
to metallic Pb. We also demonstrated that the XPS in combination with SEM-EDS analyses
are essential to prove the microbial Pb(ll) reduction because of lead phosphate precipitation.
Our experimental results imply that D. acidovorans strain Pb11l and A. caeni strain Pb2 are
competitive candidates for biological Pb(I1) remediation. Future work should further examine
their capability to remove Pb(ll) in natural environments, such as Pb(ll)-contaminated
sediments and wastewater. The capability of the isolated bacteria to reduce other potential

metal TEASs should be investigated in a separate study.
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3. Theoretical estimation for the yield coefficients for microbial

polyhydroxyalkanoate production

Polyhydroxyalkanoates (PHA) are internally stored polymers that can be used to
produce biodegradable plastics. In commercial PHA production, PHA accumulators are
cultivated to produce significant amounts of PHA under distinct cultivation conditions. Thus,
the estimation of theoretical PHA yields from organic and inorganic carbon substrates can
assist with optimizing the cultivation conditions for efficient PHA production. In this work,
thermodynamic energetics were applied to predict the yield coefficients for PHA and bacterial
cells. The applied model enabled to obtain stochiometric reactions for PHA and cell synthesis
reactions for PHA accumulators. Consequently, theoretical PHA and cell yield coefficients
were estimated under autotrophic and heterotrophic cultivation conditions and compared to

observed yield coefficients in the literature.
The paper was prepared for future journal publication.
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Abstract

Polyhydroxyalkanoates (PHAs) are a group of biodegradable polymers that include
several monomers such as poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxyvalerate)
(PHV). A variety of microorganisms can store PHA granules inside their cells under
heterotrophic or autotrophic conditions. In this work, the thermodynamic electron equivalents
model (TEEM1) was applied to calculate theoretical PHA and cell yields for PHA
accumulators. Based on the thermodynamic characteristics of reactants and products,
stochiometric balanced equations for cell and PHB synthesis reactions can be constructed. As
a result, the theoretical PHB yields on several organic substrates were estimated at standard
conditions. For example, the true PHB yield on acetate was calculated as 0.66 gpygp/ Jacetate-
Similarly, the true PHB yield under autotrophic conditions (i.e., using CO2, Hz, and O2) was
also estimated using the TEEM1 as 2.97 gpy5/moly,. Along with PHB yield calculations, the
heterotrophic (e.9., 0.34 gcens/Gacetate) and autotrophic (4.11 gc.ys/moly, ) cell yields were
calculated for Cupriavidus necator, a representative of PHA accumulators that accumulate
PHA up to 90% (w/w). The theoretical PHB and cell yields estimated by the TEEM1 were
compared to the reported values in experimental studies. Based on the current findings, the
TEEML1 can be used to predict theoretical PHA yields under distinct cultivation conditions
without the need to conduct time-consuming experimental studies.

Keywords:

Thermodynamic energy; Free energy; Polyhydroxybutyrate; PHA accumulation; Autotrophic

conditions; Heterotrophic growth
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3.1. Introduction
Polyhydroxyalkanoates (PHAS) are biodegradable bioplastics produced by a variety of
microorganisms as internally stored polymers (Khatami et al., 2021). PHA polymers consist of
major monomers such as poly-3-hydroxybutrate (PHB) and poly-3-hydroxyvalerate (PHV) in
addition to other minor constituents such as 3-hydroxyhexanoate (3HHx) (Kumar et al., 2020).
PHAs are classified into short chain length (scl), medium chain length (mcl), or long chain
length (Icl) according to the number of carbon atoms in the side chain (Raza et al., 2018). PHAs
can be composed of homo (e.g., PHB, PHV) or copolymers (e.g., PHB-PHV)) (Raza et al.,
2018). The composition of PHA polymers depends mainly on the provided substrate (Raza et
al., 2018). For instance, PHB and PHV were accumulated when acetate and propionate were
provided individually, while a mixture of PHB/PHV was formed when both acetate and
propionate were supplied together (Jiang et al., 2011). Although PHA polymers have been

widely studied, the free energy of formation (AG}?) values of different PHA polymers were not
reported in the literature. Thus, in this study, we estimated AG}9 values for PHB, PHV, and

PHB-PHYV so that their reduction half-reactions (AG®’, KJ /e~ eq) can be constructed.

PHA can be accumulated under heterotrophic or autotrophic conditions (Khosravi-
Darani et al., 2013; J. Lee et al., 2021; Volova et al., 2002; Yu, 2018). Heterotrophic PHA
accumulators utilize organic substrates as the energy and carbon sources for microbial growth
and PHA accumulation (Tiemeyer et al., 2007). Under autotrophic conditions, several PHA
accumulators (e.g., Cupriavidus necator) can grow and accumulate PHA by utilizing CO2 as
the carbon source, Oz as the terminal electron acceptor, and Hz as the electron donor (Do et al.,
2007; Ishizaki et al., 2001). In addition, the highest reported PHA amounts (~ 90% (w/w) of
cell dry weight) were accumulated under nutrient-limited conditions, in which one of the
essential growth nutrients is omitted from the culture medium to maximize PHA accumulation

(Biglari et al., 2020; Jiang et al., 2011; Jiang, Marang, et al., 2011b; Johnson et al., 2009;
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Marang et al., 2013). Therefore, in this work, we focused on the estimation of theoretical PHA

yields under autotrophic and heterotrophic conditions without simultaneous microbial growth.

Under heterotrophic or autotrophic conditions, the carbon source (i.e., an organic
substrate or CO) is first converted to an intermediate organic compound (e.g., acetyl-CoA),
and then the latter is used to synthesize PHA monomers or new cells (Jiang et al., 2011; van
Aalst-van Leeuwen et al., 1997). Thus, cell and PHA yields can be estimated by applying the
same procedure. Several approaches were suggested to estimate theoretical cell yields in the
literature (Dias et al., 2005; van Aalst-van Leeuwen et al., 1997). Rittmann and McCarty (2001)
introduced the Thermodynamic Electron Equivalents Model (TEEM1) to predict bacterial cell
yields based on electron equivalents (Rittmann & McCarty, 2001). The TEEM1 uses reduction
half-reactions for electron donors, terminal electron acceptors, and cell synthesis to obtain
balanced stoichiometric equations for microbial growth and substrate utilization, which can be
used to predict cell yields (McCarty, 2007; Rittmann & McCarty, 2001). Thus, in this study,
we applied the TEEML1 to estimate theoretical PHA yields under autotrophic and heterotrophic
accumulation conditions. The TEEM1 was also applied to estimate cell yields of Cupriavidus
necator as a representative of PHA accumulators that can accumulate PHA up to 90% (w/w)
under autotrophic or heterotrophic conditions (Grothe & Chisti, 2000; Hanggi, 1990; S. Y. Lee,

1996).

3.2. Methods

3.2.1. Energetic model development

The TEEM1 utilizes three half-reactions: electron donor oxidation (Raq); electron
acceptor reduction (Ra); and cell or PHB synthesis (Rc) reactions (Bruce & McCarty, 2020;
McCarty, 2007). The amount of energy required to synthesize cell or PHB is defined as A

equivalents of the electron donor,
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AGp  AGpc

A= v (3.1

AG,, is the energy required to convert the carbon source to an intermediate component (e.g.,
activated acetate). AG,, is calculated as the difference between the free energy of activated

acetate and carbon source half-reactions,
AGp = AG(f)lcCoA - AGS_ donor — 30.90 — AGS_ donor (K]/e_ eq) (32)

The energy required to convert the activated acetate into cellular carbon is defined as (Bruce

& McCarty, 2020),
AGpc—cells = AGé)e,lls - AG/(X);COA =188 (K]/e™ eq) (3.3)

Similarly, the energy required for PHB synthesis from activated acetate can be estimated as,

AGpe_pup = AGRyp — AG9econ = 33.84—30.9 =294 (K] /e~ eq) (3.4)

In addition, AG, is the difference between the half-reactions of electron acceptor reduction and

electron donor oxidation,
AGT‘ = AGeO_I acceptor AGEO_, donor (K]/e_ eq) (35)

In equation 3.1, € is electron transfer efficiency (= 0.38 for aerobic reactions and 0.55 — 0.70
for chemoautotrophic reactions). The exponent n equals +1 if AG, >0, and —1 if AG, <0
(Bruce & McCarty, 2020). The portions of donor used to obtain energy (f,°) and synthesize

PHA monomers (f;) are defined as,

=1 (36)
=1 37)
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A balanced stoichiometric equation can be written for the total reaction (f°R. +
&R, — Ry) for either cell synthesis or PHB formation reactions, and thus the theoretical yields

can be estimated.

3.2.2. Change in free energy of formation (AG]?) for PHA polymers
The Joback method was applied to determine the change in free energy of formation
(AGﬁzgg) for several PHA polymers such as PHB, PHV, and PHB-PHV (Fig. 3.1). The free

energy of formation of an organic compound can be estimated using the following equation

(Joback & Reid, 1987),
AG/9'298 =5388+% A(;jg'zgsfor all functional groups (Kj/mole) (38)

is the sum of the free energy of formation of the contributing

A619298 i
’ for all functional groups

functional groups in each polymer (e.g., —CHs3) (Joback & Reid, 1987). The free energy of
formation for common reactants and products are listed in Tables A2.1 and A2.2 (Bruce &
McCarty, 2020; Madigan et al., 2009; McCarty, 2007; Pedley, 2012). To illustrate, PHB
polymer (C4HsOz3) has the following functional groups: —CHs; —CH—; —CH2—; —COOH—;

and —OH— (Fig. 3.1). The Gibbs free energy change of PHB can be estimated as,
AG]?,PHB = 53.88 + [(AGJQ,—CH3) + (AGJQ,—CH) + (AGJQ,—CHZ—) + (AGJQ,—COOH) + (AG}?,—OH)]
= 53.88 + [—43.96 + 58.36 + 8.42 — 387.87 — 189.20] = —500.37 (KJ/mole) (3.9)

Similarly, the AG? 44 values for PHV and PHB-PHV polymers were estimated as -492.25 and

-554.25 (kJ/mole), respectively. The half-reaction equations for PHB and PHV synthesis

reactions (Rc) can be written as,

ZC0,+ H* +e™ > —CyHg03 +—=H,0 AGS 5 = 33.84 (l/e™ eq) (3.10)

%co2 + H* + e - —CsH;0; + - H,0 AGS,, = 3240 (kj/e"eq)  (3.11)
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Since the half-reactions of PHB and PHV have similar AG®’ values, we only considered PHB

yields in this work.

CH, T
PHB C4HsOs3 (‘:H o
H\O e \\CHE/ OH
CH,CH, T
PHV CsH1003 q (‘SH C
™~ 0 ~ \CH{/ “SoH
| [
PHB-PHV CoH1605 { CE-' ‘"’ ] { “H= " ]

Fig. 3.1. Chemical formula for common PHA polymers. Number of monomeric units in a

PHA polymer ranges between 100-30,000 monomers (S. Y. Lee, 1996; Raza et al., 2018).

3.2.3. Calculations for non-standard conditions

The impact of ambient conditions (i.e., the prevailing environmental conditions) on
PHB yield calculations was studied. Several parameters such as substrate concentration, pH,
temperature, and dissolved oxygen concentration were investigated. The AG,- values at ambient
conditions were calculated using the following formula (Arnold & Brezonik, 2009; Madigan

et al., 2009),
AG = AG® + RT In (Q) (3.12)

Where, AGY is the reduction half-reaction at standard conditions (1 molar concentration of
reactant and products, 1 atmospheric pressure of gaseous components, pH 7, and 298.15°F); R
is the universal gas constant (8.31 J/mole.K); T is the temperature in Kelvin; and Q is the

reaction quotient (Mihelcic et al., 2014).
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In addition to the environmental conditions, the impact of the number of monomers in
PHB polymers was also investigated. At standard conditions (Eq. 3.9), PHB monomer was
assumed to compose of only one monomeric unit. Thus, we calculated the AG?" for PHB
reduction half-reaction with monomeric units in the range of 1 — 30,000, as previously reported

for PHA polymers (S. Y. Lee, 1996; Raza et al., 2018).

3.3. Results and discussions

3.3.1. PHB yields on organic substrates
The theoretical PHB yields on acetate, glucose and glycerol were estimated. To
illustrate the TEEM1 calculations, the PHB yield using acetate as the carbon and energy source
is explained in detail. The three half-reactions involved in PHB synthesis from acetate are:

acetate oxidation (Rq; Eq. 3.13); oxygen reduction (Ra; Eq. 3.14); and PHB synthesis reaction

(Re; Eq. 3.10):
1 1 1 o _
R 2C02 + H* +e™ = 2 CH;COOH + 7 Hy0 AGretate = 32.99 (K] /e~ eq)  (3.13)
Ra 20, + H* +e” > 2H,0 AGY, = —7872 (kJ/e" eq)  (3.14)

By applying equations 3.1 — 3.6, the model constants A, f;?, and f; were estimated as
0.14; 0.12; and 0.88, respectively. The model results indicate that 88% acetate are used to
synthesize PHB is 88% while only 12% are used to obtain energy. The stoichiometric balanced
reaction for PHB production on acetate could be obtained by applying the overall reaction

equation (f°R. + f°R, — Ry),
0.125 CH;COOH + 0.035 0, — 0.048 C,Hz05 + 0.059 H,0 + 0.059 CO, (3.15)

The theoretical PHA vyield (Ypyg—_irue) ON acetate is 0.66 gpyug/ Jacetate (0.76
Cmolpyg/ Cmolycerare), Which is higher than observed PHA yields (0.28 — 0.51 gppgp/ Gacetate)
(Fig. 3.2) (Estévez-Alonso, Van Loosdrecht, et al., 2021; Sruamsiri et al., 2020). Dias et al.

(2005) estimated the theoretical PHB yield on acetate as 0.74 Cmolpyg/ Cmolgeerare USING @
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metabolic model, which agrees well with the TEEM1 results (Dias et al., 2005). Similarly, the
true PHB yields on glucose and glycerol were also estimated to be 0.84 and 0.94

9Irug/ substrare, FeSpectively (Fig. 3.2) (half-reactions and stochiometric balanced equations

1

® True yield
09 [ m@Max observed yield

0.8
0.7
0.6
0.5
0.4
0.3

0.2

PHB yield (g-PHB .g-substratet)

0.1

el 7

Acetate Glucose Glycerol

Fig. 3.2. True and maximum observed PHB yields on acetate, glucose, and glycerol.

for glucose and glycerol are shown in Table A2.2 and A2.3, respectively). The highest reported
values for observed PHB yields on glucose and glycerol were 0.50 (Biglari et al., 2020) and
0.55 gpup/ 9suvstrate (MOzumder, Goormachtigh, et al., 2014), respectively. The difference
between theoretical and observed PHB vyields can be attributed to the maintenance

requirements on organic substrates (Van Loosdrecht & Henze, 1999).

3.3.2. Impact of non-standard conditions

The impact of common environmental conditions (e.g., substrate concentration, pH,
Temperature) on theoretical PHB yields on acetate was investigated (Fig. 3.3). At 1.0 — 20.0
g/L of acetate, the true PHB yields (0.78 — 0.84 Cmolpyg/ Cmolyeerqate) are analogous to the
PHB yield values at standard conditions (YpuB-acetate = 0.76 Cmolpyg/ Cmolgcerare; EQ. 3.14).
Similar results were found for other studied parameters such as pH (Fig. 3.3B), temperature

(Fig. 3.3C), and dissolved oxygen concentrations (Fig. 3.3D), which had no significant impact
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on the true PHB yields. These results suggest that the standard conditions can be applied to
estimate theoretical PHB yields without the need to correct for actual operational conditions
(Bruce & MccCarty, 2020; Madigan et al., 2009).

In addition to the environmental conditions, the impact of the number monomeric units
in synthesized PHA polymers was also investigated. For instance, PHB polymers were

estimated to compose of up to 30,000 monomer units (S. Y. Lee, 1996a; Raza et al., 2018).
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Fig. 3.3. Impact of non-standard conditions on true PHB yield estimation. A. Impact of acetate
concentration on PHB yield (pH 7; T=25°C; [DO] = 1 M). B. Impact of pH on theoretical PHB
yields ([Acetate] = 1 M; T=25°C; [DO] =1 M). C. Impact of Temperature on PHB yields ([Acetate]
=1M; pH 7; [DO] = 1 M). D. Impact of dissolved oxygen on PHB yield ([Acetate] = 1 M; pH 7

T=25°C). All other reactants and products were set at the standard values.
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The TEEM1 estimated the true PHB yields to be 0.76 — 0.80 Cmolpre/mOlacetate for PHB
polymers with 100 — 30,000 monomer units (Table 3.1), indicating that the number of
monomeric units do not significantly impact the PHB yield values.

Table 3.1. Free energy of formation and true PHB yields for different monomer units

NG of monomers AG]?, PHB AGS;{B for half-reaction Youp—true
(KJ/mole) (kj/e™ eq) (Cmolpyg/ Cmolacetate)

1 -500 33.84 0.76

10 -3013 33.05 0.80

100 -28134 33.04 0.80
1000 -279351 32.96 0.80
10000 -2791521 32.95 0.80
30000 -8374121 32.95 0.80

3.3.3. Autotrophic PHB yield
In the autotrophic PHB synthesis, the CO2 conversion into activated acetate has a
AGyvalue of 109.6 kl/e™ eq (Rittmann & McCarty, 2001). The three half-reactions involved in
autotrophic PHB production are: hydrogen oxidation (Rq, Eg. 3.16); oxygen reduction (Ra; EQ.
3.14) and PHB synthesis (Rc; Eq. 3.10).
Rd HY +e > %Hz AGS, = 39.87 (iy/e~eq)  (3.16)
Assuming € = 0.60 (for chemolithoautotrophic reactions), A is estimated to be 2.63. As a result,
only 28% of hydrogen is consumed to produce PHB (f,°= 0.28; Eq. 3.6) while the remaining
portion (72%; Eq. 3.5) is used to obtain energy. Thus, the stoichiometric PHB production
reaction under autotrophic conditions can be written as,
4C0,+ 1180, +32.7H, » C,HgO5 + 28.7 H,0 (3.17)
The Ypyp—true 18 3.18 gpyg/ moly, . Ishizaki and Tanaka (1991) proposed a similar equation
for the autotrophic PHB production from experimental results (Ishizaki & Tanaka, 1991). The

reported autotrophic Ypyp_opservea Values were 2.60 — 3.44 gpyp/ moly, (Ishizaki & Tanaka,

1991; Schlegel et al., 1961).
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3.3.4. Impact of gas composition on autotrophic PHB yields
The impact of the ratio between Hz, Oz, and COz in the gas mixture on true PHB yields
was investigated in an arbitrary scenario with 200-mL culture and 0 — 2.0 L of a gas mixture

with different fractions of Hz, Oz, CO2, and N2 (for balancing) (Fig. 3.4; Appendix A2). In

8 8
FA [ B.
7t 't —o70amH
L o H [ ' >
[ 0.80 atm H,  —0.60atm H,
6 | —030atm H, 6 —0.50 atm H,
0.20 atm H, 3 0.40 atm H,
__ 5 F —010amH, ~ 5t 0.30 atm H,
- i = [ 0.20 atm H,
T T —0.10 atm
: el S S
[e) N—r
é 3t >_§ 3
> 1
2 | 2
1t 1
[ — —— e S S T S S [ —— e S S S S S S R S S
0 0.5 1 15 2 0 05 1 1.5
Gas volume (L) Gas volume (L)
8 [ 8 r
tC. tD.
7 T
g-ig atm :z s 0.40atm H,
6 0.30am 2 6 F 0.30 atm H,
-30atm H, . 0.20atm H,
5 0.20 atm H, 5 [ —0.10atm H,
—0.10 atm H, [

Y e (Opna/L)
Y e (OpHa/L)

3 3t

2 2t

1 1

o= . ... o=
1.5 2 0

*Bas volume (L) " Gas volume (L)

Fig. 3.4. The impact of gas composition on true PHB yield estimation. The solution volume was
assumed to be 200 mL, while the gas volume changed from 0 to 2.0 L. CO2 was assumed to be
0.10 atm in all scenarios. A. The gas mixtures included: O2 =0.10 atm; H2 = 0.1 to 0.80. A. The
gas mixtures included: O2 = 0.20 atm; H2 = 0.10 to 0.70. C. The gas mixtures included: Oz =
0.40 atm; H2=0.10 to 0.50. D. The gas mixtures included: O2 = 0.50 atm; H2=0.10 to 0.30. N2

was assumed to balance the gas fractions to have 1.0 atm as a total headspace gas pressure. A

detailed calculation example is shown in Appendix 2.
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figure 3.4, the PHB yields were limited by low oxygen concentrations (at Py, < 0.10 atm, Fig.
3.4A). Thus, increasing the Hz partial pressure more than 0.30 did not improve PHB yield (Fig.
3.4A). The highest PHB yields were achieved at P,, = 0.20 atm with a ratio of Hz: O2: CO2 =
7: 2. 1 (Fig. 3.4A), which was previously reported as the optimal gas composition to attain
sufficient cell growth and avoid gas limitation (Ishizaki et al., 2001; Mozumder et al., 2015).
Increasing P,, > 0.20 atm does not improve PHB yields (Figs. 3.4C and 3.4D) because Hz2 was
limited at these elevated oxygen concentrations. According to these results, a gas mixture of a

ratio of Hz, Oz, and CO2 = 7: 2: 1 is suggested as the optimal ratio to attain high PHB yields.

3.3.5. Heterotrophic cell yield

The theoretical heterotrophic cell yields of C. necator were estimated. The elementary
composition of C. necator was previously estimated to have a formula of C,y5H, 1301 59N 76
(Ishizaki & Tanaka, 1990). Therefore, the cell synthesis half-reaction for C. necator can be

written as,

0.191 CO, + 0.044 NH; + 0.044 HCO; + H* + e~ ,
Rc AGY,s = 49.70 (k] Je™ eq) (3.18)
- 0.057 Cy99Hy71301.89No.76 + 0.404 H,0

The other two half-reactions involved in the cell synthesis reaction are acetate oxidation
(Rq; EQ. 3.9) and oxygen reduction (Ra; Eq. 3.13). Assuming ¢ is equal to 0.38, the model
parameters A, £, and f;? were calculated as 1.15; 0.53; and 0.47, respectively. The balanced

equation for cell synthesis reaction could be written as,
0.125 CH,COOH + 0.020 NH; + 0.134 0, + 0.020 HCO; —
0.027 C409H7130189Ng 76 + 0.205 H,0 + 0.161 CO, (3.19)

The Ycells—true on acetate is 0.43 Cm0lcells/ Cmozsubstrate (034 gcells/ gsubstrate)a
which is higher than the observed cell yield (0.20 g.eiis/ Gsubstrate) (Jawed et al., 2022). The

same procedure was applied to calculate the cell yields on glucose and glycerol (Tables A2.2
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and A2.3). The true cell yields on glucose is 0.37 gceus/ 9giucose Which is close to the
previously reported values (0.37 — 0.45 gceus/ ggiucose) (Belfares et al., 1995; Marudkla et
al., 2018; Mozumder, de Wever, et al., 2014; Shang et al., 2007; Tanadchangsaeng & Yu,
2012). Similarly, the true cell yield of C. necator on glycerol (0.41 gceus/ 9giycerot) 1S
analogous to the previously reported observed yield range (0.41 — 0.48 gccus/ 9giycerot)
(Mozumder, Goormachtigh, et al., 2014; Mozumder, de Wever, et al., 2014; Tanadchangsaeng
& Yu, 2012), signifying the robustness of the energetic model to estimate heterotrophic cell
yields.
3.3.6. Autotrophic cell yield
The true autotrophic cell yields for C. necator were also estimated. The three half-
reactions required for the model are: hydrogen oxidation (R4, EqQ. 3.17); oxygen reduction (Ra;
Eq. 3.13); and cell synthesis (Rc; Eq. 3.18). The model parameters A, f2, and f,? values were
estimated as 2.21; 0.31; and 0.69, respectively. As a result, 69% of H: are oxidized to supply
the energy required to reduce oxygen while only 31% are utilized to fix COz, indicating the
high energy cost required for autotrophic cell synthesis (Bruce & McCarty, 2020). The

balanced equation for autotrophic cell synthesis can be written as,

335C0,+ 7420, +23.62 H, + 0.77 NHF + 0.77 HCO3~ = C409H7130180No 76 +21.94 H,0  (3.20)

The autotrophic Yeyis—¢rye i estimated to be 4.11 geoys/ moly,. The stochiometric cell

synthesis reaction for C. necator was previously determined using experimental lab-scale

experimental results as (Ishizaki & Tanaka, 1990),

409 CO, + 6.21 0, +21.36 Hy + 0.76 NHF = Cy00H- 1304 goNo 76 + 18.70 H,0 (3.21)
The observed cell yield of C. necator (4.54 g e/ moly,.) under autotrophic conditions is

analogous to the true yield estimated using the TEEM1. According to the stoichiometric

equations, the autotrophic Yeeis—true= 29 geeus/ Cmoleo,. (Eq. 3.21) is approximately three
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times the heterotrophic cell yield on acetate (10.31 g ei1s/ CMolycetate; Eq. 3.19), signifying

higher carbon utilization efficiency under autotrophic conditions.

3.4. Conclusions
The TEEM1 was applied to calculate the theoretical PHA and cell yields under
autotrophic and heterotrophic conditions. The free energy of formation and half-reactions for
several PHA monomers such as PHB, PHV, and PHB-PHV were estimated. The theoretical
PHB vyields on acetate, glucose, and glycerol were calculated to be 0.76, 0.84, and 0.94
Cmolpre/Cmolsusbirate at standard conditions. When the ambient conditions and number of
monomeric units in PHB polymers were investigated, there was no significant impact on
theoretical PHB yields. Similarly, the number of monomeric units in PHA polymers does not
affect the PHB yield calculations. In addition to heterotrophic conditions, the TEEM1 was also
applied to calculate the true PHB yield (3.18 gpyp/ moly,) under autotrophic conditions. The
model results indicated that the ratio of Hz: O2: CO2 = 7: 2: 1 attained the highest PHB yields.
Along with theoretical PHB yield estimation, the heterotrophic and autotrophic cell yields for
C. necator were determined to be 0.34 gceis/ Gacetate aNd 4.11 geeys/ moly,, respectively.
Based on these results, the thermodynamic energetic model could be applied to drive important

insights into the autotrophic and heterotrophic PHA and cell yields.
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4. Minimizing the lag phase of Cupriavidus necator growth under
autotrophic, heterotrophic, and mixotrophic conditions

Cupriavidus necator has been extensively studied for the ability to accumulate high
amounts of polyhydroxyalkanoates (PHAS), a promising alternative to chemical plastics that
cause sever impacts on the environment. Depending on environmental conditions, C. necator
can grow under autotrophic and/or heterotrophic conditions. In the current work, we
investigated the microbial growth of C. necator under several cultivation conditions (e.g.,
autotrophic, heterotrophic, or mixotrophic growth). The effect of growth conditions on the lag
phase length of C. necator was examined. The bacterium was also cultivated in two-stage
systems in which C. necator was grown autotrophically or heterotrophically and then switched

to other growth modes.

The following manuscript was prepared for future journal publication.
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Abstract

Cupriavidus necator has unique metabolic capabilities as it can grow under
heterotrophic, autotrophic, or mixotrophic conditions. In the current work, we examined the
effect of growth conditions on the metabolic responses of C. necator. In lab-scale experiments,
the autotrophic growth was rapid with a short lag phase as the exponential growth stage was
initiated in 6 — 12 h. The lag phase increased significantly (>22 h) at elevated Oz and CO2
partial pressures, while the lag phase was independent of increased H2 or N2 partial pressures.
Under heterotrophic conditions with acetate as the organic substrate, the lag phase length was
short (<12 h), but it increased with increasing acetate concentration. When glucose and glycerol
were provided as the organic substrate, the lag phase was consistently long (> 12 h) regardless
of the examined substrate concentrations (up to 10.0 g/L). In the transition experiments, C.
necator showed rapid transitions from autotrophic to heterotrophic growth in less than 12 h
and vice versa. Our experimental results indicate that C. necator can rapidly grow with both
autotrophic and heterotrophic substrates, while the lag time substantially increases with non-
acetate organic substrates (e.g., glucose or glycerol), high acetate concentration, and high Oz

and COz2 partial pressures.

Keywords:

Ralstonia eutropha; PHA-accumulating bacteria; lag phase; inhibition by high substrate;

mixotrophic growth

58



Ph.D. Thesis — Abdelrahman Amer; McMaster University — Civil Engineering
4.1. Introduction

Biodegradable plastics are gaining an increasing attention as a sustainable alternative
to petroleum-based chemical plastics because of their biodegradability in the environment.
Polyhydroxyalkanoates (PHA) is a biodegradable polymer produced by various
microorganisms with thermoplastic properties comparable to petrochemical plastics (J. Lee et
al., 2021). Among over 300 identified PHA accumulators, only a few microorganisms, such as
Cupriavidus necator (previously Alcaligenes eutrophus (Kérst & Friedrich 1984; Repaske &
Repaske, 1976) and Ralstonia eutropha (Cramm, 2009; Miiller et al., 2013; Tiemeyer et al.,
2007; Volova et al., 2002)), can be employed for commercial and large-scale PHA production
(Jawed et al., 2022; Sohn et al., 2021) for the high PHA accumulation capabilities. For instance,
C. necator can accumulate up to 90% (w/w) of the cell dry weight as PHA (Jawed et al., 2022;

Lopez-Cuellar et al., 2011; Passanha et al., 2013).

Cupriavidus necator can utilize inorganic carbon sources such as COz and CO, as well
as organic substrates (Khosravi-Darani et al., 2013; J. Lee et al., 2021; Przybylski et al., 2015).
As a hydrogen-oxidizing bacterium, C. necator can obtain the energy required for COz2 fixation
by oxidizing Hz (i.e., the electron donor) and reducing Oz (i.e., the terminal electron acceptor)
(Ishizaki et al., 2001; Khosravi-Darani et al., 2013). The recommended gas mixture
composition to attain sufficient cell growth has a volume-based ratio of Hz: O2: CO2=7:2: 1
(Ishizaki et al., 2001). O2 concentrations above 0.30 atm are known to inhibit cell growth
(Ishizaki & Tanaka, 1990). Also, hydrogen concentrations lower than 0.04 atm resulted in low
biomass yields (Miyahara et al., 2020). Although the inhibition effects of the gaseous substrates
on the cell growth were previously reported, the inhibition on the microbial adaption (i.e., lag
phase) has not been investigated in previous literature. Therefore, one of the main objectives
of the current work is to examine how the partial pressure of individual gases (e.g., Oz, COz,

Hz, N2) affects the lag phase so that we can propose strategic methods to improve the
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autotrophic biomass yields such as optimal gas-to-solution ratios and the frequency of injecting

gaseous substrates.

C. necator can also grow and accumulate PHA by utilizing organic substrates as the
energy and carbon sources (Belfares et al., 1995; Repaske & Repaske, 1976; Roy, 1962). C.
necator was examined to grow and accumulate PHA on various organic substrates such as
acetate (Marudkla et al., 2018; Sugimoto et al., 1999), glucose (Biglari et al., 2020), glycerol
(Mothes et al., 2007; Tanadchangsaeng & Yu, 2012), valerate (Kumar et al., 2020), and other
waste organics (Kumar et al., 2020; Pavan et al., 2019). The elevated concentrations of organic
substrates may inhibit the heterotrophic growth of C. necator. For example, acetic acid
concentrations higher than 0.50 g/L were previously reported to cease the microbial growth
(Marudkla et al., 2018). Additionally, the lag phase increased significantly with increasing the
concentrations of volatile fatty acids (Jawed et al., 2022). Therefore, we investigated the
concentration effect of several organic substrates (e.g., glucose, glycerol, and organic mixtures)

on the lag phase lengths and biomass yields of C. necator.

C. necator can also consume organic and inorganic carbon substrates simultaneously
(Jawed et al., 2022; Karst & Friedrich 1984). In previous studies, C. necator mixotrophic
growth on lactate was more rapid than individual autotrophic or heterotrophic growth, and the
mixotrophic biomass yields were significantly higher than in the heterotrophic experiments for
the same consumed lactate (Rittenberg et al., 1969). However, C. necator was not able to grow
mixotrophically on some substrates such as pyruvate (Yu, 2018). Thus, another research
objective of this study was to evaluate the mixotrophic growth of C. necator on several organic
substrates (i.e., acetate, glucose, and glycerol). In this work, we also investigated the ability of
C. necator to transit between the metabolic pathways (i.e., subsequent transition from

autotrophic to heterotrophic or vice versa) with a focus on the lag time (i.e., adaption time).
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4.2. Materials and Methods

4.2.1. Bacterial strain

C. necator Makkar and Casida 17697 was purchased from the American Type Culture
Collection (ATCC) (Cedarlane Cor., Burlington, Canada). The bacterium was revived on agar
solid media and subsequently cultured in liquid mediums (section 4.2.2) according to the
supplier instructions. For the revival, the agar medium was prepared using 3.0 g/L of beef

extract, 5.0 g/L of soybean peptone, and 15.0 g/L of agar.

4.2.2. Growth solutions and organic substrates

The autotrophic growth solution included: 2.30 g/L KH2POg; 2.9 g/L Na2HPO4.2H20;
1.0 g/L NaHCOs; 0.30 g/L NH4Cl; and trace amounts of minerals and vitamins. The initial pH
of the autotrophic growth solution was 7.4 (SevenMulti, Mettler-Toledo International Inc.,
OH). For the heterotrophic and mixotrophic growth experiments, the same autotrophic growth
solution composition was used in addition to acetate (provided as CHsCOONa), glucose,
glycerol, or mixed substrates (33.3% acetate + 33.3% glucose + 33.3% glycerol) at various
concentrations (1 — 10 g/L). It should be noted that the four substrates have the same carbon
load per the same concentration (e.g., 1.0 g/L of acetate, glucose, glycerol, or mixed substrates
has 33 — 34 Cmmol/L). For the autotrophic growth conditions, there was no organic substrate

added in the experiments.

All experiments were conducted at 30°C in 17-mL Hungate glass vials with 14-mL
headspace volume and 3-mL solution volume unless mentioned otherwise. The vials were
placed horizontally in a mechanical shaker (150 rpm) to increase the contact surface area
between the medium solution and headspace gas. The growth solution and vials were

autoclaved at 121°C for 20 min before the experiments.
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4.2.3. Gas composition in the headspace
For the autotrophic and mixotrophic experiments, the headspace air was replaced (using
gas-tight syringes) with a gas mixture containing Hz (0.70 atm), Oz (0.20 atm), and CO2(0.10
atm) (Table 4.1) (Ishizaki et al., 2001; Repaske & Repaske, 1976; Roy, 1962). In the inhibition
experiments by gaseous substrates, we examined the impact of various partial pressures of
individual H2, O2, CO2, and N2 on C. necator autotrophic growth (Table 4.1). In the

heterotrophic experiments, the headspace volume contained air only.

4.2.4. Transition between autotrophic and heterotrophic growth conditions
The transition between heterotrophic and autotrophic conditions was examined in this
study. For the transition from heterotrophic to autotrophic growth, C. necator was initially
cultivated under heterotrophic conditions (1.0 g/L of acetate) before injecting 1.0 atm of
standard gas composition (Table 4.1) at 12, 24, or 36 h. For the transition from autotrophic to
heterotrophic growth conditions, the experiment was started identically to the autotrophic

growth experiment (Table 4.1) while 1.0 g-acetate/L was injected at 12, 24, or 36 h (Table 4.1).

Table 4.1. Summary of the autotrophic gas mixture compositions applied in this study

Partial pressure (atm) in the vial headspace

Experiment Ho O CO» N
Autotrophl_c, mlxotr_ophlc, 0.70 0.20 0.10 0
and transition experiments
0.70 0.20-2.20 0.10 0
Inhibition by gaseous 0.70 0.20 0.10-2.10 0
substrates 0.70-2.70 0.20 0.10 0
0.70 0.20 0.10 0-20
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4.2.5. Experimental Analyses

Microbial growth was monitored by measuring the optical density (OD) at 600 nm
(DR3000, Hach, US). The biomass yield was determined by measuring the net total chemical
oxygen demand (COD) (Method 8000, Hach, US). pH was measured using SevenMulti

(Mettler-Toledo International Inc., OH).

Samples were collected at the end of experiments and tested for contamination using
16S rDNA gene Sanger sequencing. The 16S rDNA gene sequencing using the colony PCR
procedure was performed, as previously described (Amer & Kim, 2022a). In brief, the PCR
reaction was performed with the universal bacterial primer 8f (Caccavo et al., 1994; Xing et
al., 2010). The PCR reaction mixture included: 1 pL of 10 mM dNTPs; 0.25 uL of Taq
polymerase; 5 uL of DNA template; 5 pL of 10x PCR buffer; 1.5 pL of 50 mM MgClz; 1 uL
of 10 uM forward and reverse primers; and dH20 to a final volume of 50 pL. The PCR
program started with heating to 94°C for 2 sec and them 29 cycles (94°C for 30 sec, 56 °C for
30 sec, 72°C for 1 min) followed by a final cycle at 72°C for 10 min. Then, Sanger sequencing
was conducted on 3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA) (Mobix
Lab, McMaster University, Canada). Sequencing results were viewed and modified by
Finchtv program (Digital World Biology, Seattle, USA) (Singh & Bhatia, 2016). The obtained
merged sequences were checked using the NCBI BLAST tool to identify the bacteria
(McGinnis & Madden, 2004). Based on Sanger sequencing results, C. necator was identified
for all samples collected at the end of the current experiments, indicating that there was no
contamination in all experiments. Thus, the OD results reported in this work can be used as a

representative for the growth of C. necator.
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4.3. Results and Discussion
4.3.1. Autotrophic growth
C. necator grew rapidly with short lag phases (< 12 h) when cultivated with the standard
gas mixture (Hz: Oz2: CO2 = 7: 2: 1) (Fig. 4.1A). The highest optical densities were achieved in
22 h, indicating fast fixation of carbon dioxide. In addition, the biomass yields were dependent
on the provided gas volumes (Fig. 4.1B). As a result, the biomass yield at 24 h was 510 + 25
g-COD/L at the highest ratio between the gas (14 mL) and growth solution (3 mL) volumes.
Also, the total biomass was linearly correlated to the provided gas volumes (Fig. 4.1C),

signifying the dependence of microbial growth on gas mixture volumes.

Higher optical densities were also achieved by increasing the frequency of gas addition
to the headspace (Fig. A3.1). However, the additional injections of an individual gas (i.e., Hz,
02, or CO2) did not enhance the biomass yield substantially (Fig. A3.1), indicating the necessity
to maintain specific gas ratios to attain the highest cell productivity and avoid gas limitation

(Garcia-Gonzalez et al., 2015; Morinaga et al., 1978; Volova et al., 2013).
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Fig. 4.1. A. Autotrophic C. necator growth at different ratios between gas (14 — 5 mL) and
growth solution (3 — 12 mL) volumes (n = 2). B. Maximum autotrophic biomass yield at
different gas volumes after 24 h. C. The relation between autotrophic biomass (= yield (mg-
COD/L) x solution volume (mL)) and the supplied gas volumes (3 — 12 mL). In the control
vials, the autotrophic growth solution was used under the gas mixture (Hz2: O2: CO2=7:2:

1) without microbial seed.
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4.3.2. Impact of individual gas partial pressures on autotrophic growth

Higher oxygen and carbon dioxide partial pressures severely inhibited the autotrophic
growth of C. necator and resulted in longer lag phases (Fig. 4.2). The highest optical density
(ODeoo = 0.78) was achieved with the standard gas mixture at a total pressure of 1 atm,
indicating that the standard gas composition (Hz: O2: CO2 = 7: 2: 1) and pressure were optimal
for autotrophic growth. C. necator growth was suppressed when P, exceeded 0.70 atm (Fig.
4.2A), signifying the inhibiting influence of higher oxygen concentrations (Ishizaki & Tanaka,
1990). Similarly, P¢o, greater than 0.10 atm resulted in slower C. necator growth with longer
lag phases (> 12 h) (Fig. 4.2B). For example, the lag phase (37 h) at P¢,, = 2.10 atm was much
longer than at P, = 0.10 atm (< 12 h). In addition, the highest ODsoo at P¢,, = 2.10 atm (after
60 h) was 58% lower than at Py, = 0.10 atm (after 22 h). It should be noted that the lowest pH
was 6.02 at P,, = 2.10 atm at the end of the experiments (Fig. A3.2), indicating that pH did

not inhibit the autotrophic growth (Roy, 1962).

Applying high Hz or N2 partial pressures (up to 2.0 atm) did not impact the lag phases
(~ 12 h) (Fig. 4.2C, D). Although Hz was the limiting growth factor (Fig. A3.3), applying Py,
higher than 0.70 atm reduced the optical densities by ~25% (Fig. 4.2C). In addition, elevated
nitrogen partial pressures did not influence the attained optical densities (Fig. 4.2D), suggesting
that C. necator cells can survive under high nitrogen pressures without impacting the

autotrophic growth.
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Fig. 4.2. Impact of individual gas pressures on C. necator autotrophic growth. The initial

gas mixture was Hz: O2: CO2=7:2: 1, and then the headspace pressure was increased up
to 3.0 atm using: Oz (A); CO2 (B); Hz2 (C); or N2 (D) (n = 2). In the control vials, the
autotrophic growth solution was used under 1.0 atm of the gas mixture (Hz: O2: CO2=7:

2 : 1) without microbial seed.

4.3.3. Substrate inhibition for heterotrophic growth
C. necator growth under heterotrophic conditions was examined with acetate, glucose,
glycerol, and mixed organic substrates (Fig. 4.3). The microbial growth was fast with a short

lag phase (< 6 h) at 1 — 2.50 g/L of acetate (Fig. 4.3A). However, elevated acetate
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concentrations (> 5.0 g/L) resulted in extended lag times (24 — 48 h) (Fig. 4.3A), indicating
growth inhibition by elevated acetic acid concentrations (Garcia-Gonzalez & de Wever, 2018;
Jawed et al., 2022; Sugimoto et al., 1999). In addition, the lag phase lengths (< 12 h) were not
impacted at 1.0 — 10.0 g/L of mixed substrates (Fig. 4.3B), glycerol (Fig. 4.3C), or glucose
(Fig. 4.3D). However, the increases in the optical densities were not consistent with the
increase in substrate concentrations. For instance, the optical densities at 10.0 g/L of organic
substrates were only 4 — 40 % higher than at 1.0 g/L. According to these results, lower organic

substrate concentrations (< 2.50 g/L) are recommended for efficient heterotrophic growth.
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Fig. 4.3. Heterotrophic growth of C. necator on: (A) acetate; (B) mixed substrates (i.e.,
33.3% of acetate + 33.3% of glucose + 33.3% of glycerol); (C) glycerol; and (D)
glucose (D (n=2). In the control vials, the growth solution with 1.0 g/L of the organic

substrate was used without microbial seed.
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4.3.4. Organic substrates for mixotrophic growth

The mixotrophic growth (Fig. 4.4) was more rapid than individual heterotrophic (Fig.
4.3) or autotrophic growth (Fig. 4.1) for similar substrate and gas conditions. The lag phases
during the mixotrophic growth on acetate and glucose (~5 h) were shorter than on using
glycerol or mixed substrates (~12 h) (Fig. 4.4). Also, the mixotrophic optical densities were
greater than individual heterotrophic or autotrophic ones. For instance, the highest OD with 1.0
g/L of mixed substrates under mixotrophic (1.23; Fig. 4.4) was greater than under heterotrophic
(0.77; Fig. 4.3B) or autotrophic conditions (0.78; Fig. 4.1). These results suggested that C.
necator can utilize acetate, glucose, or glycerol as the main carbon and energy source and CO2
and H: as additional carbon and energy sources (Rittenberg et al., 1969; Jawed et al., 2022;

Kérst & Friedrich, 1984).

2.0

-©-Mixotrophic on glucose
-A-Mixotrophic on acetate
5-Mixotrophic on mixed substrates

-%Mixotrophic on glycerol

Time (h)

Fig. 4.4. C. necator mixotrophic growth on 1.0 g/L of acetate, glucose, glycerol, or mixed
substrates (0.33 g-acetate/L + 0.33 g-glucose/L, and 0.33 g-glycerol/L). The headspace was
replaced with the standard gas mixture (Hz: Oz : CO2 =7: 2: 1) (n=2).
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4.3.5. Hysteresis in two-stage cultivation

C. necator can change the metabolic pathways from heterotrophic to
autotrophic/mixotrophic condition very rapidly as it takes less than 12 h for the complete
transition (Fig. 4.5A — C). Consistently high optical densities (1.17 — 1.24) were attained when
the heterotrophic conditions were switched to mixotrophic conditions at different substrate
conditions (i.e., with existing acetate (Fig. 4.5A); after acetate consumption (Fig. 4.5B); or

under starvation conditions (Fig. 4.5C)).

In addition, the transition from autotrophic to heterotrophic/mixotrophic growth was
also rapid, taking 12 h or less (Fig. 4.5D — F). Similarly, the transition occurred at three different
growth stages (i.e., during the exponential phase (Fig. 4.5D); at the end of the exponential phase

(Fig. 4.5E); and after the steady state phase (Fig. 4.5F)). However, the higher optical density
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Fig. 4.5. C. necator growth in two-stage cultivation systems. In A, B, and C, the
bacterium was first grown aerobically on 1.0 g-acetate/L before switching to mixo- or
autotrophic conditions after 12 h (A), 24 h (B), or 36 h (C) (n = 2). C. necator was first
cultivated autotrophically (Hz: O2: CO2 = 7:2:1) before switching to other conditions
after 12 h (D), 24 h (E), or 36 h (F) (n=2)
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was observed when the second stage was initiated after the end of the exponential phase (> 24
h). According to our results, the two-stage cultivation system with initial heterotrophic growth
followed by mixotrophic or autotrophic conditions can achieve higher optical densities in a

short cultivation time (< 24 h).

4.4. Conclusions

The impacts of cultivation conditions on the metabolic responses of C. necator were
investigated. Under autotrophic conditions, the lag phases were short (< 12 h) when a mixture
of Hz: O2: CO2 = 7: 2: 1 was used. When the partial pressure of O2 was greater than 0.70 atm,
the autotrophic growth was totally inhibited. Similarly, increasing P, higher than 0.6 atm
resulted in longer lag phases (> 16 h) and severely impacted the optical densities. The elevated
partial pressures of hydrogen (up to 2.7 atm) or nitrogen (up to 2.0 atm) had no impact on the
lag phase lengths. Under heterotrophic conditions, the lag phase lengths (< 12 h) were not
affected at 1.0 — 10.0 g/L of glucose, glycerol, or mixed substrates; however, acetate
concentrations > 5.0 g/L resulted in longer lag periods (> 24 h). The concentration of organic
substrates is recommended to be in the lower range (< 5.0 g/L) to decrease the lag phase time.
With dual substrates, the mixotrophic optical densities were always better than individual
autotrophic or heterotrophic optical densities for the same substrate conditions. In two-stage
cultivation systems, C. necator could completely switch between the three metabolic pathways
in less than 12 h. The highest optical densities (1.17 — 1.24) were achieved in two-stage systems
with initial heterotrophic conditions followed by mixotrophic or autotrophic conditions. The
current results can improve the application of C. necator in large-scale industrial systems for
biological CO: fixation. In future work, the impacts of the metabolic conditions on PHA

accumulation by C. necator need to be investigated.
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5. Modeling the growth of diverse microorganisms during feast-famine

enrichment

Polyhydroxyalkanoates (PHAS) are an eco-friendly alternative to chemical plastics that
have severe impacts on the environment. The current PHA production utilizes pure cultures
that require sophisticated cultivation conditions which increase the commercial production
costs. The utilization of mixed microbial cultures (MMCs) in PHA production can reduce the
higher PHA production cost as MMCs do not require sterilization conditions. In this work, we
developed and calibrated a comprehensive mathematical model for the competition between
PHA accumulators and non-PHA accumulators in mixed cultures. The model was calibrated
and validated using published lab-scale experimental data. The model can be used to optimize
the cultivation conditions for the successful enrichment of PHA accumulators in mixed

cultures. The model can also be applied to simulate PHA production by the enriched cultures.

The paper was submitted for journal publication.

e Amer, A, and Kim, Y. (2022). A numerical model for the cultivation of
Plasticicumulans acidivorans and the importance of microbial diversity in feast-famine
enrichments (under review).
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Abstract
Polyhydroxyalkanoates (PHAS) are biodegradable polymers that can decrease the

severe environmental pollution of petroleum plastics. PHA production by mixed microbial
communities has been extensively studied to lower the high PHA prices. In this work, we
developed a mathematical model for the competition between PHA accumulators and non-
PHA accumulators in the feast-famine enrichment strategy. The developed model successfully
simulated published lab-scale experimental data for Plasticicumulans acidivorans, a well-
studied PHA accumulator that can store PHA up to 90% of the cell weight. The growth kinetics
for both PHA and non-PHA accumulators were estimated and compared to the values in the
literature. The uncertainties in the model Kkinetics were studied by expanding the model to
include additional sub-biomass components for each heterotrophic group. As a result, the
microbial diversity of microbial communities was observed to influence the enrichment of
PHA accumulators in mixed cultures. Additionally, the calibrated model was applied to
investigate the cultivation conditions such as cycle lengths, carbon-to-nitrogen ratio, and solids
retention time for successful P. acidivorans enrichment in mixed cultures. The developed
model can be applied to control the cultivation and enrichment of PHA accumulators in large-

scale PHA production systems.

Keywords: Plasticicumulans acidivorans; Polyhydroxyalkanoates; Microbial mixed cultures;

PHA accumulation; Mathematical modeling; Sensitivity analysis.

5.1. Introduction

Polyhydroxyalkanoates (PHASs) are biodegradable polyesters that can substitute
conventional petrochemical plastics. Currently, commercial PHA production utilizes pure
cultures that require strict cultivation conditions and expensive organic substrates (Argiz et al.,
2020; Korkakaki et al., 2016). PHA production using mixed microbial cultures (MMCs) is

gaining increased attention because MMCs can utilize cheap feedstocks without the
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requirements for sterilized conditions (Fang et al., 2019; Kumar et al., 2020; Oliveira et al.,
2017). In mixed cultures, heterotrophic microorganisms are classified into PHA-accumulating
and non-PHA-accumulating microbes (Chen et al., 2016). PHA accumulators can be enriched
using a dynamic feeding strategy known as feast-famine enrichment. In the feast stage, PHA
accumulators feed on external organic substrates to simultaneously grow and store PHA inside
their cells. PHA accumulators utilize the stored PHA as a source of carbon and energy when
the external carbon substrate is substantially consumed in the famine stage. This ecological
advantage enables PHA accumulators to strongly compete with other heterotrophs and

eventually dominate the cultures (Chen et al., 2016; Fang et al., 2019).

The competition between PHA accumulators and non-PHA accumulators in the
enrichment process was not demonstrated in previous mathematical models (Fang et al., 2019;
Marang et al., 2015; Mozumder et al., 2020). The Activated Sludge Model No. 3 (ASM3) was
used to develop several models to describe the storage and utilization of internal products such
as PHA (Henze et al., 2000; Ni et al., 2009, 2010; Ni & Yu, 2007, 2008). However, the ASM3
assumed that all heterotrophic microorganisms convert organic substrates into internally stored
products, without differentiating between PHA and non-PHA accumulators (Gujer et al., 1999;
Henze et al., 2000; Ni et al., 2009, 2010; Ni & Yu, 2007, 2008). As a result, the ASM3 cannot
be applied to simulate feast-famine enrichment (Sin et al., 2005). Thus, one of the main
objectives of this work was to develop and calibrate a mathematical model that can
comprehensively describe the competition between PHA accumulators and non-PHA

accumulators in feast-famine enrichment.

Plasticicumulans acidivorans can accumulate high PHA fractions when utilizing
organic substrates such as acetate or lactate (~90% w/w) (Jiang et al., 2011; Jiang, Marang, et
al., 2011b; Johnson et al., 2009; Marang et al., 2013) or complex waste feedstocks (~70% w/w)

(Marang et al., 2016; Tamang et al., 2019; Tamis et al., 2014). P. acidivorans was successfully
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inoculated into mixed cultures and dominated the microbial community (>80%) in seven days
(Jiang, Marang, et al., 2011a), suggesting the ability to use the bacterium in commercial
production without sterilization. Therefore, the developed model was calibrated and verified
using previous experimental results for enriching P. acidivorans in mixed microbial cultures .
In previous studies, PHA accumulators were modeled as a single component assuming an
average metabolic activity for all individual species existing in mixed cultures. However, the
microbial diversity in mixed cultures could impact the enrichment of PHA accumulators
(Ramirez et al., 2009). Consequently, the impact of microbial diversity on the enrichment of
PHA accumulators was also investigated. In addition, we studied the influence of the
uncertainty in model kinetics on the enrichment of PHA accumulators. Another objective of
this work was to investigate the effect of operational parameters such as solids retention time
(SRT), carbon-to-nitrogen (C/N) ratio, and cycle length on the enrichment of PHA

accumulators in mixed cultures.

5.2. Methods
5.2.1. Model development

A non-steady-state model with nine components was developed to describe the
competition between PHA accumulators (Xpa) and non-PHA accumulators (Xna) in the feast-
famine enrichment and PHA accumulation by Xpa (Table 5.1). The developed model was based
on the ASM3 and other published models for PHA storage and utilization (Fang et al., 2019;
Henze et al., 2000; Mozumder et al., 2020; Ni & Yu, 2008; Sin et al., 2005). The microbial
consortium was assumed to contain heterotrophs only as the feast-famine strategy reduces the
populations of other microorganisms (e.g., autotrophs) significantly (Dias et al., 2005). Xpa
biomass was assumed to consist of active biomass and PHA while Xna had active biomass
only. In addition to Xpa and Xna, other particulate components are polyhydroxyalkanoates
(XpHa), slowly biodegradable solids (Xs), and inert solids (Xi) (Henze et al., 2000; Ni & Yu,

2008). The soluble components are external organic substrate (Ss), Oxygen (So), nitrogen (Sn),
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and phosphorus (Sr), included in microbial growth kinetics (Eq. 5.3, 5.4, and 5.9) as Monod
equations (Johnson, Kleerebezem, et al., 2010b, 2010a; Korkakaki et al., 2017). Sn is assumed
to be assimilated for microbial growth only because nitrification is usually suppressed by using

chemicals (e.g., allylthiourea) in feast-famine enrichments (Marang et al., 2018).

The main microbial reactions described in the model are microbial growth on Ss (Eq.
5.3 and 5.9); PHA-storage (Eg. 5.2); growth on XpHa (EQ. 5.4); maintenance on Ss (Eg. 5.5 and
5.10); maintenance on XeHa (Eq. 5.6); Xs hydrolysis (Eq. 5.1 and 5.8); and cell decay (Eqg. 5.7
and 5.11) under feast and famine conditions. In the feast stage, Xpa grow on external Ss (Eq.
5.3) along with storing Xera (EQ. 5.2) while Xna grow without storing any Xena (Eq. 5.9). The
stored Xpna amount depends on available substrate concentrations, polymer storage rate (Ksto),
and the maximum PHA-storage fraction (f(py4)max) (Eq. 5.2) (Amini et al., 2020; Oshiki et
al., 2011a; Porras et al., 2018). PHA storage may occur under aerobic, anoxic, or anaerobic
conditions and thus the oxygen term was not included in the PHA-storage kinetics (Eq. 5.2)
(Vjayan & Vadivelu, 2017; X. Wang et al., 2017, 2019). After the depletion of external carbon

sources (i.e., the famine stage), only Xpa could synthesize new cells and maintain their cells by

utilizing the stored Xpna (EQs. 5.4 and 5.6). An inverted Monod term (KS—PAS> was included

KspatSs
in the equations of microbial growth and maintenance on PHA to allow the transition from the

feast to famine stages (Eq. 5.4 and 5.5).

5.2.2. Numerical solution and model calibration

Nine non-steady-state ordinary differential equations were prepared and numerically
approximated by the Crank-Nicolson method. The discretized mass-balance equations were
then solved by the fixed-point iteration method with a convergence tolerance < 10°. The
simulations were performed using the Visual Basic for Application (VBA) tool in Microsoft

Excel.
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The model coefficients were calibrated and validated by simulating published
experimental data for enriching P. acidivorans in mixed cultures and PHA accumulation under
various operational conditions (Jiang et al., 2011; Jiang, Marang, et al., 2011a, 2011b; Johnson
et al., 2009; Johnson, Kleerebezem, et al., 2010a; Korkakaki et al., 2017; Marang et al., 2013,
2016, 2018). The experimental data from these studies were extracted using an online tool
(WebPlotDigitizer, California, USA) and then fitted by minimizing the differences between the
data points and the model-simulated results. The initial conditions for these published results
are summarized in Table 5.2. The model kinetic constants and stoichiometric coefficients were
then estimated and compared to the reported ranges in previous studies (Table 5.3) (Jiang,
Marang, et al., 2011a; Johnson, Jiang, et al., 2009; Johnson, Kleerebezem, et al., 2010a;
Korkakaki et al., 2017; Marang et al., 2016, 2018; Henze et al., 2000; Ni et al., 2009, 2010; Ni

& Yu, 2007, 2008).

5.2.3.Sensitivity analysis
A parameter sensitivity analysis was performed to identify the highly sensitive parameters that
impact the model results. The average sensitivity value () of a variable (y) with respect to a

model parameter (0) (Table 5.3) was calculated (Mozumder et al., 2014),

st 9Yiwm 6o 5t (y(t,9+A9)_y(t,0—A9) 0 )
5 = =1\ 90 vy i=1 200 $Z210)

n n

IR

(5.12)

Where, A0 is £1% change in the average model parameter (0) value (A® = £0.01 6), and n is
the number of the time steps ((simulation time (t))/(time step (10 Sec) )). The sensitivity
analysis was conducted for the Xpa enrichment scenario in which y was defined as Xpa fraction
(fra) in the mixed culture. In another scenario for PHA accumulation, the sensitivity of Xpa

parameters was studied by defining y as XpHa.
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5.2.4. Extended model to study uncertainty in kinetics

The main model was expanded to investigate the impact of the diversity of individual
microbes on Xpa enrichment and PHA accumulation by studying the uncertainties in model
parameters (Ramirez et al., 2009). Three active biomass sub-components were included for
each microbial group: Xps, = Xpa, = Xpa,= 3.33 g-CODx.m; and Xya, =Xya, = Xna, =
330 g-CODx.m™ (Table A4.1). It is noted that PHA accumulators (Xpa = 10 g-CODx.m®) and
non PHA accumulators (Xna = 990 g-CODx.m™) were defined as single components in the
single-X model (Table 5.1). In the extended model simulations, only one parameter (e.g., pixpa,
s) for the same sub-components (Xp,, .0r Xy,, ) was changed by +20 and 50% while other

kinetic constants were assumed to be constant
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Table 5.1. Stoichiometric and kinetic matrix for the model

Reaction Soluble Components Particulate Components Reaction rate
SO Ss Sy Sp Xi Xs Xna Xpa XpHa
PHA accumulators (Xpa):
. Xs/Xpa (5.1)
Hydrolysis by X 1 -1 ky———X
ydroly y Zea " Ky + (Xs/Xpa) "
1 -1 Ss Xpra/Xpa (5.2)
1- 1 ko 1=
PHA storage Yoras Yoras sto Kspa + Ss ( f(PHA)max) PA
Growth on S 1 Ss Sy Sp Soz (5.3)
1—— -1 . . Hpas: Xpa
Ypas Y -inBm -irBm 1 "~ Kspat+Ss Ky+Sy Kp+Sp Koz + Soz
PAS
Growth on PHA 1— 1 inem -ipaM 1 -1 u Ks,pa Sy Sp Soz Xpua/Xpa  (5.4)
Yoas Veapua | Kspa +Ss Kn+Sy Kp+Sp Koz +Soz Kpua+ Xpna/Xpa
Maintenance on Ss B Ss (5.5)
1 Mpa,s- Kspa +Ss Xpa
Maintenance on PHA 1 m Kspa Xpra/Xpa ¥ (5.6)
PAPHA: Kspa+Ss Kpya+ Xpua/Xpa Pa
Decay . inemM-  ipBM- i _ Kppa (5.7
(1-f) freinxi freipxi f 1-fi 1 bPA.KPHA + Xpra/Xpa Xpa
Non-PHA accumulators (Xna):
. Xs/Xna (5.8)
Hydrolysis by X 1 -1 —X
ydroly Y 7na T Ky + (Xs/Xna)
Growth on S 1 -1 -inev  -ireMm 1 Ss SN Sp So (5.9
1- HUna,s- . Xna
Yinas Ynas Ksna+Ss Ky +SyKp+SpKo+ S
Maintenance on Ss -1 m Ss ¥ (5.10)
NA,S-—KS'NA T+ s, Na
Decay -(1-fi) inem-  ieem-  fi 1-fi -1 b X (5.11)
friinxt firipx Na- N4
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Table 5.2. Summary of initial conditions for figures in this study

Figure/Table Simulated lab-scale experimental Substrate So.,0 7 Ss0 7 SN,Or SP’O, X0 7 Xs,0 7 XNA,Or XPA,Or XPHA,Or
results (9-02m®) | (g-COD.m?3) (g-N.m'3) (g-P.m?) (g-COD.m?) | (g-cOD.m?®) | (g-COD.m?) | (g-COD.m?) | (g-COD.m?)

Fig. 5.1A (Jiang, Marang, et al., 2011a) 1600 o 27 0 0 540 5 0

Fig.5.1B (Jiang, Marang, et al., 2011b)

Fig. 5.1C (Jiang, Marang, et al., 2011Db) 20280 23 77 0 0 0 864 30

Fig. A41A (Johnson et al., 2009) 1572 102 77 0 0 0 655

Fig. A4.1B (Johnson et al., 2009) 2000 113 77 0 0 0 700

Fig. A4.2A (Johnson, Kleerebezem, et al., 114600 1184 200 0 0 0 630 20

2010a)
Fig. A4.2B (Johnson, Kleerebezem, et al., Acetate o700 | 14200 | 1000 . . . 1000 40
2010a)

Fig. A4.3 (Korkakaki et al., 2017) 1630 160 9.7 0 0 0 1100 0

Fig. A4.4A (Marang et al., 2018) >0 2166 138 80 0 0 0 1086 0

Fig. A4.4B (Marang et al., 2018) 5902 16 80 0 0 0 120 0

Fig. A4.5A (Marang et al., 2016) 8500 5 85 0 0 0 1485 0

Fig. A4.5B (Marang et al., 2016) 0 120 77 0 8.92 0 386 1244

Fig. A4.6A (Marang et al., 2013) Butyrate 1077 120 77 0 0 0 770 0

Fig. A4.6B (Marang et al., 2013) 8972 5 77 0 0 0 750 74

Fig. A4.6C (Jiang et al., 2011) propionte 1207 142 77 0 0 0 560 0

Fig. A4.6D (Jiang et al., 2011) 13050 325 77 0 0 0 1100 0
Figs. 5.2A, 2B, 5.3,5.4,5.5,5.6 1750 85 77 0 0 10 990 0
Table A4.1 10000 0 446 0 0 0 1000 0
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Table 5.3. Summary of estimated and previously reported kinetic constants for model parameters (at 30°C)

Estimated
Parameter Definition (units) in this Reported range
study (©)*
PHA-accumulators (Xpa):
Lons Specific growth rate for Xpa on Ss () 0.20 260186-)0.234 (Johnson, Kleerebezem, et al., 2010a; Korkakaki et al., 2017; Marang et al.,
- Specific growth rate for Xea on Xewa (™) 0.40 giOtgé%)(Fang et al., 2019; Jiang, Marang, et al., 2011b; Marang et al., 2016; Mozumder et
v Yield coefficient for Xpa on Ss (g-CODx.g- 0.65 0.04-0.63 (Henze et al., 2000; Mozumder et al., 2020; Ni et al., 2010; Ni &
o CODs?) ' Yu, 2007)
Yield coefficient for Xpa growth on Xeua (9- s s
Ypa, PHA CODy. g-COD pin) 0.90 0.67-0.85 (Mozumder et al., 2020; Ni et al., 2010; Ni & Yu, 2007)
v Yield coefficient for PHA storage on Ss (g- 0.70 0.59-0.91 (Jiang, Marang, et al., 2011b; Johnson, van Geest, et al., 2010; Marang et al.,
PHA S CODpha.g-CODs™Y) : 2016, 2018)
ksto PHA storage rate (g-CODpra.g-CODxLh™) 250 (2).07116-)3.3 (Jiang, Marang, et al., 2011b; Johnson, Kleerebezem, et al., 2010a; Marang et al.,
Maximum accumulated PHA ratio in cells 37-70°
PHA storage ( XpHA ) (%) 67 69-89° (Jiang, Marang, et al., 2011b; Johnson et al., 2009; Johnson, Kleerebezem, et al.,
XpHA+XPA 2010a; Korkakaki et al., 2017; Marang et al., 2016, 2018)
Maximum ratio of PHA to active biomass 0.59-2.332
fpra)™ XpHa _ ( 100 _ 1) ! 2.0 2.23-8.30° (Jiang, Marang, et al., 2011b; Johnson et al., 2009; Johnson, Kleerebezem, et al.,
Xpsa  \PHA storage (%) 2010a; Korkakaki et al., 2017; Marang et al., 2016, 2018)
Half-saturation constant for Xpa on Ss (g-
Ks, pa CODs. m?) 9.8 9.8 (Henze et al., 2000)
bpa Decay rate coefficient for Xpa (h%) 0.017 0.0083-0.052 (Marang et al., 2018; Ni & Yu, 2008)
PHA half-saturation constant for Xea (Q- . NT
Kpra, P CODpra. g-CODxY) 2.0 0.9-1.0 (Fang et al., 2019; Henze et al., 2000; Ni & Yu, 2008)
Mpa, PHA Maintenance coefficient for Xpa on Xpua (0% 0.0044 0.0044-0.01 (Henze et al., 2000; Ni & Yu, 2007, 2008)
Kn, pa N affinity constant for Xpa (g-N.m3) 0.50 0.01-0.50 (Marang et al., 2018; Ni & Yu, 2008)
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Table 5.3 cont.: Summary of estimated and previously reported kinetic constants for model parameters (at 30°C)

Ke, pa P affinity constant for Xpa (g-P.m) 0.01 0.01 (Fang et al., 2019; Henze et al., 2000; Ni et al., 2009; Ni & Yu, 2007)
Ko, pa Oxygen affinity constant for Xpa (g-O2.m) 0.20 0.20 (Ni et al., 2010; Ni & Yu, 2007, 2008)
Mpas Maintenance coefficient for Xpa0n Ss (h?) 0.0066 0.0066-0.01 (Fang et al., 2019; Henze et al., 2000; Mozumder et al., 2020)
Non-PHA accumulators (Xna):
s Maximum growth rate for Xua on Ss (h) 0.40 0.35-0.70 (Henze et al., 2000; Ni & Yu, 2008; Nogaj et al., 2015; Torretta et
al., 2014)
Ko a oDy o constantfor X on Ss (o 98  2-1138 (Lemos et al., 2008; Ni et al., 2010; Ni & Yu, 2007)
Ynas \C(:)egjsﬁ())efﬁdem for Xxa on Ss (g-CODx.g- 0.65 0.47-0.90 (Gujer et al., 1999; Henze et al., 2000; Jiang, Marang, et al., 2011a)
bra Decay rate coefficient for Xya (%) 0.017 0.0083-0.052 (Henze et al., 2000; Ni & Yu, 2007, 2008)
Kn, na N affinity constant for Xya (g-N.m) 0.50 0.01-0.50 (Marang et al., 2018; Ni & Yu, 2008)
Ke, na P affinity constant for Xna (g-P.m?) 0.01 0.01 (Fang et al., 2019; Henze et al., 2000; Ni et al., 2009; Ni & Yu, 2007)
Ko, na Oxygen affinity constant for Xya @-02.m") 0.20 0.20 (Ni et al., 2010; Ni & Yu, 2007, 2008)
. - 0.0066-0.01 (Chen et al., 2019; Chinwetkitvanich et al., 2004; Jiang, Marang,
Maint ff t for X Ss (ht 0.0066
s, A aintenance coefficient for Xa on Ss (™) et al., 2011a; Johnson, van Geest, et al., 2010; X. Wang et al., 2017)
Stoichiometric constants
f Eroa‘g'_?)“ of X in biomass lysis (¢-COD. g- 020  01-0.20 (Fang etal., 2019; Henze et al., 2000; Ni & Yu, 2008)
iNBM Nitrogen content of biomass (g-N. g-COD) 0.08 0.07 (Henze et al., 2000)
iNx Nitrogen content in X, (g-N. g-COD™) 0.02 0.02 (Henze et al., 2000)
ipBM Phosphorus content in biomass (g-P. g-COD™?) 0.02 0.02 (Henze et al., 2000; Ni & Yu, 2008)
ipx Phosphorus content in X, (g-P. g-COD) 0.01 0.01 (Henze et al., 2000; Ni & Yu, 2008)
Kn Maximum hydrolysis rate (h'%) 0.125 0.125 (Henze et al., 2000)
Ky 1—)|ydro|y5|s affinity constant (g-COD. g-COD- 1.00 1.00 (Henze etal. 2000)

* Unless otherwise mentioned below the figures, the estimated kinetic constants were applied in all simulations to produce all figures.
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5.3. Results and Discussion

5.3.1. Model calibration using previous lab-scale studies

The model was successfully calibrated by simulating previously reported lab-scale
experiment data for enriching P. acidivorans in mixed microbial cultures (Figs. 5.1 and A4.1
to A4.6) (Jiang et al., 2011; Jiang, Marang, et al., 2011b, 2011a; Johnson et al., 2009; Johnson,
Kleerebezem, et al., 2010a; Korkakaki et al., 2017; Marang et al., 2013, 2016, 2018). For
instance, PHA accumulators (Xra) were enriched over fourteen 12-hr batch cycles as Xea
fraction (fra) increased to 86.6% (Fig. 5.1A) (Jiang, Marang, et al., 2011a). The model was also
verified for the changes in the 3 model components (Xpa, XpHa, and Ss) during a single feast-
famine cycle (Fig. 5.1B) (Jiang, Marang, et al., 2011b). In this experiment, Ss was rapidly
consumed from 1600 to < 0.10 g-CODs/L in the 40-min feast stage. During this feast stage,
Xpra Was accumulated up to 1080 g-CODeHa/L (~60% (w/w)) after 40 min. After complete
acetate depletion, Xprna was gradually utilized by Xea for cell synthesis (the famine stage). The
model was also examined with additional feast-famine cultivations under various experimental

conditions, as illustrated in Figs. A4.1A, A4.3, A4.4A, A4.5, A4.6A, and A4.6C.
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Fig. 5.1. Model calibration simulations for Xpa under various cultivation conditions. (A) The
competition between Xpa and Xna (Yena s=0.80) (Jiang, Marang, et al., 2011a). (B) A repeated feast-
famine cycle for a culture dominated by P. acidivorans (Yeua s = 0.80) (Jiang, Marang, et al., 2011b).
(C) PHA-accumulation experiment by Xpa with excess substrate (fena™ = 7.33) (Jiang, Marang, et al.,
2011b). Acetate was the sole organic substrate in both studies. All applied Kinetic constants and initial
conditions are summarized in Tables 5.2 and 5.3.
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In addition to the feast-famine strategy for Xea enrichment, the model was further
validated for PHA-accumulation scenarios (Figs. 5.1C, A4.1B, A4.2, A4.4B, A4.6B, A4.6D).
For instance, the model successfully described high PHA accumulation (8830 g-CODpHa/L ~
89% (w/w)) from 20,000 g-CODsubstrate/L in the absence of NH4* (Fig. 5.1C) (Jiang, Marang,

etal., 2011b).

The calibrated model parameters using previous lab-experiments results (Fig. 5.1, Figs.
A4.1to A4.6) were consistent with the previous modeling studies (Table 5.2). For instance, the
estimated ppas (0.20 ™) and peapra (0.40 h't) values are within the reported ranges for PHA
accumulators on the external substrate and PHA, respectively (Fang etal., 2019; Jiang, Marang,
etal., 2011b; Johnson, Kleerebezem, et al., 2010a; Korkakaki et al., 2017; Marang et al., 2016;
Mozumder et al., 2020). The found pnas value (0.40 ht) also agrees well with the values
reported for non-PHA-accumulating microorganisms (Henze et al., 2000; Ni & Yu, 2008;
Nogaj et al., 2015; Torretta et al., 2014). The yield coefficients (Yra, s, YpHA, s, and Yna,s) were
also consistent with the previous studies while Yea, pra was slightly higher at 0.90 g-CODx /
g-CODpeHa than the reported range for the PHA accumulators (0.67-0.85 g-CODx/g-CODpHa)

(Table 5.2) (Mozumder et al., 2020; Ni et al., 2010; Ni & Yu, 2007).

5.3.2. Sensitivity analysis

The sensitivity analysis results indicated that feHa™), pass, Ksto, UPAPHA, YPA, PHA, DpPA
(Fig. 5.2A) and pnas, Yna, s, bna (Fig. 5.2B) significantly impacted the Xpa enrichment
simulations. Among the model constants, pnas (8 = -2.08) and fera(™) (5=1.85) had the
highest sensitivity to the competitive growth between Xna and Xpa. In addition, the ¢ value in
the sensitivity simulations with varying half-saturation affinity constants (Kn, Ke, Ks, and Kpna,

pA), maintenance coefficients (mpas, Mnas, MpapHa), and hydrolysis coefficients (Kx, Kn) was
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always small (< 0.08) (Fig. 5.2), indicating that these model parameters have minimal impacts

on the model output.
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Fig. 5.2. Results of the combined sensitivity analysis for model parameters for a feast-famine
enrichment simulation for: (A) Xea and (B) Xna after 5 days. 6 values were calculated for
Xepa fraction (fra) after changing the parameter values (Table 5.2) by £1%. Initial conditions

are summarized in Table 5.2.

In a different set of simulations, PHA accumulation was highly sensitive to only fpra™®) and
ksto (Table A4.2), signifying the importance of both parameters in modeling PHA accumulation
(Reaction 2 in Table 5.1). It should be noted that feHa™) (2.0-7.33) and ksto (0.35-2.50 h?)
varied widely according to the experimental conditions in the previous studies (Figs. 5.1 and

A4.1t0 A4.6, Table 5.3).

5.3.3. Three-X model simulations to study the microbial diversity impact on the Xpa
enrichment
The three-X model showed different results compared to the single-X model when
MprAs, fPHAmax, OF pnas Varied for the 3 species for the Xpa enrichment in mixed cultures (Fig.

5.3). It should be noted that the average value of the varied parameters in the three-X model
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The average values for parameters and initial conditions are shown in Tables 5.2 and 5.3,
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the same as in Table 5.2.

(e.g., urasi-3= 0.10, 0.20, 0.30 h't) was the same as that in the single-X model (e.g., pras= 0.20
h™) (Table A4.1). In the three-X model simulations, Xra species with +50% variation in pras
or frHamax dominated the mixed culture slightly faster than one Xpa species with an average
MpA, s Or frHamax Value (Fig. 5.3A, C and Fig. A4.7B, C). In contrast, when pna, s varied for

three Xna species (0.20—0.60 h't), fea dropped to 89% compared to 99.9% for Xna species with
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the same pina, s (0.40 h?) after 10 days (Fig. 5.3G and Fig. A4.7D). For other model parameters
such as yield and decay coefficients and PHA storage rate (ksto), there was no variance between
the results of the three-X and single-X models. According to our simulations, the three-X model
is recommended to be applied when individual species with various specific growth rates or

different PHA-accumulating capacities exist in mixed cultures.

5.3.4. Influence of cycle length on Xpa enrichment
The model simulations revealed that short cycle lengths (1—12 hrs) were necessary for

successful Xpa enrichment and to maintain lower feast-to-famine (F/F) ratios (Fig. 5.4A, B).
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Fig. 5.4. The effect of cycle length (A and B) and SRT (C and D) on Xpa enrichment. (A).
fra at 1 to 20-hr cycles; (B). The feast-to-famine ratios at 1 to 20-hr cycles; (C). fraat 1 to
10 SRTs; and (D). Xpa concentration at 1 to 10 SRTs. All initial conditions are shown in

Table 3.2. SRT is the ratio between the mass of biological solids in the reactor and the

biomass wasting rate: (SRT (d) = X T =
fraction of wasted biomass. VX. Sycle length (hr)
cycle length (hr)

fraction of wasted biomass x 24 (hr/d)

).
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At 1 to 12-h cycles, Xpa accumulated high PHA amounts in the feast stage and grew at higher
rates in the famine phase (Reaction 2 in Table 5.3), and thus fra was > 99.7% after 10 days
(Fig. 5.4A). P. acidivorans was previously shown to dominate the mixed cultures (>80%) at
12-hr cycles within six days (Jiang, Marang, et al., 2011a), which agrees well with our model
results (fra=78.8% at day 6). In addition, the rapid substrate consumption for simultaneous
microbial growth and PHA storage resulted in short feast periods with F/F ratios < 0.10 (Fig.
5.4B). F/F ratios less than 0.20 were previously suggested for successful Xea enrichment in the
feast-famine strategy (Beun et al., 2002). In contrast, the lower Xpna amounts stored in the
feast stage were rapidly consumed in the famine phase at longer cycle lengths (15 to 20 hr)
(Fig. 5.4A). As aresult, the Xpa enrichment was slower (15-hr cycles) or was not successful at

20-hr cycles with F/F ratios ~ 0.39 (Fig. 5.4B).

5.3.5. Impact of SRTs and C/N ratios on Xpa enrichment

The simulation results indicated that Xpa successfully dominated the microbial cultures
(fra = 95 — 99%) at 1-10 d SRTs after 10 days (Fig. 5.4C). P. acidovorans was previously
enriched in sequential batch reactors (SBRs) operated at 1 and 4 d SRT (Jiang et al., 2011;
Jiang, Marang, et al., 2011a; Johnson et al., 2009; Tamis et al., 2014; X. Wang et al., 2018).
The lower fpa at 1 d SRT during the first 8 days could be attributed to the higher biomass
wasting ratio (50% v/v) at the end of each cycle compared to at longer SRTs. As a result, Xpa
concentration at longer SRTs (e.g., Xpa= 4133 g-COD.m?at 10 d SRT) was greater than at 1
d SRT (1583 g-COD.m) (Fig. 5.4D), suggesting that SRTs > 1 d could be applied to achieve

higher Xpa concentrations in the enrichment phase.

In additional simulations to investigate the C/N ratio impact, sufficient nitrogen
concentrations were required for successful Xpa enrichment in mixed cultures. At 1 d SRT,
Xpa dominated the mixed cultures (> 99%) after 10 days at C/N ratio < 12 Cmol/Nmol (Fig.
5.5A), which agrees well with the previous experimental results (Johnson, Kleerebezem, et al.,
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Fig. 5.5. The effect of C/N ratio (Cmol/Nmol) on Xpa enrichment at: (A) 1 d SRT, (B) 5d
SRT, and (C) 10 d SRT. In all simulations, the same substrate (Ss=3500 g-COD/m?d) was
fed at the beginning of each cycle and Snx was changed accordingly (mole-to-mole ratio).

Other initial conditions were set constant as in Table 3.3.

2010b). When nitrogen was limited (C/N > 13 Cmol/Nmol, SRT = 1 d), Sn was quickly
consumed resulting in the absence of the feast-famine regime and consequently Xpa enrichment
failure (Fig. 5.5A). In additional simulations at longer SRTs (5 and 10 d), Xpa enrichment was
less sensitive to higher C/N ratios compared to at 1 d SRT (Figs. 5B, C), indicating that waste
streams with limited nitrogen concentrations could still be utilized to enrich Xpa and produce

PHA at longer SRTs.

5.4. Conclusions

A numerical model was developed to simulate the enrichment of P. acidovorans in
mixed microbial cultures. The model successfully simulated previous lab-scale experimental
data for the enrichment of P. acidovorans in the feast-famine strategy. The sensitivity analysis
for the model parameters indicated that the kinetics of frHa™M®), Upa s, Ksto, LPAPHA, YPA, PHA, and
bra had a significant impact on the Xpa enrichment. In PHA-accumulation scenarios, only
frHa(M™) and ksto impacted the accumulated PHA quantity. Furthermore, the three-X model
simulations were different from the single-X model results for the same parameters, signifying

the importance to involve individual microbial capabilities in the enrichment models. The
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calibrated model was then applied to study the impact of operational conditions on Xpa
enrichment in mixed cultures. For instance, the application of short cycle lengths (1-12 hr)
resulted in rapid Xpa enrichment (fra exceeded 97% after 6 days) compared to longer cycle
lengths. Although 1-10 d SRTs can be applied to obtain enriched cultures dominated by Xea
(fra > 95%), SRTs longer than 1 d can produce higher Xpa biomass concentrations which are
more appropriate for commercial PHA production. In addition, sufficient nitrogen
concentrations (C/N < 12 Cmol/Nmol at 1d SRT) were required to sustain the Xpa growth in
the feast and famine stages. The calibrated model provides significant insights into P.
acidovorans enrichment using the aerobic dynamic feeding strategy and can be applied in

commercial PHA production by P. acidovorans.
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6. Rapid enrichment of Cupriavidus necator in microbial communities using

its autotrophic and alternating growth characteristics

The employment of microbial communities to produce polyhydroxyalkanoate (PHA)
has been intensively studied to reduce the high PHA production costs. The feast-famine feeding
strategy is commonly applied to obtain enriched cultures that can produce significant amounts
of PHA. Nevertheless, this heterotrophic enrichment strategy requires long periods to obtain
enriched cultures with high PHA-accumulating capacities. Cupriavidus necator is well-known
for its ability to grow and accumulate high fractions of PHA under various growth conditions.
Therefore, we proposed two new methods to enrich Cupriavidus necator in mixed cultures by
applying autotrophic-only and alternating autotrophic-heterotrophic enrichment cycles. The
proposed methods were compared to the conventional heterotrophic enrichment strategy. The
findings of the current work will contribute to the employment of C. necator in large-scale

PHA production without sterilization and reduce the high prices of biodegradable plastics.

The following manuscript was prepared for future journal publication.

e Amer, A, and Kim, Y. Rapid enrichment of Cupriavidus necator in microbial
communities using its autotrophic and alternating growth characteristics.
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Abstract

Polyhydroxyalkanoate (PHA) is a biodegradable polymer that can replace petroleum-
based plastics. Potential uses of microbial mixed cultures can significantly reduce the high
costs of PHA production using pure cultures. The feast-famine strategy has been widely
investigated to enrich PHA accumulators in mixed mixtures; however, the feast-famine method
requires multiple repeated cycles to attain sufficiently high population of PHA-accumulating
bacteria. In this work, we developed an innovative enrichment method to rapidly select and
enrich Cupriavidus necator that can accumulate PHA up to 90% of the cell weight. The
developed approach utilizes the various metabolic characteristics of C. necator to establish
three enrichment methods: autotrophic-only; alternating autotrophic-heterotrophic; and
heterotrophic-only cycles. Each enrichment method was examined with two wastewater
sources (return activated sludge and primary sedimentation tank effluent). In the autotrophic-
only cycles, the fractions of C. necator exceeded 92.1% of the total microbial population after
the fifth cycle (60 h) while the alternating enrichment method showed > 81.3% enrichment of
C. necator after 60 h. However, the heterotrophic-only method resulted in practically no
enrichment of C. necator. Moreover, the enriched cultures under the autotrophic and alternating
conditions accumulated significant amounts of PHA, confirming the selectivity and rapid
domination of C. necator over other microorganisms. The mixed cultures dominated by C.
necator are recommended for commercial large-scale PHA facilities, which will substantially

reduce the high PHA prices.

Keywords: Autotrophic growth; Heterotrophic growth; Feast-famine; PHA accumulation;

Ralstonia eutropha; PHA-accumulating bacteria
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6.1. Introduction

Polyhydroxyalkanoates (PHAS) are biodegradable polyesters with a potential to
substitute conventional petrochemical plastics. Current industrial PHA production employs
pure cultures that require rigorous cultivation conditions and expensive pure organic substrates
(Argiz et al., 2020; Korkakaki et al., 2016). PHA production using microbial mixed mixtures
could lower the PHA production costs because of the possibility to use cheap feedstocks and
eliminate the requirements for sterilization (Fang et al., 2019; Kumar et al., 2020; Oliveira et
al., 2017). Therefore, it is essential to enrich PHA-accumulating microorganisms before PHA
production, especially when organic wastes are used as the carbon source for PHA production.
PHA accumulators were historically enriched under heterotrophic conditions (i.e., using
organic substrates) by applying a dynamic feeding strategy known as the feast-famine
enrichment (Chen et al., 2016; Fang et al., 2019). However, the feast-famine regime may
extend for several months to obtain cultures with sufficient PHA-accumulation capacities
(Jiang, Marang, et al., 2011b; Johnson, Kleerebezem, et al., 2010a, 2010b; Marang et al., 2014).
Thus, this study aimed to develop a rapid enrichment strategy for PHA accumulators in mixed

mixtures, which may replace the slow feast-famine enrichment strategy.

Cupriavidus necator, also known as Ralstonia eutropha, is a well-studied PHA
accumulator that can accumulate up to 90% (w/w) of cell dry weight as PHA (Jawed et al.,
2022; Lbpez-Cuellar et al., 2011; Passanha et al., 2013). Thus, C. necator has been widely
employed in large-scale PHA production facilities as a pure culture. In addition to pure organic
substrates, C. necator has been extensively investigated for PHA accumulation using sterilized
organic wastes (Passanha et al., 2013; Salakkam & Webb, 2018). For instance, PHA
accumulation by C. necator on fermented food-waste liquid was investigated after filtering the
medium using 0.45-um membrane filters (Hafuka et al., 2011). Also, citric molasses (sterilized

by direct steam) was investigated for PHA accumulation by C. necator (Pavan et al., 2019).
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The sterilization requirement substantially increases the PHA production costs from organic
wastes, making it difficult to achieve economical large-scale PHA production using organic

wastes.

While most PHA accumulators can grow heterotrophically only, C. necator can
efficiently switch between autotrophic and heterotrophic growth conditions. Under autotrophic
conditions, C. necator can utilize COz2 as the carbon source, Hz as the electron donor, and O2
as the terminal electron acceptor (Ishizaki et al., 2001; Khosravi-Darani et al., 2013). In
addition, C. necator can grow heterotrophically on organic substrates as the energy and carbon
sources (Belfares et al., 1995; Repaske & Repaske, 1976; Roy, 1962). C. necator can also grow
under simultaneous autotrophic and heterotrophic conditions, which is known as mixotrophic
growth (Rittenberg et al., 1969; Jawed et al., 2022; Karst and Friedrich, 1984). Thus, in this
study, we employed these unique metabolic characteristics for rapid and selective enrichment
of C. necator in mixed cultures. It should be emphasized that C. necator can accumulate up to
90% PHA (w/w) regardless of the growth conditions (Sohn et al., 2021). Therefore, the
selective enrichment of C. necator in microbial mixtures will allow utilizing organic wastes
without media sterilization. The specific objectives of this work were to: (1) examine two new
methods to cultivate and enrich C. necator in mixed mixtures by applying autotrophic and
alternating autotrophic-heterotrophic enrichment cycles; (2) compare the proposed methods to
the heterotrophic feast-famine enrichment strategy; (3) study PHA accumulation by the

enriched cultures.
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6.2. Materials and Methods

6.2.1. Growth solutions

The autotrophic growth solution was composed of NazHPO4.2H20 (2.9 g/L); KH2PO4
(2.30 g/L); NaHCOs (1.0 g/L); NH4CI (0.30 g/L); and a trace amount of minerals and vitamins
(Amer & Kim, 2022b). In all autotrophic experiments (both the seed cultivation and enrichment
cycles), the headspace gas was replaced with a gas mixture of 70% Ha, 20% Oz, and 10% CO2
(by volume) at 20°C (Garcia-Gonzalez et al., 2015; Morinaga et al., 1978; Volova et al., 2013).
For the heterotrophic experiments (both the seed cultivation and enrichment cycles), the
headspace was filled with the atmospheric gas only. The growth solution in the heterotrophic
experiments was identical to the autotrophic growth solution with 1.0 g-acetate/L
(CH3COONa.3H20). The initial pH of the autotrophic and heterotrophic solutions was always
~ 7.40 and 6.80, respectively (SevenMulti, Mettler-Toledo International Inc., OH). Microbial
growth was monitored by measuring the optical density at 600 nm (Hach, DR3000, US). In all
seed cultivation and enrichment experiments, the used vials were placed horizontally in a

mechanical shaker rotating at 150 rpm at 30°C to increase gas transfer kinetics.

6.2.2. Seed preparation
Primary sedimentation tank (PST) effluent and return activated sludge (RAS) samples
were collected from the Dundas wastewater treatment plant (Dundas, ON, Canada). C. necator
Makkar and Casida 17697 (Cedarlane Cor., Canada) was cultivated autotrophically using the
abovementioned autotrophic growth solution and gas mixture composition. The seed samples
(PST-0 and RAS-0) were prepared by adding C. necator into PST and RAS sludge samples
with a ratio of ~1% based on the optical density measurements (Fig. 6.1). Samples from the
original wastewater samples and from inoculated seed mixtures were collected and stored at -

20°C for gPCR and Illumina sequencing analyses.
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Seed Seed Enrichment

preparation cultivation experiments

—> Autotrophic cycles

Autotrophic growth (48 h)

RAS/PST < > (RAS-A,PST-A)  _J
(~99%)

Seed mixtures > Alternating cycles
—— —_—

(RAS-0, PST-0)

C. necator < Heterotrophic growth (48 h)
(~1%) —> (RAS-H, PST-H) —> Heterotrophic cycles

Fig. 6.1. A schematic summary for the enrichment strategies applied in this study. The seed mixtures (RAS-
0, PST-0) were prepared by adding ~1% of C. necator to PST and RAS samples based on the ODsgo
measurements. Then, the mixed seeds were inoculated into fresh solutions (~3%) and grown under
autotrophic (RAS-A, PST-A) and heterotrophic (RAS-H, PST-H) conditions. The cultivated seed mixtures

were then used to inoculate new solutions (~ 3%)in the three enrichment strategies.

6.2.3. Seed cultivation

The seed mixtures were first cultivated before the enrichment cycles to avoid the
hysteresis impact in the following enrichment experiments (Fig. 6.1) (Amer & Kim, 2022b).
To illustrate, if the seed was prepared under heterotrophic conditions, the microbial cultures
may take a longer time for the exponential growth in the autotrophic enrichment experiments.
For the seed cultivation under autotrophic conditions, 100 pL from the seed mixture sample
(PST-0 and RAS-0) was transferred into 17-mL vials with 2.9-mL working solutions under
autotrophic conditions. After 48 h, the cultivated mixtures cultures (PST-A and RAS-A) were
used to inoculate new vials for the autotrophic and alternating enrichment cycles. Similarly,
for the heterotrophic seed cultivation, 100 uL from PST-0 and RAS-0 was transferred into new
17-mL vials with 2.9-mL working solutions with 1.0 g-acetate/L (Fig. 6.1). The cultivated
heterotrophic (PST-H and RAS-H) were used (after 48 h) as the inoculation seed for the
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heterotrophic enrichment cycles. Samples after the autotrophic and heterotrophic cultivation

were collected and stored at -20°C for qPCR analysis.

6.2.4. Autotrophic enrichment cycles

100 pL from the autotrophic cultivated seed mixtures (PST-A and RAS-A) was mixed
with 2.90 mL of the fresh autotrophic growth solution in 10-mL glass vials (i.e., the headspace
volume was 7.0 mL) under autotrophic conditions. 50% of the solutions were replaced (without
settling) every 12 h with the fresh autotrophic growth solution, and the headspace gas was
replaced with 7.0 mL of the autotrophic gas mixture (70% Hz, 20% Oz, and 10% COz2). The
solution replacement and gas injections were repeated over 5 cycles (total 60 h). All enrichment
experiments were conducted in duplicate. Samples from the homogenous solution were
collected after the 2nd, 4th, and 5th cycles and stored at -20°C for gPCR analysis. The microbial

communities in the samples after the 5th cycle were also analyzed in Illumina sequencing.

6.2.5. Heterotrophic enrichment cycles

100 pL from the heterotrophic seed mixtures (RAS-H and PST-H) was used to
inoculate 10-mL glass vials with 2.9-mL working solutions for the heterotrophic enrichment
cycles. In this strategy, 50% of the solutions were replaced with fresh medium with a final 1.0
g-acetate/L. The heterotrophic enrichment experiments were conducted in duplicate per the
same conditions. Samples were collected after the 2nd, 4th, and 5th cycles and stored at -20°C

for qPCR analysis. Samples after the 5th cycle were also analyzed in Illumina sequencing.

6.2.6. Alternating autotrophic-heterotrophic enrichments
100 pL from the autotrophic cultivated seed mixtures (PST-A and RAS-A) was mixed
with 2.90 mL of the fresh autotrophic growth solution in 10-mL glass vials. The heterotrophic
(1.0 g-acetate/L) and autotrophic (70% Hz, 20% O2, and 10% CO3) conditions were altered

every 12 h after replacing 50% of the homogenous solutions with fresh growth solutions. The
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alternating enrichment experiments were conducted in duplicate per the same conditions.
Samples were collected after the 2nd, 4th, and 5th cycles and stored at -20°C for gPCR analysis.

Samples after the 5th cycle were also analyzed in Illumina sequencing.

6.2.7. PHA-accumulation experiments

Samples after the 5th enrichment cycle (at 60 h) in addition to the inoculated mixtures
(RAS-0 and PST-0) were examined for PHA accumulation. In these tests, 1.0 mL from each
sample was mixed with 3.0 mL of the heterotrophic growth solution (without NH4CI) with 1.0
g-acetate/L and incubated at 30°C for 12 h. After 12-h incubation, 5.0 g-acetate/L were further
added to induce PHA accumulation. It should be noted that the enriched microbes experienced

nitrogen limitation conditions since NH4Cl was not added.

After further incubation for 24 h, the final samples were pretreated using Nile Blue A
dye, as described by (Oshiki et al., 2011b; Ostle & Holt, 1982). In brief, the bacterial smears
were heat-fixed to microscopic glass slides before staining in 1% (w/v) Nile Blue A solution
at 55°C for 30 min. The slides were then washed with 8% acetic acid solution and kept in the
air for 1 — 2 min. After that, the slides were washed with deionized water followed by air drying
to remove the remaining water. The stained cells were scanned using Olympus BX53
fluorescence microscope (Biointerfaces Institute, McMaster University). The microscope was
provided with the PI(TritC) filter with an excitation range of 532 — 552 nm and an emission

range of 594 — 646 nm.

6.2.8. Monitoring C. necator fractions using gPCR analysis
The fractions of C. necator in mixed cultures were regularly monitored by conducting
gPCR analyses (Jiang, Marang, et al., 2011a). The stored samples (from both seed cultivation

and enrichment experiments) and C. necator pure cultures were diluted so that the optical
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density ranged between 0.14 — 0.20. The cell biomass density was assumed to correlate linearly

with ODeoo measurement: 1.0 OD = 1 x 108 cells/mL (Nicolaisen et al., 2008).

DNA was extracted using Instagene™ Matrix according to the manufacturer’s
instructions (Bio-Rad, Canada). The DNA templates of C. necator were serially diluted (in
10-fold dilutions) to prepare the standard curves, as previously described (Arya et al., 2005).
Specific 16S rDNA primers for C. necator (Nec222 F: CGCAACCCTTGTCTCATGTT; and
Nec222 R: GCGATTCCAGCTTCACGTAG) were designed as previously described (Lorenz,
2012). The general primer set BAC 338F (ACTCCTACGGGAGGCAG) and BAC 805R
(GACTACCAGGGTATCTAATCC) were used to target the total bacteria 16S rDNA gene
(Call et al., 2009; Morgan-Sagastume et al., 2015). Both primer sets were synthesized by
ThermoFisher scientific (Canada). The qPCR reaction matrix contained: 10 pL of iTag™
Universal SYBR® Green Supermix; 6 uL dH20; and 1 L of 10 pM of both forward and reverse
primers; and 2 uL of DNA template per plate well. The qPCR program consisted of 40 cycles
(94°C for 5 sec and 60°C for 30 sec) followed by the melt curve analysis (65-95°C with 0.5°C
increments at 5 sec/step). Samples were run in triplicate on a 96-well plate with Bio-Rad CFX
96 Real-time detection system (Bio-Rad, Canada). The standard curves were constructed for
the general bacterial primer and specific C. necator primer sets. The number of C. necator and
total bacteria cells were estimated by using the qPCR threshold number (Cq) and the standard
curve equation for each primer set (Fig. A5.1). The fraction of C. necator in each sample was

approximately estimated as,

fe. necator (%) = Scnecator (Cels/mb) 4 (5.1)

Cells gacteria (cells/mL)
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6.2.9. Microbial community analysis by Illumina sequencing

Samples after the 5th enrichment cycles along with the initial mixed mixtures (PST-0
and RAS-0) were analyzed for microbial community analysis by conducting Illumina PCR
sequencing (Millar et al., 2022). Genomic DNA was extracted and amplified as described by
(Stearns et al., 2015). Purified DNA was used to amplify the variable region V4 of the 16S
rRNA gene by PCR using lllumina adapted primers (Bartram et al., 2011). The primers were
modified to amplify 515f (GTGYCAGCMGCCGCGGTAA) and 806r
(GGACTACNVGGGTWTCTAAT). PCR was performed using 50 ng of DNA templates with
5 pL of 10x PCR buffer, 2 pL of 0.4 mg/mL bovine serum albumin, 1.50 pL of 50 mM MgClz,
1.0 pL of 10 mM dNTPs, 5 puL of 1 uM of each primer, 0.25 pL of Taq polymerase, and dH20
up to 50 L. The reaction was carried out at 94°C for 5 min, 35 cycles of 94°C for 30 sec, 50°C
for 30 sec, and 72°C for 30 sec, with a final extension of 72°C for 10 min. PCR products were
sequenced with the Illumina MiSeq platform (paired-end reads, 2 X300 base pairs (bp)) at the

Farncombe Institute (McMaster University, Hamilton, ON, Canada).

The Hllumina raw reads were filtered and trimmed using Cutadapt version 1.18 with a
minimum quality score of 30 and a minimum read length of 100 bp (Martin, 2011). DADA2
was used to resolve the amplicon sequence variants (ASVs) from the trimmed raw reads
(Callahan et al., 2016). Microbial taxonomy was assigned using the SILVA database (version

1.3.8).
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6.3. Results and discussions

6.3.1. Autotrophic and heterotrophic seed cultivation
The seed cultivation experiment showed a rapid increase in the optical densities in 48
h for both RAS and PST cultivations (Fig. 6.2A). The autotrophic cultivation resulted in higher
optical densities for both RAS (0.80) and PST (0.70) than the heterotrophic samples (0.37 and
0.25, respectively) at 48 h. In addition, the fractions of C. necator increased significantly from
6.2 and 4.7% in the initial mixtures to 35.6 and 53.7% in the RAS and PST cultivations (as
shown by gqPCR analysis) under autotrophic conditions (Fig. 6.2B), suggesting that the
autotrophic conditions significantly endorsed C. necator growth over other microbes.
However, the fractions of C. necator did not change for RAS (5.9%) and substantially
decreased for PST (0.4%) mixtures cultivated under heterotrophic conditions (Fig. 6.2B),

indicating the hard competition between C. necator and other heterotrophic microbes.

1.0 100

A Initial - B. Initial
I & Autotrophic I @ Autotrophic

Heterotrophic 80 | Heterotrophic
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20

RAS PST RAS PST

Fig. 6.2. A. The optical densities for the initial seed mixtures (at 0 h) and the cultivated autotrophic and
heterotrophic samples after 48 h (n = 2). B. The average fractions of C. necator in the initial seed
mixtures and cultivated autotrophic and heterotrophic samples after 48 h (n = 2). Total C. necator and
bacteria cell numbers were calculated using the standard curves shown in Fig. 4A.1. PST: primary

sedimentation tank effluent. RAS: return activated sludge.
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6.3.2. Microbial growth during enrichment cycles

In the enrichment experiments, all enriched cultures attained high optical densities (0.90
—1.02) in 2 — 3 cycles (Fig. 6.3). In the autotrophic enrichment cycles, the average optical
densities were relatively low after the first cycle (0.16 for RAS and 0.09 for PST) (Fig. 6.3A),
indicating a longer lag time for the autotrophic growth compared to the heterotrophic growth.
For the alternating enrichment, the optical density results indicated rapid transition between the
heterotrophic and autotrophic growth modes in less than 12 h (Fig. 6.3B), signifying the ability
of the enriched cultures to grow either autotrophically or heterotrophically. For the
heterotrophic enrichment, the microbial growth was also fast as the highest OD values (~0.97)

were achieved within 48 h (Fig. 6.3C).
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Fig. 6.3. A. Autotrophic cycles: 50% of the solution was replaced every 12 h with new autotrophic
medium and the standard gas mixture (red dash arrows). B. Alternating enrichment cycles: the
cultivation conditions were switched between heterotrophic (blue solid arrows) and autotrophic (red
dash arrows) conditions when replacing 50% of the solution every 12 h; and C. Heterotrophic: 50% of
the solution was replaced every 12 h with new medium containing 1.0 g-acetate/L (blue solid arrows).
PST and RAS samples were inoculated from the highest autotrophic culture (Fig. 6.2) in A and B, and

from the highest heterotrophic culture in C. All cultures were conducted in duplicate (n = 2).
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6.3.3. C. necator domination over mixed mixtures

C. necator rapidly dominated the microbial cultures in the autotrophic and alternating
enrichments (Fig. 6.4). For the RAS cultures, the autotrophic and alternating enrichment
achieved > 91.5% of C. necator after 5 cycles (i.e., 60 h) (Fig. 6.4A). The alternating and
autotrophic cycles were also found to be effective for the PST samples (Fig. 6.4B). However,
the heterotrophic enrichment resulted in decreased fractions of C. necator in both RAS and
PST cultures (~0.10 and 0.0%, respectively) (Fig. 6.4A, B). It should be noted that the cell
growth was active during the heterotrophic enrichment as the optical density was 0.86 (RAS)
and 0.94 (PST) after the 5th cycle (Fig. 6.3C). The negligible gene fractions indicated that other
heterotrophs competed with C. necator. This finding explains why the conventional enrichment
methods with organic substrates (e.g., the feast-famine strategy) requires at least 10 or even
more cycles to achieve significant fractions of PHA accumulators (Chen et al., 2015; Dias et

al., 2008; Tamang et al., 2019).
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Fig. 6.4. The fractions of C. necator (f c. necator) in RAS (A) and PST (B) cultures at 0, 24,
48, and 60 h. For each condition, two sample were tested (n = 2). gPCR analysis was

performed in triplicate for each sample (Fig. A5.1B, C).
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6.3.4. Microbial community analysis

The rapid C. necator domination was confirmed in the Illumina sequencing results for
the autotrophic-only and alternating methods (Fig. 6.5). For the RAS samples, the fractions of
C. necator increased from 0.9% in the original sample (RAS-0) to 92.1 and 81.3% in the
autotrophic (RAS-AA) and alternating (RAS-AH) enrichments after 60 h, respectively (Fig.
6.5A). The C. necator fraction in the microbial community was less than 0.3% after the
heterotrophic-only (RAS-HH) cycles, confirming that the heterotrophic-only enrichment was
not successful in enriching C. necator in mixed cultures. Among the 3 enrichment methods,
the autotrophic-only cycles achieved the highest fractions of C. necator (93.8%) in the PST
samples after 60 h (Fig. 6.5B), similar to the RAS samples. These results suggested that the
autotrophic metabolic characteristics can be utilized for highly selective enrichment of C.

necator over other microbial species.
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Fig. 6.5. lllumina sequencing results for the microbial community analysis for original
wastewater samples (RAS-0 and PST-0) and enriched cultures under autotrophic (RAS-AA,
PST-AA), alternating (RAS-AH, PST-AH), and heterotrophic (RAS-HH, PST-HH) cycles for
RAS (A) and PST (B) sludge sources.
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6.3.5. PHA accumulation by the enriched cultures

The RAS and PST cultures enriched by the autotrophic or alternating cycles
accumulated significant PHA amounts under nitrogen limited conditions (Figs. 6.6 — 7, A5.2 —
4). For the RAS cultures, the bright field (black and white) images show the presence of
microbial cells fixed to the slides (Figs. 6.6A and 6.6C) while the orange dots in the fluorescent
microscopy images indicate stained PHA granules (Figs. 6.6B and 6.6D) (Oshiki et al., 2011b;
Ostle & Holt, 1982). Unlike the autotrophic and alternating enrichments, the samples from the
heterotrophic enrichment did not accumulate any substantial PHA amounts (Figs. 6.6E and
6.6F), suggesting that the fractions of C. necator (or other PHA accumulators) were
insignificant in the enriched heterotrophic cultures. These results are consistent with the

absence of C. necator 16S rDNA genes in the gPCR and Illumina sequencing results for the

A. N o, O = . =

Fig. 6.6. Bright field (top) and fluorescent (bottom) microscopy images for PHA accumulation
by the enriched RAS cultures under autotrophic (A, B), alternating (C, D), and heterotrophic
(E, F) conditions (40 x magnification). Scale bar (mm) is 20 pum.
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heterotrophic enriched cultures (Figs. 6.4 and 6.5). Consistent results were also found for the
enriched PST cultures: significant PHA accumulation for the autotrophic-only (Fig. 6.7B) and
alternating (Fig. 6.7D) enrichments; and no PHA accumulation for the heterotrophically
enriched cultures (Fig. 6.7F). It should be noted that the initial PST and RAS mixtures did not
show any significant PHA accumulation, indicating negligible PHA accumulators before the

enrichment experiments. These results confirmed that the C. necator growth was highly

selective in the autotrophic-only and alternating enrichment cycles.

Fig. 6.7. Bright field (top) and fluorescent (bottom) microscopy images for PHA accumulation in
enriched PST cultures under autotrophic (A, B), alternating (C, D), and heterotrophic (E, F) conditions

(40 x magnification). Scale bar (mm ) is 20 um.
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6.3.6. Autotrophic-based vs. feast-famine enrichment strategies

To our knowledge, the rapid enrichment of C. necator over other microbial species (up
to 94% in 60 h) achieved in the current work is among the fastest enrichments of PHA
accumulators (Jiang, Marang, et al., 2011b; Johnson, Kleerebezem, et al., 2010a, 2010b;
Marang et al., 2014). The heterotrophic feast-famine enrichments could extend for several
months or even years to obtain an enriched culture with sufficient PHA-accumulating
capacities (Chen et al., 2015; Dias et al., 2008; Tamang et al., 2019). For instance, an acetate-
fed sequential batch reactor (SBR) operated for 4 years obtained a microbial culture that
accumulated up to 89% PHA (w/w) (Johnson et al., 2009). In another study, applying additional
physical selective pressure to the conventional feast-famine strategy enriched a high PHA-
accumulating culture (up to 74% (w/w)) in 30 days (Chen et al., 2015). Therefore, employing
the autotrophic or alternating enrichment strategies could potentially replace the feast-famine
regime to obtain mixed cultures dominated by C. necator. It should be emphasized that C.
necator can accumulate up to 90% (w/w) of the cell dry weight as PHA under heterotrophic,
autotrophic, or mixotrophic conditions (Jawed et al., 2022; Lopez-Cuellar et al., 2011;
Passanha et al., 2013), which suggests C. necator as a promising candidate for commercial

PHA production using enriched mixed cultures.

6.4. Conclusions
C. necator can rapidly grow and accumulate PHA under heterotrophic and autotrophic
growth conditions. In this work, we employed this ecological advantage to enrich C. necator
in primary clarifier effluent and return activated sludge mixed mixtures. By applying
autotrophic enrichment cycles, C. necator was enriched to more than 92.1% in the enriched
cultures within 60 h. The alternating cycles resulted in lower C. necator fractions in the RAS
(81.3%) and PST (65.5%) than the autotrophic-only enrichment. The enrichment method using

the heterotrophic-only cycles was not successful as the fractions of C. necator in the mixed
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cultures was less than 0.3% in the Illumina sequencing results. In addition, the enriched cultures
under autotrophic and alternating conditions accumulated significant PHA amounts, as
demonstrated in the fluorescent microscopy images. The rapid autotrophic and alternating
enrichment of C. necator in mixed mixtures is among the fastest enrichments of PHA
accumulators reported in the literature. Based on this study findings, C. necator could be
employed to produce PHA in large-scale facilities using waste feedstocks, which is expected

to substantially reduce the current high PHA production costs.
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7. Conclusions and future work

This thesis presented novel biotechnological solutions to the environmental challenges
associated with Pb(I1) contamination in water streams, petroleum-based plastics, and climate
change as a result of elevated COz2 levels in the atmosphere. We employed microorganisms to
reduce Pb(11) to metallic Pb to lower its toxicity in aquatic environments. In addition, we also
investigated the microbial growth of Cupriavidus necator to enhance the biological CO2
fixation. Also, the enrichment of PHA accumulators in mixed microbial cultures was
investigated and mathematically modeled in order to enhance and optimize the enrichment

process and reduce the current high PHA production prices.

Chapter 2: Isolation of Pb(l1)-reducing bacteria and demonstration of biological Pb(I1)
reduction to metallic Pb

The current work aimed to isolate several bacterial species that can obtain energy
required for microbial growth by oxidizing acetate as the carbon and energy source and
reducing Pb(Il) to metallic Pb®. Samples from a lab-scale MEC fed with acetate and Pb(ll)
were used as the inoculum source in the isolation experiments. Two isolation methods were
applied to isolate the Pb(ll)-reducing bacteria: dilution-to-extinction and streak-plate methods.
As a result, D. acidovorans and A. caeni were isolated by the streak-plate method, while A.
caeni and C. testosteroni were obtained by the dilution-to-extinction method. The isolated
species were furthered investigated for their ability to reduce Pb(ll) to metallic Pb. Among the
isolated species, D. acidovorans strain Pb11 and A. caeni strain Pb2 were shown to couple
acetate oxidation with Pb(11) reduction to Pb®. XPS combined with SEM-EDS analyses were
necessary to differentiate between biologically reduced lead and lead-phosphate precipitation.
D. acidovorans strain Pb11l and A. caeni strain Pb2 are suggested for biological Pb(ll)

remediation.
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In this study, we examined lower Pb(Il) concentrations (< 10.0 mg/L). The ability of
the isolated bacteria to reduce high Pb(ll) concentrations should be further investigated. Future
work should also examine the capability of the isolated bacteria to remove Pb(Il) in natural
environments such as Pb(ll)-contaminated sediments and wastewater. The capability of the
isolated bacteria to reduce other metals as potential TEAs should be also examined in a separate

study.

Chapter 3: Theoretical estimation of yield coefficients for polyhydroxyalkanoate
production and biomass

The estimation of theoretical PHA yields from organic and inorganic carbon substrates
is essential to evaluate the efficiency of PHA production in large-scale facilities. The
Thermodynamic Electron Equivalents Model (TEEM1) was applied to calculate theoretical
PHA and cell yields under autotrophic and heterotrophic conditions. First, the free energy of
formation and half-reactions for several PHA monomers such as PHB and PHV were
estimated. Then, the TEEM1 was applied to construct stochiometric balanced equations for
PHA accumulation and substrate utilization. As a result, the theoretical PHB yields on organic
substrates (e.9., 0.76 Cmolpyp/ Cmolyeerare) @nd under autotrophic conditions (3.18 gpyp/ moly,)
were estimated at the standard conditions. The ambient cultivation conditions and the number
of monomeric units in PHA polymers were found not to influence the true PHB yield values.
Furthermore, the model results indicated that the ratio of Hz: O2: CO2 = 7: 2: 1 can achieve the
highest autotrophic PHB yields. Along with theoretical PHB yield estimation, the heterotrophic
and autotrophic cell yields for C. necator were determined to be 0.34 (gpup/ Gacetate) N
4.11 (gceus/ moly,), respectively.

The TEEM1 was applied to calculate PHB yields under nutrient-limited conditions (i.e.,
without simultaneous growth). In future work, the simultaneous PHA accumulation and cell

growth may be further investigated. In addition, The TEEM1 can be used to estimate theoretical
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cell and PHA yields under uncommon environmental conditions (e.g., electron donors,

terminal electron acceptors) in future work.

Chapter 4: Transition between autotrophic, heterotrophic, and mixotrophic metabolisms
of Cupriavidus necator

Cupriavidus necator is commonly applied in commercial PHA production because of
the high PHA accumulation capacity (up to 90% w/w). The impact of autotrophic,
heterotrophic, and mixotrophic growth conditions on the metabolic responses of C. necator
was investigated in lab-scale experiments. Under autotrophic conditions, the lag phases were
short (< 12 h) when 1.0 atm of the gas mixture with a ratio of Hz: O2: CO2 = 7: 2: 1 was
supplied. Increasing the supplied gas volumes resulted in increased biomass yields. We also
studied the impact of the partial pressure increase of individual gaseous substrates. The

autotrophic growth was inhibited when P, exceeded 0.70 atm. Increasing Pco, higher than

0.6 atm resulted in longer lag phases (> 16 h) and severely impacted the optical densities. The
autotrophic lag phase was not impacted by elevated hydrogen (up to 2.7 atm) or nitrogen (up
to 2.0 atm) partial pressures. In addition, acetate concentrations > 5.0 g/L had an inhibition
impact on C. necator and resulted in longer lag periods (> 24 h). When C. necator was fed with
1.0 — 10.0 g/L of glucose, glycerol, or mixed substrates, the lag phase lengths (< 12 h) were
not impacted. The organic substrates should be kept in the lower range (< 5.0 g/L) as the optical
densities did not improve at higher substrate concentrations. When C. necator was cultivated
under mixotrophic conditions, the optical densities were always better than the optical densities
on individual substrates. In two-stage cultivation systems, C. necator could completely switch
between the three metabolic pathways in less than 12 h. The highest optical densities (1.17 —

1.24) were achieved in two-stage systems with initial heterotrophic conditions followed by
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mixotrophic or autotrophic conditions. The current results can improve the application of C.

necator in large-scale industrial systems for biological CO: fixation and PHA production.

The impact of the autotrophic, heterotrophic, and mixotrophic conditions on PHA
accumulation by C. necator may be investigated in future work. The application of two-stage
systems to attain higher biomass densities along with producing significant PHA amounts

needs to be further studied.

Chapter 5: Modeling the growth of diverse microorganisms during feast-famine
enrichment

The dynamic feast-famine feeding regime is the most accepted approach to enriching
PHA accumulators in mixed microbial cultures. In this thesis, a mathematical model was
developed to comprehensively describe the feast-famine enrichment by including the kinetics
of two microbial groups: PHA accumulators (Xea) and non-PHA accumulators (Xna). The
model was successfully calibrated and validated using published lab-scale experimental data
for Plasticicumulans acidivorans, a PHA accumulator that can store PHA up to 90%. As a
result, the microbial kinetics for Xea and Xna were estimated and compared to the previously
reported values. The sensitivity analysis for the model parameters indicated that the kinetics of
fora™™), Lpass, Ksto, UPAPHA, YPA, PHA, and bpa had a substantial effect on Xpa enrichment. In
PHA-accumulation scenarios, only frHa™®) and ksto played a key role in determining the
accumulated PHA quantity. In addition, the impact of microbial diversity of microbial
communities on the enrichment process was studied. As a result, the three-X model simulations
were different from the single-X model results for the same parameters, suggesting the
importance to involve individual microbial capabilities in enrichment modeling studies.

Additionally, the calibrated model was applied to optimize the enrichment operational
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conditions. The application of short cycle lengths (112 hr) resulted in rapid Xpa enrichments
(fra exceeded 97% after 6 d) compared to longer cycle lengths. Although 1-10 d SRTs can be
applied to enrich cultures dominated by Xea (fra > 95%), SRTs longer than 1 d resulted in
higher Xpa biomass concentrations which are more appropriate for commercial PHA
production. In addition, sufficient nitrogen concentrations (C/N < 12 Cmol/Nmol at 1d SRT)
were required to maintain sufficient Xpa growth in the feast and famine stages. The calibrated
model provides significant insights into P. acidovorans enrichment using the feast-famine

strategy and could be applied to scale up PHA production using mixed cultures.

The numerical model proposed in this work focused on the enrichment of heterotrophic
PHA accumulators. Autotrophic PHA accumulators could also be enriched in a strategy similar
to the feast-famine enrichment with applying autotrophic feast-famine cycles. The
mathematical modeling of the enrichment of autotrophic PHA accumulators may be

investigated in future work.

Chapter 6: Rapid enrichment of Cupriavidus necator in microbial communities using the
autotrophic and alternating growth characteristics
C. necator is commonly employed in industrial PHA production by pure cultures as it
can accumulate high amounts of PHA inside their cells. The bacterium can rapidly grow and
accumulate PHA under heterotrophic or autotrophic cultivation conditions. In this work, we
employed this ecological advantage to enrich C. necator in mixed cultures. By applying
autotrophic or autotrophic-heterotrophic enrichment cycles, C. necator was enriched to more
than 92% of the total microbial communities in 2.50 d. The conventional heterotrophic cycles
resulted in lower fractions of C. necator (< 0.10%) in the mixed cultures. The enriched cultures

under autotrophic or alternating conditions accumulated high PHA fractions, as proven by the
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Nile Blue A staining and demonstrated in the fluorescence microscopy images. The rapid
autotrophic or alternating enrichment of C. necator in mixed cultures is among the fastest
enrichments reported in the literature. Based on this study findings, C. necator could be
employed to produce PHA in large-scale production facilities without sterilization, usually
required for pure cultures. As a result, waste feedstock could be directly used as the carbon and
energy sources for PHA production. Removing the strict sterilization step is expected to

substantially reduce the current high PHA production costs.

In future work, the ability of the enriched cultures dominated by C. necator need to be
investigated for the capability to grow and accumulate PHA using organic wastes without
sterilization. A continuous two-stage system with autotrophic followed by heterotrophic
conditions (or vice versa) can be tested. In addition, the mathematical modeling of the
enrichment of C. necator using autotrophic and alternating autotrophic-heterotrophic cycles

can provide more useful insights into the enrichment process.
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Appendix Al: Supplementary information for Chapter 2.

Part A: Supplementary Figures
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Fig. Al1.1. Standard curves for diluted DNA samples in gPCR for: a. D. acidovorans strain
Pb1l and b. A. Caeni strain Pb2. Results are for triplicate samples, and the standard error
symbols are smaller than the data symbols. The amplification efficiency was 101% for D.
acidovorans strain Pb11 and 109% for A. Caeni strain Pb2.
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Fig. Al.2. Summary of the isolation procedure applied in our study.
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Fig. A1.3. SEM (a, ¢) and EDS analysis (b, d) results for C. testosteroni strain Pb31 at
different locations. All fibers were cleaned with ethanol to remove biofilms prior to the
analysis.
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Fig. A1.4. XPS spectrums for P 2p peaks for: a. D. acidovorans strain Pb11; b. A. caeni strain
Pb2; and c. control samples. All peaks were referenced to the adventitious Cls peak at 284.8
eV.
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Fig. AL.5. Effect of oxygen on Pb(I1) removal by D. acidovorans strain Pb11 and A. caeni
strain Pb2. The initial Pb(ll) concentration was 5.0 mg-Pb(I1)/L.
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Part B: Thermodynamic calculations of actual free energy

In the main manuscript, the following equations were mentioned:

CH;CO0™ + 4Pb?* + 4 H,0 — 4Pb° + 2HCO;~ + 9H* (2.1)
Pb?** + H,0 - PbO + 2 H* (2.4)
Pb©® + H,0 - PbO + H, (2.5)

The following table summarizes the AG¢ values (Arnold & Brezonik, 2009) and experimental
concentration used in our study for the above-mentioned chemical species.

Species AG7 (KJ/mol) Concentration [M]
CH,C00~ -369.41 1.23x102(1g/L)
H,0 -237.17 1
HCO;~ -586.58 1.21x 10*
HY 0 1.0 x 10”7
H, 0 5.3x 107
Pb?* -24.4 2.41 x10° (5 mg/L)
Pb° 0 1 (pure solids)
PbO -187.9 1 (pure solids)

The following table summarizes AG°, quotient (Q), and AG values for equations 1, 4, and 5
(Faraday’s constant=9.649 x 10* C/mol; Gas constant (R) =8.314 J mol/K; and T=303.15°K)

Equation AG° (KJ/mol) Q AG (KJ/mol)
1 242.53 3.49 x 10° -50.3
51
4 73.67 414 x 10 19.21
10
5 49.27 5.30 x 10”7 12.85
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l. Theoretical calculations of cell Yield on Pb(II) (Bruce & McCarty, 2020;
McCarty, 2007):

1. Half reactions for electron donor oxidation, electron acceptor reduction, and cell synthesis
(at experimental conditions):
e Electron donor (acetate) ¥ reaction (Rd)

SCO, +THCOF + H* +e™ == CH;C00™ +2H,0 AGS = 7526 K] /e eq
e Electron acceptor (Ra)
~Pb** +e” - ~PD° AGS' =25.59 KJ/e eq

e Cell synthesis % reaction (Rc)
1 1 1 — 1 9
<CO; + -NHf +~HCO3+ H" + e~ - - CsH;0,N + —~H,0

2. Fractions of electrons used for cell synthesis and energy

AGX;COA — AGg’donor + AGgells - AGf(l)cetyl—CoA 30.9 — 75.26 + 18.8
A=— en en _ _ 0.65 0.65 _ 590
£ (AGE" — AGY yonor) 0.65 (25.59 — 75.26)

fO=-1=0528 & f°=-2=0472

1+4 1+4

3. Balanced stochiometric equation (fQRc + PR, — Ry):

0.106 CO, + 0.027 NH} + 0.027 HCO3' + 0.53 H* + 0.53¢~ — 0.027 CsH,0,N +

0.239 H,0
+ 0.235Pb%+ + 047 e” — 0.235 Pb°
+ = CHy;C00™ +2H,0 - ~C0, +

%HCO;l +HY +e”

0.125 CH,C00~ + 0.235 Pb2* +0.027 NH} + 0.137 H,0
- 0.235Pb° + 0.027 CsH,0,N + 0.019 CO, + 0.099 HCO3! + 0.47 H*

Y =12.62 —Jeells

mol Pb2+
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Il.  Observed Yield from qPCR results (Using absolute quantification

method):

1. In separate experiments, the relation between cell numbers and optical density at 600 nm
(OD600) was estimated to be 2.38 x 10° and 10° CFU/mL per 1.0 optical density unit
(ODe0o) for D. acidovorans and A. caeni, respectively. The ODsoo values for the samples
used to prepare the qPCR standard curves were 0.207 and 0.139 for D. acidovorans and
A. caeni, respectively.

2. Using the standard curve equations, the following cell numbers could be estimated:

Ph(l) Av.e.rage D. acid?vorans cells (CFU/mL) Aver.aige A. cae'm' cells (CFU/mL)
(mg/L) Initial Final . Cell Initial Final . Cell

increase increase

0 2.78 x 10° 1.20 x 10’ 9.17x10° |4.62x10° |1.70x10" | 1.24x 10’

5.0 3.96 x 10° 2.74 x 10’ 2.34x10" [3.69x10° |291x10" |2.54x10’

10.0 4.20 x 10° 4.35x 10’ 3.93 x 10’ 2.51 x 10° 2.92x 10" | 2.67 x 107

3. The net microbial yield on Pb(II) is assumed to be the difference between microbial yield
in samples with 5 or 10 mg-Pb(II)/L and control samples after correcting the control
biomass to be equal to the initial biomass at 5.0 or 10.0 mg-Pb(II)/L. The microbial cell
weight is assumed to be 2 x 1071* g per cell (M. et al., 1998).

D. acidovorans A. caeni
Pb(II) Net yield Yield Net yield Yield
(mg/L) (CFU/mL) (g cells/mol (CFU/mL) (g cells/mol Pb(I1))
Pb(II))
5.0 1.20 x 10° 0.99 1.55x 10’ 12.8
10.0 1.63 x 10’ 6.75 1.99 x 10’ 8.2
Average 8.74 x 10° 3.87 1.77 x 107 10.5
yield
References:

Arnold, W., & Brezonik, P. (2009). Water Chemistry An Introduction to the Chemistry of
Natural and Engineered Aquatic Systems. In Introduction to Environmental Management.
Oxford University Press.

Bruce, E. R., & McCarty, P. L. (2020). Environmental biotechnology: principles and
applications (2nd edition). McGraw-Hill Education.

M., L.-K,, J., K., & R., P. (1998). Determination of Bacterial Cell Dry Mass by Transmission
Electron Microscopy and Densitometric Image Analysis. Applied and Environmental

Microbiology, 64(2), 688-694. https://doi.org/10.1128/AEM.64.2.688-694.1998

McCarty, P. L. (2007). Thermodynamic electron equivalents model for bacterial yield

prediction: modifications and comparative evaluations. Biotechnology and

Bioengineering, 97(2), 377-388.
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Appendix A2: Supplementary information for Chapter 3.

Part A. supplementary tables

Table A2.1. Thermodynamic properties of the compounds studied in this work

Substance AGP,9g (KJ/mol) Reference
Acetate (CH3COOH) -369.41
Glucose -917.22 (MZ%%%W’
Glycerol -488.52
PHB (C2Hs03) -506.30
PHV (CsH100s3) -492.25 This study
PHB-PHV (CoH150s) -554.25
HCOs -586.85
CO2 -394.36
H* (pH 7) -39.87 (McCarty,
H20 -237.18 2007)
02 0
H> 0
— CHs -43.96
—CH 58.36 (Joback &
= CH- 8.42 Reid, 1987)
- OH -208.04 ’
— COOH -426.72

Table A2.2. Half-reactions of several components used in this study

Reduced Half-reaction AG® (kd/mol) | Reference
Compound
PHB 14_8602 + H+ +e - %C4H803 +%H20 33'84 Th(IjS
study
PHB-PHV iCOZ + H* +e” - i(:5}"110()3 +1H20 32'40
24 24
Acetate %Co2 +HY +em > % CH;COOH + %HZO 32.99
Glucose 1 by L 1 40.95
§1-COZ +H"+e Zf CGH1206 + §H20 (Bruce &
02 10, + H* + ™ — L H,0 ~78.72 2020)
1
H2 H* 4 e- _)EHZ 39.87
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Table A2.3. PHB and biomass stochiometric balanced reactions on glucose and glycerol

PHB synthesis reaction

Glucose 0.042 C4H,,0, + 0.020 0, > 0.051 C,HgO5 + 0.045 H,0 + 0.045 CO,

Glycerol 0.071 C3Hg05 + 0.024 0, — 0.050 C,HgO5 + 0.085 H,0 + 0.014 CO,

Biomass synthesis reaction

Glucose 0.042 C4H,,0, + 0.022 NH} + 0.125 0, + 0.022 HCO; —

0.029 C, goH7 130, 59N 76 + 0.202 H,0 + 0.154 CO,

Glycerol 0.071 C3HgO5 + 0.022 NH} + 0.127 0, + 0.022 HCO; —

0.028 C, goHy 1301 8oNo 76 + 0.239 H,0 + 0.121 CO,

Part B. Example calculation of PHB yield at a specific gas composition
1. The autotrophic PHB yield balanced equation was estimated as,

4C0, +11.80, +32.7H, - C,HgO3 + 28.7 H,0
2. The theoretical PHB yields can be estimated as,
Ypup-u, = 3.19 g—PHB.mole —H,™*
Ypup—0, = 0.085 g — PHB.mole — 0,
Ypup—co, = 2.15 g — PHB.mole — CO,~!

3. Assume the solution and gas volumes are 0.20 mL and 2 L, respectively (Fig. 3.3).

(6.16)

4. For a gas mixture of Hy: O2: CO; = 7: 2: 1, the number of individual gas moles at the assumed

system (step 3) can be calculated using the universal gas law (PV = nRT):

g-PHB

3.19 (. ) x0.58 (mole Hy)

_ PV _ _070x2 _ _ _ mole Hy _ _
M, = Rr T 00813 x29815 0.58 Hy —moles —> Youp—n, = 0.20 (L) =9259 - PHB/L
_ PV _ 020x2 _ 0085 (Z=212) x 0.165 (mole 0,)
Mo, = %r = Tosiaxzosis ~ 0165 02 —moles > Yous-o, = 0.20 (1) =7.26g—PHB/L
_ PV _ _ 010x2  _ 215 (72 55;) X 0.083 (mole C0y)
Mo, = % = Gomzxzses — 0083 0z —moles > Yous-co, = 020 (1) =10.73g — PHB/L

Thus, the maximum PHB vyield is 7.26 g-PHB/L (Figure 3.4B red line)
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Appendix A3: Supplementary information for Chapter 4.
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Fig. A3.1. Impact of adding gas mixture (Hz: O2: CO2 =7 : 2 : 1) or separate gases (Hz,
02, or CO2) on the autotrophic biomass yield conditions (n = 2) using 10-mL vials with 5-
mL starting volume.
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Fig. A3.2: pH change with increased COz2 partial pressure.
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Fig. A3.3. Detailed growth of C. necator under: A. heterotrophic conditions with 1.0 g-
acetate/L (n = 2) and B. autotrophic conditions with a gas mixture of H2: O2: H2 =7 : 2 :
1 (n = 1). The experiments were conducted using 100-mL bottles with 50-mL starting
volume. All gas measurements were adjusted for sampling volumes.
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Appendix A4: Supplementary information for Chapter 5.
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Fig. A4.1. Validation of P. acidivorans kinetic constants by simulating results for a repeated
cycle (A) and an accumulation experiment (B) on acetate (Johnson et al., 2009). Initial
conditions and Kkinetic constants are listed in tables 5.2 and 5.3.
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Fig. A4.2. Model validation by simulating the effect of ammonium on PHA accumulation by
Xpa on acetate. To left: A. C/N =40 (frra™@ = 4.88); B. for C/N = 8 (frra™ = 3.50)
(Johnson, Kleerebezem, et al., 2010a). Initial conditions and kinetic constants are listed in
tables 5.2 and 5.3.
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Fig. A4.3. Model validation by simulating the effect of phosphorus on PHA accumulation by
an enriched culture on acetate (YpHa,s=0.80; irem = 0.04; firra™®*=7.33)(Korkakaki et al.,
2017). Initial conditions and kinetic constants are listed in tables 5.2 and 5.3.
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Fig. A4.4. Model simulations for P. acidovorans enrichment under different feeding strategy
(ura, s=0.05; Ypa, s=0.60; Yra, pHA=0.80; YpHa s=0.65; ksto=0.35; f(pra)™®*=2.33) (Marang et
al., 2018). Initial conditions and kinetic constants are listed in tables 5.2 and 5.3.
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Fig. A4.5. Model simulations for P. acidovorans enrichment under high-volume exchange
ratio (Yra pHA=0.90; frHa™*=2.33) (Marang et al., 2016). A. A repeated cycle after achieving
steady-state conditions. B. PHA-accumulation experiment. Initial conditions and kinetic
constants are listed in tables 5.2 and 5.3.
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Fig. A4.6. Enrichment of P. acidovorans and PHA-accumulation experiments on butyrate (A,
B) ((Ypa, pHa=0.90; f(pHa)™®=4.88) (Marang et al., 2013) and propionate (E, F) (Ypa, pHa=0.75;
Ksto=0.75; frna™®=2.0) (Jiang et al., 2011). Initial conditions and kinetic constants are listed
in tables 5.2 and 5.3.
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Fig. A4.7. Biomass concentrations for: (A). Single-X model; (B). Three-Xpa model with
ferra™*=1.0; 2.0; 3.0; (C). Three-Xpa model with ppa,s=0.10; 0.20; 0.30 (hY); and (D). Three-
Xna model with pna, s = 0.20; 0.40; 0.40 (h?) simulations. The average values for parameters
and initial conditions are shown in Table 5.2 and 5.3, respectively. For every figure, only one
parameter was changed.
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Table A4.1: Comparison between the parameters applied in the single-X and three-X models.

Parameter (unit)  Single-X model Three-X model Figure
Xpa, Xpa, Xpa,
Xpao (g.COD.m3) 10 10/3  10/3 10/3 5.3A-5.3F
1.60 2.0 2.40
max
fiPHA) 2.0 10 20 3.0 5.3A
2.0 2.50 3.0
-1
Ksto (h™) 2.50 125 250 3.75 5.3B
0.16 0.20 0.24
-1
uen.s () 0.20 010 020 0.30 5:3C
0.014 0.017 0.021
-1
bea (h™) 0.017 0.009 0.017 0.026 53D
0.85 0.90 0.95
Ypa, PHA 0.90 080 090 1.00 5.3E
0.32 040 0.48
-1
upapHA (h™) 0.40 020 040 0.60 5.3F
Xna, Xna, Xna,
Xnao (g.COD.m3) 990 330 330 330 5.3G-5.3I
0.32 040 0.48
-1
unas (™) 0.40 020 040  0.60 5.3G
0.52 0.65 0.78
Yoa,s 065 033 065 0098 >-3H
0.014 0.017 0.021
-1
bra () 0.017 0.009 0017 0.026 >3l
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Table A4.2. Combined sensitivity analysis for PHA-accumulation simulation.

Parameter Combined sensitivity analysis (3) after 12 hr
FPHA) o 0.8383
Ksto 0.1624
Kera, pA -0.0007
HpA, s 0.0004
Kn, pa -0.0003
Ks pa 0.0001
YeHa, s 0.0000
HUPA, PHA 0.0000
Mpa, PHA 0.0000
Yra, pHA 0.0000
bpa 0.0000
Ko, ra 0.0000
Kp, pa 0.0000
Mepa, s 0.0000
Yea s 0.0000
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Appendix A5: Supplementary information for Chapter 6.
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Fig. A5.1. Examples of the standard curves used to calculate the microbial cell concentrations
in this work. A. a standard curve for the specific primer set (Nec222) for C. necator. B. A
standard curve for the general primer set (Bac 338F and BAC 805R). Samples were run in

triplicate. Error bars are included in the graph.

Fig. A5.2. Additional bright field (top) and fluorescent (bottom) microscopy images of enriched
RAS mixtures under autotrophic (A, B), alternating (C, D), and heterotrophic (E, F) cultures

(40 x magnification). Scale bar (mm ) is 20 um.
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A. C. =

Fig. A5.3. Additional bright field (top) and fluorescent (bottom) microscopy images of enriched
PST mixtures under heterotrophic (A, B), autotrophic (C, D), and alternating (E, F) cultures (40
x magnification). Scale bar (mm) is 20 pm.

RAS-Seed PAS-Seed RAS Sludge PST Effluent

Fig. A5.4. Bright field (top) and fluorescent (bottom) microscopy images of RAS seed mixture (A, B),
PST seed mixture (C, D), RAS sludge (E, F), PST effluent (G, H) cultures inoculated with 1% C.
necator (40 x magnification). Scale bar (wm ) is 20 pm.
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