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Wastewater treatment plants and other remediation facilities serve important roles, both in public health, but also
as dynamic research platforms for acquiring useful resources and biomolecules for various applications. An
example of this is methanotrophic bacteria within anaerobic digestion processes in wastewater treatment plants.
These bacteria are an important microbial source of many products including ectoine, polyhydroxyalkanoates, and

methanobactins, which are invaluable to the fields of biotechnology and biomedicine.

methanotrophs methanobactin ectoine biogas S-layer polyhydroxyalkonate (PHA)
polyhydroxybutyrate (PHB) methane monooxygenase (MMO) exopolysaccharide (EPS)
single cell protein (SCP) wastewater treatment biomedical applications

| 1. Introduction

In recent years, a global movement has engaged targeting the development of alternative bio-based therapeutic
products for biomedical applications in order to reduce or eliminate the adverse side effects associated with the
use of non-biocompatible compounds by the human immune system 2. A broad spectrum of naturally occurring
compounds derived from animals, plants, or microbes has been tested for their employment in modern medicine £,
In the early 2000s, twenty naturally derived therapeutic drugs were developed and brought to market 4, though
this clearly was not the first instance of using biologically-derived molecules in medicine. The use of naturally
occurring compounds has been documented in ancient civilizations such as Egypt and China, where they relied on
plant extracts and honey for remediation and healing purposes 2, and of course Alexander Fleming’s discovery of
penicillin opened the door for the use of antibiotics to fight infection, but also highlighted the potential for microbially
synthesized products in the pharmaceutical and medical industries (€. The employment of bioactive composites for
use in many industries has become a more robust and efficient process in many applications including: (i) the
manufacturing of biopolymers, nanoparticles, pigments for the productions of drug capsules, optical fibers,
electronic devices, and paint DBIE (i) the extraction of catalytic enzymes, organic acids, and surfactants to
employ in drug, food, and soap industries LULLIL2 and (iii) the use of organic vitamins, lipids, and proteins, and
microbial metabolites to generate synthetic hormones, nutritional supplements, targeted therapies, vaccines anti-
cancer agents, anti-inflammatory drugs, and the overall medicinal industry L3IZ4IISII6ILT] |nterestingly, wastewater
treatment plants (WWTPs) comprise an important asset for its public health, environmental and economic

contributions, in addition to their function as a remediation facility. WWTPS encompass an important revenue
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stream for their role in resource recovery 28 More recently, WWTPs have been viewed as biorefinery facilities;
they exploit the organic matter within wastewater as microbial substrates in order to sustainably generate
electricity, remove contaminants, and recover resources (19 WWTPs can be considered large biodiverse microbial
populations that are distinct within each stage of the water treatment process. Each microbial population can also
be characterized with the ability to produce a variety of value-added products, each of which is suitable for use in a
variety of implementations in different sectors of biomedical industries 1829 WWTPs have a broad variety of
different important bacterial genera such as purple sulfur bacteria, ammonia oxidizing bacteria, nitrate oxidizing
bacteria, Pseudomonas, Mycobacterium, and Methylobacterium [l Each bacterial population represents
important contributors for resource recovery for the production of biopolymers, catalytic enzymes, lipids, and
proteins 22 While bioproduct resource recovery from WWTPs can be more challenging compared to purely
synthetic methods, it is a more sustainable option and is essential to overcome limitations in resource availability.
For instance, more synthetic routes for production of high-value biomolecules require cost-intensive processes and
bio-refineries for realistic applications. On the other hand, while there are many technical challenges in the
processes of optimal bacterial cultivation, biomolecule extraction, and purification from resource pools such as
WWTPs, many of these challenges are offset by the large and renewable feedstock, leading to lower input costs
associated with bioproduct development. In this review we highlight the role of methane oxidizing bacteria, namely
the methanotrophs found in anerobic digestion processes of WWTPs, as a multiple high-value bioproduct
generating system with diverse potential biomedical applications. Furthermore, we provide an overview of the
enzymatic pathways employed by methanotrophs to generate different metabolites and demonstrate the dynamic

interactions of different types of biomolecules.

| 2. Methanotrophic Bacteria in Water Treatment Systems

Methanotrophic bacteria have a unique metabolism that relies on a single carbon substrate, methane. However, its
sophistication allows it to manufacture a mixture of value-added organic compounds. Methanotrophs utilize
methane gas as an electron donor in order to produce sufficient energy required for cellular growth and
biosynthesis of different metabolites [221. While methanotrophs might not be a top producer for certain products, this
is compensated by its ability to perform multiple roles simultaneously which begins with the oxidation of methane
gas to produce methanol, an important biofuel [22. Methane gas is the second most potent greenhouse gas after
carbon dioxide; therefore, methanotrophic bacteria’s ability to mitigate this harmful biogas is crucial in the global
methane cycle. WWTPs are responsible for an estimated 4% of the global methane production; the gas is normally
flared into the atmosphere contributing to global warming 24, Whenever methanotrophs are present in WWTPs,
they are associated with the availability of methane gas produced from the anaerobic digestion process, and with

the right allocations the generated biogas can be exploited for resource recovery purposes 22!,

Methanotrophs are Gram-negative bacteria and are a subgroup of a broader bacterial group known as
methylotrophs 28, They are distinct in their reliance on methane oxidization, unlike methylotrophs that have the

potential to utilize different single carbon substrate such as methanol, halomethanes, and methylated amines 27,
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Thus, aerobic methanotrophs metabolism relies on the role of oxygen to oxidize the methane substrate to

ultimately generate carbon dioxide (CO,) and water 28!,

There are three types of aerobic methanotrophs that differ phylogenetically, types I, Il, or X, each of which follow a
distinct metabolic pathway. All three types share a common methane oxidation pathway to produce formaldehyde,
after which, each group carries on in a different enzymatic pathway. Type | methanotrophs employ the ribulose
monophosphate (RuMP), and type Il methanotrophs utilize the serine pathway (Figure 1) 2J. Type X
methanotrophs exhibit similarities with type | methanotrophs in that they use the RUMP pathway; however, it differs

from type | as they also have low concentrations of the serine pathway enzyme ribulose—bisphosphate carboxylase
E)

AnaerobicDigestion

Figure 1. Methanotrophs in anaerobic digestion processes of WWTPs using the common methane oxidation
pathway, which branches out for distinct metabolic cycles for each type of methanotrophs: types I, I, and X. It is
these distinct secondary metabolic pathways, including the pentose-phosphate pathway (PPP), tricarboxylic acid
(TCA) cycle, serine cycle, ethyl malonyl-CoA (EMC) pathway, glyoxylate regeneration cycle (GRC) and the Calvin-

Benson-Bassham (CBB) cycle, that produce a diversity of useful biomolecules.

2.1. Taxonomy and Phenotype

Aerobic methanotrophs are taxonomically classified based on their phenotype, ability for spore formation,
possession of specific membrane bound proteins, and their metabolic properties 241, There are three main groups
of methane oxidizing bacteria, types I, I, and X, each of which undertake a unique enzymatic pathway 21l Type |

and X methanotrophs belong to gamma-proteobacteria and reside in families Methylococcaceae and
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Methylothermaceae 132, whereas type Il methanotrophs belong to alpha-proteobacteria from families
Methylocystaceae and Beijjerinckiaceae. Over time other groups of methanotrophs have emerged, including
filamentous methane oxidizers with unusual methane monooxygenase, and extremely acidophilic bacteria of the
phylum Verrucomicrobia. The classifications of methane-utilizing bacteria has of course evolved; however, the
terms types I, Il, and X are still commonly used when discussing the methanotrophs due to the distinctiveness of
metabolic pathways for carbon fixation across phylogenetic groupings (28139, Morphologically, methanotrophs
exhibit red coloring under Gram-staining and have various physical morphologies. For instance, type X
methanotrophs are mainly found as paired cocci, while type Il methanotrophs are crescent shaped rods and can

occur in rosettes, and finally, type | methanotrophs can be found as either single cocci or rods 24!,
2.2. EcoPhysiology

Aerobic methanotrophic bacteria inhabit oxic zones where oxygen is present as an electron acceptor and organic
carbon, methane, is present for cellular biosynthesis, such as soils and freshwater, rice paddies, and WWTP
sludge 22, Most methanotrophs are mesophilic and prefer neutral pH; however, some thermophilic genera inhabit
areas with high methane profusion and high temperatures such as volcanoes and soil paddies 2433, Moreover, a
few psychrophilic species found in temperatures between 4 and 10 °C mainly belonging to type | methanotrophs
have been reported in arctic regions [B6IE7138],

Different types of methanotrophs follow distinct metabolic pathways after the oxidation of methane to formaldehyde
and formate, which lead to the formation of industrially and biomedically valuable biomolecules and biopolymers as
illustrated in Figure 2. First, methane is converted to methanol by the action of methane monooxygenase (MMO),
then methanol dehydrogenase (MDH) further oxidizes methanol into formaldehyde B2, There are two types of
MMO: (i) the membrane bound and copper reliant particulate (p)MMO and (ii) soluble (s)MMO. Nonetheless, the
pmMoA gene encoding for pMMO is considered a universal marker for methanotrophic bacteria and is expressed by
nearly all types of methanotrophs. Conversely, sMMO is typically expressed by type Il and some type X
methanotrophs under conditions of copper scarcity, where it utilizes iron as an alternative 9. Following the
common methane oxidation pathway, type | methanotrophs undergo the RuMP cycle, which is responsible for
formaldehyde assimilation and detoxification. In the RuMP cycle, formaldehyde is fixed with ribulose 5-phsosphate
to form 3-hexulose-6-phophate, which is then converted to glyceraldehyde-3-phosphate to finally generate
pyruvate. There is an interplay between the RuMP pathway and the pentose phosphate pathway (PPP), where the
latter ensures the regeneration of ribulose-5-phsosphate, while the former produces fructose-6-phosphote that is
further metabolized via the PPP 41, Thereafter, the pentose phosphate shunt is responsible for the generation of
NADPH and ribose, which is of course important for the formation of nucleotide based biological molecules. These
two pathways are crucial precursors of amino acid, nucleotide, and lipid biosynthesis. Pyruvate is further converted
into acetyl-CoA for incorporation into the tricarboxylic acid (TCA) cycle and the electron transport chain for energy

generation [,
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Figure 2. The collective metabolic pathways within methanotrophs leading to the formation of industrially and

biomedically valuable biomolecules and biopolymers [23],

In type Il methanotrophs, formaldehyde produced from the common metabolic pathway is further oxidized to
formate and then converted to 5,10-methylenetetrahydrofolate to form serine and yields phosphoglycerate in
several stepwise reactions of the serine cycle. The serine pathway requires 3 ATP and 2 NADH for activation unlike
the RUMP cycle which only requires a single ATP. The serine pathway is simultaneously synced with the ethyl
malonyl Co-A (EMC) pathway which includes several CoA thioesters, starting with malyl-CoA in the TCA which is
converted into acetyl-CoA and eventually ethyl malonyl-CoA is cleaved into glyoxylate and propionyl-CoA where
the former is an intermediate for the formation of oxaloacetate and succinyl-CoA for the latter, which are important
originators for creating high-end products 42, Furthermore, an intermediary cycle for glyoxylate recycling, the
glyoxylate regeneration cycle (GRC), overlaps with the TCA and EMC cycles in type Il methanotrophs and is
considered as an additional route for glyoxylate regeneration #9438l Thus, the serine, EMC, and GRC pathways
lead to mapping the derivatization of the secondary metabolites in type Il methanotrophs. In nutrient-deficient

conditions, an additional pathway to store energy in the form of polyhydroxybutyrate (PHB) granules is engaged
[,
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