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Abstract Methane is classified as the second major

greenhouse gas with a global warming potential 25

times higher than carbon dioxide. Wastewater treat-

ment plants (WWTPs) are considered as one of the

main anthropogenic sources for global methane emis-

sions. Utilizing the anaerobic digestion driven biogas,

methanotrophs can offer a prominent solution for

coupling methane mitigation with value-added

resources recovery. Hence, methanotrophs can play a

pivotal role in the paradigm shift to consider wastew-

ater streams as proactive energy and value-added

material resource instead of waste requiring further

treatment. This review is destined to summarize the

recent accomplishments in three methanotrophic-

based biotechnological applications which are metha-

nol, biopolymers production and biological nitrogen

removal processes. Moreover, methanotrophs taxon-

omy, metabolism, and growth conditions are

reviewed. In addition, the possibility to link the

aforementioned applications within the operation of

existing WWTPs in order to transform ‘‘energy-

consuming treatment processes’’ into ‘‘energy-saving

and energy-positive systems’’ is discussed.
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1 Introduction

Methane (CH4) is considered as the second major

greenhouse gas (GHG) (Francisco José Fernández

2005). Methane concentration in the atmosphere has

reached 1.75 ppm and is expected to reach 4 ppm in

the year 2050 (Hanson and Hanson 1996). Compared

to the major GHG (i.e., CO2), methane molecule can

absorb 30 times more heat with a lifetime span of

approximately 12 years and contributes to more than

25% of the global warming phenomena (GWP)

(Scheutz et al. 2009). Hence, the focus on CH4

emissions mitigation will have 20–60 times greater

effect on GWP than the CO2 emissions reduction

(Hanson and Hanson 1996). Particularly, anthro-

pogenic methane sources are estimated to contribute

for 63% of the global methane emissions including

landfills, fossil fuels burning, rice cultivation, coal

mining, oil recovery and waste management (Strong

et al. 2015). Recently, significant efforts focus on

developing new technologies for methane mitigation

and the recovery of value-added products through

different biotechnologies such as fuel production,

electricity generation, and biopolymers production

(Nikiema et al. 2007).

In order to activate the methane molecule, the bond

between carbon and hydrogen (C–H bond) must be

broken which is, unfortunately, one of the most

inactive hydrocarbon bond requiring 438.8 kJ/mol

(Park and Lee 2013). Consequently, various expensive

and energy intensive thermochemical techniques were

introduced to break the C–H bond and utilize the

methane including chemical catalysts, high tempera-

tures, and high pressure (Fei et al. 2014). On the other

hand, methane can be utilized biologically under

ambient temperature and atmospheric pressure (Con-

rado and Gonzalez 2014). Moreover, the biocatalysts

responsible for methane utilization are found in
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diverse environments (e.g., pH, temperature, oxygen

concentrations, pollutants existence and substrate

availability), which reflect its adaptability to different

operational conditions. Collectively, it can be con-

cluded that biological methane utilization is more

efficient, simpler, and cheaper in comparison to

thermochemical conversion.

Biologically, two distinct microbial clusters can

utilize methane and activate its stable C–H bond (1)

ammonia oxidizing bacteria (AOBs) and (2) methane

oxidizing bacteria (methanotrophs). AOBs partially

oxidize methane via the ammonia monooxygenase

(AMO) while using ammonia as their energy source

(Hanson and Hanson 1996; Taher and Chandran

2013). AOBs can only be employed in methane to

methanol conversion with relatively low productivi-

ties due to the competition between methane and

ammonia on the AMO (Ge et al. 2014). On the other

hand, methanotrophs can be employed in various

biotechnological applications including methanol,

biopolymers, single-cell protein (SCP), and ectoine

production (Strong et al. 2015). Figure 1 illustrates the

potential of biogas utilization by methanotrophs and

AOBs. Hence, methanotrophs are an active, advanta-

geous, and prominent research area, especially, in the

enhancement of its productivity and overcoming the

challenges from the perspective of genetic engineer-

ing, enzymology, biotechnology and bioreactor

engineering.

This review work is destined to focus on the

potential and the sustainability of mitigating the

biomethane and recovering value-added resources

using methanotrophs including; methanol production

and biopolymers accumulation. In addition, methan-

otrophs taxonomy and metabolism are comprehen-

sively reviewed. Lastly, an integration vision of the

methanotrophic bioreactor into wastewater treatment

plants and their incorporation in the nitrogen removal

processes is demonstrated.

2 Methanotrophs

Methanotrophs are a unique cluster of microorganisms

that have the ability to utilize methane as their sole

carbon and energy source (Anthony 1982). Naturally,

methane oxidation is carried out by methane oxidizing

bacteria and anaerobic methane oxidizing archaea

(Cui et al. 2015). Methanotrophic archaea can

anaerobically couple methane oxidation, via the

reverse methanogensis pathway, with the reduction

of multiple types of electron acceptors; i.e., sulfate,

nitrate, and metal ions (Mn4? and Fe3?) (Ge et al.

2014). Whereas, the gram-negative methane oxidizing

bacteria is a descending cluster from the methy-

lotrophic bacteria (Semrau et al. 2010). In methane

oxidizing bacteria, methane oxidation into methanol

(CH3OH) is catalyzed by the methane monooxygenase

(MMO) enzyme. Methanol is converted subsequently

into formaldehyde (CHOH). Instantly, formaldehyde

is oxidized into carbon dioxide (CO2) with formate

(CHOOH) as an intermediate (Anthony 1982). Fur-

thermore, formaldehyde, formate, and carbon dioxide

can be utilized for cell synthesis requirements via the

ribulose monophosphate (RuMP), serine, and Calvin-

Benson-Bassaham (CBB) cycles, respectively (Chis-

toserdova and Lidstrom 2013a). It is noteworthy that

the ability to produce methanol and biopolymers from

methane is exclusive to the methane oxidizing bacte-

ria. Hence, even though the nomenclature methan-

otrophs includes both the methane oxidizing bacteria

and the anaerobic methane oxidizing archaea, this

review cover only the methane oxidizing bacteria.

2.1 Methanotrophs taxonomy

Aerobic methanotrophs are phylogenetically located

in the Verrucomicrobia phylum and the Gamma and

Alpha subdivisions of Proteobacteria phylum (Mur-

rell 2010; Sun et al. 2013). As shown in Fig. 2, aerobic

methanotrophs are clustered into three main types;

type I methanotrophs or Gamma-Proteobacteria

methanotrophs forming the Methylococcaceae and

Methylothermaceae families, type II methanotrophs or

Alpha-Proteobacteria methanotrophs lying in the

Methylocystaceae and Beijerinckiaceae families, and

type III or Verrucomicrobia methanotrophs descend-

ing from the Methylacidiphilaceae family. Lastly,

Candidatus Methylomirabilis oxyfera (M. oxyfera) is

the only known anaerobic methanotrophic bacteria. It

belongs to the gram-negative NC10 phylum which all

of its members have not been isolated in pure culture

yet (Shen et al. 2015).

2.1.1 Type I methanotrophs

Type I methanotrophs can be found in many environ-

ments, including freshwaters and sediments, marine
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environments, rice fields, hot springs, soils, landfills,

coal-mine surface, drainage water (Bowman

2006, 2014; Semrau et al. 2010), denitrification

reactors, silage and manure wastes (Trotsenko et al.

2009), sewage and activated sludge, and anaerobic

digesters (Ho et al. 2013a, b; Kits et al. 2015b). Type I

methanotrophs possess a typical well developed

intracytoplasmic membrane (ICM) throughout the

cell, which appears as stacks of vesicular discs.

Therefore, the expression of particulate methane

monooxygenase (pMMO) is conferred due to its

location inside the ICM (Semrau et al. 2010). More-

over, some genera including Methylomagnum,

Methaylovulum, and few strains withinMethylomonas

and Methylocaldum can express soluble methane

monooxygenase (sMMO) as well as pMMO (Iguchi

et al. 2011; Kalyuzhnaya 1999; Khalifa et al. 2015).

Even though type I methanotrophs assimilate carbon

via the RuMP pathway at the level of formaldehyde,

Methylocaldum genus, Methylomagnum ishizawai,

Biogas

Natural &
Shale Gas

Atmospheric
Methane

Fuels incomplete
Combustion

Escaped Biogas &
Natural gas

Greenhouse Effff ect

Formed decades
ago in the earth
deep Layers

99% CH4

Anaerobic
digestion (WWTP)
and Landfills

60-70% CH4

M
e t
ha

no
l

Bi
op

ol
ym

er
s

Li
pi
ds

De
ni
tri
fic

at
io
n

Si
ng
le
C
el
l

Pr
ot
ei
n

M
et
ha

no
l

N
itr
ifi
c a
t io
n

Energy & Cost Intensive

Compressed
(CNG)

Thermo-Chemical conversion
into other forms

Enhance Denitrification
Processes

Liquid Fuel

Raw Material in
Biochemical Industry

Renewable
PlasticsEn

vi
ro
nm

en
ta
lly

Fr
ie
nd

ly
Di
ve

rs
e
co

nd
iti
on

s
lo
w

En
er
gy

In
pu

t

PHA &
PHB

EPSFood
Industry

Biodiesel

Human Health
Supplement

Biological Conversion

Liquefied
(LNG)

MethanotrophsAOBs

Fig. 1 Methane potential applications from different sources

354 Rev Environ Sci Biotechnol (2018) 17:351–393

123



and Methylococcus capsulatus species possess the

serine pathway enzymes (Bodrossy et al. 1997;

Khalifa et al. 2015; Takeuchi et al. 2014). Despite it

cannot grow autotrophically, Methylococcus strains

can assimilate carbon dioxide in association with

methane as the cellular carbon through a partially

functional CBB cycle (Bowman et al. 1993).

2.1.2 Type II methanotrophs

Type II methanotrophs widely exist in different

environments especially at low oxygen and high

methane concentrations (Amaral and Knowles

1995). These environments include soil and freshwa-

ter sediments, rice fields, coal-mine drainage water,

landfills, acidic wetlands, forest soils, groundwater

aquifers and sewage sludge (Bowman et al. 1993;

Knief 2015; Marı́n and Arahal 2014). Methylocystis

and Methylosinus genera possess an ICM aligned to

the cell periphery, while the ICM for the Methylo-

capsa genus appears as stacks of membrane vesicles

packed in parallel on only one side of the cell

membrane. Accordingly, the three of them express

pMMO. Moreover, Methylosinus and some Methylo-

cystis strains can possess sMMO (Bowman et al. 1993;

Marı́n and Arahal 2014; Whittenbury et al. 1970). In

contrast, Methylocella and Methyloferula genera miss

the extensive ICM system and only express sMMO.

These two genera develop a vesicular membrane

system composed of spherical or ovoid-shaped mem-

brane vesicles located on the periphery of the

cytoplasm (Semrau et al. 2011; Vorobev et al. 2011).

In order to increase their methane oxidation surface

area, methanotrophs formmore ICM in the presence of

methane. It is noteworthy that a better ICM is

developed while growing on methane rather than

methanol (Bowman 2006). All type II methanotrophs

can accumulate poly-b-hydroxybutyrate (PHB) as a

survival mechanism under nutrients unbalanced con-

ditions. Carbon, in the form of formate, is assimilated

via the serine pathway while all other pathways are not

found (Bowman 2006; Marı́n and Arahal 2014).

2.1.3 Type III methanotrophs

Type III methanotrophs were firstly isolated in 2007

from hot acidic habitats including acidic hot springs,

volcanic mud, geothermal mud areas (Knief 2015; van

Teeseling et al. 2014). Type III methanotrophs do not

possess the typical proteobacterial ICM except for

Type II
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Methylacidimicrobium fagopyrum which possess a

type I-like ICM. However, Methylacidiphilum strains

have an ICM of carboxysome-like structures or

vesicular membranes (Op den Camp et al. 2009).

Whereas, no ICM system was observed in both

Methylacidimicrobium tartarophylax and Methy-

lacidimicrobium cyclopophantes (van Teeseling

et al. 2014). All methanotrophic Verrucomicrobia

possess pMMO only which raises the question about

the location of pMMO in strains that do not have an

ICM (Erikstad and Birkeland 2015; van Teeseling

et al. 2014). Carbon, in the form of carbon dioxide

(CO2), is assimilated via the CBB cycle, while the

complete RuMP and serine cycle enzymes are not

found (Erikstad and Birkeland 2015; van Teeseling

et al. 2014). Therefore, unlike proteobacterial methan-

otrophs, CO2 presence stimulate the bacterial growth,

but, no growth on CO2 only was reported (Op den

Camp et al. 2009; van Teeseling et al. 2014).

2.1.4 Anaerobic methanotrophs

Anaerobic methanotrophs were discovered in 2006

with the ability of coupling anaerobic methane

oxidation with nitrite reduction (Raghoebarsing et al.

2006) which attracted several researchers to develop

the nitrite-dependent anaerobic methane oxidation (N-

DAMO) process to be coupled with anaerobic ammo-

nium oxidation (ANAMMOX) for nitrogen removal in

WWTPs (Wang et al. 2017b). They were enriched

from freshwater environments, sewage sludge, and

wetland soils. However, they have not been isolated in

pure culture yet. Moreover, M. oxyfera is the only

bacterial type that can grow anaerobically on methane

(Wang et al. 2017a). Even though no ICM system was

observed in M. oxyfera, pMMO is the initiator of

methane oxidation which is located on the cytoplasmic

membrane surface. The genomic analysis of M.

oxyfera revealed the existence of incomplete RuMP

and serine pathways and the full CBB cycle (Wu et al.

2011). Later, it was confirmed that carbon is fixed in

the level of CO2 via the CBB cycle. Whereas, it is

suggested that the incomplete serine pathway is used

to detoxify the formaldehyde (Rasigraf et al. 2014;

Shen et al. 2015).

2.2 Methane metabolism in methanotrophs

All methanotrophs oxidize methane terminally to

carbon dioxide through a series of linked reactions to

fulfill their energy and cell replication requirements

with the aid of their secreted enzymes as illustrated in

Fig. 3 (Hanson and Hanson 1996).

As shown in Eqs. (1)–(3), methane is oxidized to

methanol in a reaction catalyzed byMMOwhich splits

the oxygen molecule into two atoms. One oxygen

atom is incorporated in methane hydroxylation while

the other atom is reduced to H2O (Madigan et al.

2015). As the latter reaction requires reducing equiv-

alents, methane hydroxylation is considered as an

energy consuming reaction unlike the remaining

reactions which are energy producing (Chistoserdova

and Lidstrom 2013a).

CH4 þ 1=2O2 ! CH3OH ð1Þ

AH2 þ 1=2O2 ! H2Oþ Aþ ð2Þ

CH4 þ AH�
2 þ O2 ! CH3OH þ H2Oþ Aþ ð3Þ

*A is a reducing equivalent providing 2e- and 2H?;

NAD(P)H in sMMO; not confirmed yet in pMMO.

The multi-function oxidase MMO is found in two

forms; the cytoplasmic soluble form ‘‘sMMO’’ and the

copper containing particulate form ‘‘pMMO’’ located

in the ICM (Semrau et al. 2010). sMMO utilizes

nicotinamide adenine dinucleotide NAD(P)H gener-

ated from formaldehyde and formate oxidation as

reducing equivalents. On the other hand, the electron

donor for pMMO has not been identified yet

(Karthikeyan et al. 2015). It was assumed that

ubiquinol (Q8H2) could be the most probable pMMO

electron donor relying on pMMO similarities with

AMO. However, the mechanism of ubiquinone reduc-

tion to ubiquinol is still not clear (Kalyuzhnaya et al.

2015). One hypothesis is that electrons transfer

between the methanol oxidizing enzyme methanol

dehydrogenase (MDH) and pMMO owing to their

close locations (Culpepper and Rosenzweig 2014).

Alternatively, NAD(P)H from formaldehyde and

formate oxidation may be the responsible for ubiqui-

none reduction. This hypothesis is supported by the

observed enhancement in methane oxidation and

methanol production with external formate addition

(Trotsenko and Murrell 2008). Hence, it was sug-

gested that pMMO might be utilizing various electron
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sources according to the growth conditions (Kalyuzh-

naya et al. 2015).

pMMO-expressing cells oxidize methane more

efficiently than sMMO as they have higher methane

affinity and growth yields (Kalyuzhnaya et al. 2015).

On the other hand, sMMO have a broader substrate

range than pMMO which makes it more attractive for

several biotechnological processes (Smith et al. 2010).

The expression of both sMMO and pMMO enzymes is

controlled by copper concentration. pMMO is

expressed in copper concentrations above 1 lmol/g

(dry weight) of cells, while sMMO is expressed in

concentration below 1 lmol/g (dry weight) of cells

(Hanson and Hanson 1996). Both enzymes properties

are summarized in Table 1.

The produced methanol is further oxidized to

formaldehyde via the quinoprotein methanol dehy-

drogenase (MDH) located in the periplasm, as

expressed in Eq. (4) (Chistoserdova and Lidstrom

2013a). Methanol oxidation to formaldehyde is

accompanied with the reduction of pyrroloquinoline

quinone (PQQ) to PQQH2. Afterwards, PPQH2 is

oxidized and transfer electrons (2 electrons) either to

the terminal oxidase with cytochromes-c and other

carriers as intermediates or to regenerate the reducing

equivalents needed for methane hydroxylation as

previously described (Smith et al. 2010). Generally,

methanol oxidation is an energy-conserving step

regardless of the electrons deviation.

CH3OHþ PQQ ! CH2Oþ PQQH�
2 ð4Þ

*pQQH2 is further oxidized and transfer 2e- and

2H? to terminal oxidase or pMMO.

Formaldehyde plays a pivotal role in methan-

otrophs metabolism as the central intermediate. Part of

the formed formaldehyde is terminally oxidized to

CO2 for energy generation. The other part is incorpo-

rated in the carbon assimilation pathways for cell

replication; RuMP pathway for type I and serine

pathway for type II. Formaldehyde is rapidly directed

to either cycles due to its toxic effect on methan-

otrophs (Karthikeyan et al. 2015).

Two systems have been suggested for formalde-

hyde oxidation to formate expressed in Eq. (5).

Firstly, oxidation is catalyzed by formaldehyde dehy-

drogenase (FaDH) which is either NAD-linked or

PQQ-containing and cytochrome-linked enzyme

(Chistoserdova and Lidstrom 2013a). The quinopro-

tien FaDH was confirmed to be the major formalde-

hyde oxidizing enzyme in Methylococcus capsulatus

while expressing pMMO only (Zahn et al. 2001). This

finding supports the hypothesis that the electron source
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for pMMO can be linked to formaldehyde oxidation.

The second suggestion is the tetrahydromethanopterin

(H4MPT)-linked formaldehyde oxidation pathway.

Within H4MPT pathway, MtdB enzyme is the respon-

sible of NAD(P)? reduction to NAD(P)H (Chistoser-

dova et al. 2009). Nonetheless, different formaldehyde

oxidation systems were found in methylotrophs and

might be existing in methanotrophs only as a

formaldehyde detoxification strategy (Chistoserdova

and Lidstrom 2013a). Finally, formate is oxidized to

carbon dioxide, as demonstrated in Eq. (6). This

reaction is catalyzed by the NAD dependent enzyme

formate dehydrogenase (FDH) which functions as

sMMO electron source (Smith et al. 2010).

CH2Oþ H2O ! CH2O2 þ 2Hþ þ 2e� ð5Þ

NAD(P)H or PQQH2 is produced according to the

pathway.

CH2O2 þ NADþ ! CO2 þ NAD Pð ÞHþ Hþ ð6Þ

The last three oxidation reactions, Eqs. (4)–(6),

produce 6 electrons (2e- each). Two of them travel

back to methane oxidation in the form of reducing

equivalents. The remaining electrons (4e-) traverse

the electron transport chain (ETC) generating energy

by producing adenosine triphosphate (ATP) through

the proton motive force. Finally, the four electrons

reduced the terminal electron acceptor O2 to H2O, as

shown in Eq. (7). Accordingly, the overall reaction

can be written as expressed in Eq. (8).

O2 þ 4Hþ þ 4e� ! 2H2O ð7Þ

CH4 þ 2O2 ! CO2 þ 2H2O ð8Þ

The overall reaction.

As mentioned before, the nitrite dependent anaer-

obic methane oxidizing bacteria M. oxyfera lacks the

ICM. However, the same pathway took place with two

preliminary reactions, shown in Eqs. (9) and (10).

Nitrite (NO2
-) is converted to NO via the periplasmic

nitrite reductase (cd1 Nir). Subsequently, two NO

molecules are converted to N2 and O2. The produced

O2 is further utilized in the methane oxidation pathway

and acts as the terminal electron acceptor (Shen et al.

2015; Wu et al. 2011).

8NO�
2 þ 16Hþ ! 4N2 þ 6O2 þ 4H2O ð9Þ

3CH4 þ 6O2 ! 3CO2 þ 6H2O ð10Þ

The oxygen produced is further involved in

methane oxidation pathway.

3CH4þ8NO�
2 þ8Hþ!4N2þ3CO2þ10H2O ð11Þ

The overall reaction.

For the methane assimilation pathways, as previ-

ously mentioned, type I undergoes the RuMP pathway

and type II uses the serine pathway. Whereas, type III

Table 1 pMMO and sMMO enzymes properties

pMMO sMMO

Location Intercellular membrane (ICM) Cytoplasm

Components Copper containing and consist of

three polypeptides

Three subunits: hydroxylase (di-iron center), reductase, protein B

Copper Conc. 1 lmol/g (DW) or higher Below 1 lmol/g (DW)

Reducing

equivalent

Not yet confirmed NAD(P)H

Methane

affinity

High Low

Methanotrophs All methanotrophs except

Methylocella and Methyloferula

Methylocystis, Methylosinus, Methylocapsa, Methylomagnum,

Methaylovulum, and some strains within Methylomonas and

Methylocaldum

Encoding

genes

pmoB, A, and C Six-gene operon mmoXYBZDC

Co-substrates Narrow range of alkanes, alkenes,

and alicyclic compounds

Wide range of alkanes, alkenes, Halogenated aliphatics, Monoaromatics,

Diaromatics and alicyclic compounds
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and the anaerobic methanotrophs assimilate carbon

via CBB cycle. Each cycle has different reactions and

enzymes involved in their methane assimilation path-

way for energy production and cell replication (Chis-

toserdova and Lidstrom 2013a; Wu et al. 2011).

The RuMP pathway is initiated by the reaction

between formaldehyde and ribulose-5-phosphate

yielding fructose-6-phosphate. Two specific enzymes

mediate this reaction; hexulosephosphate synthase

(HPS) and hexulosephosphate isomerase (HPI) found

only in type I methanotrophs. Fructose-6-phosphate

follows a series of reactions producing pyruvate and

glyceraldehyde-3 phosphate. Glyceraldehyde is then

utilized to regenerate ribulose-5-phosphate and com-

plete the cycle for biomass synthesis, while the

pyruvate is incorporated in an incomplete TCA cycle

for CO2 production. The main intermediates of the

RuMP cycle are found in the form of sugar phosphates

(Hanson and Hanson 1996; Kalyuzhnaya et al. 2015;

Khmelenina et al. 2015).

In the serine cycle, formaldehyde is converted to

methyl-H4MPT then to methylene-H4F mediating the

reaction of formaldehyde with glycine to activate the

serine cycle (Kalyuzhnaya et al. 2015; Karthikeyan

et al. 2015). Furthermore, the cycle produce acetyl-

CoA which is the key entry for the complete TCA

cycle required for energy generation and biomass

synthesis (Chidambarampadmavathy et al. 2015). The

main intermediates in the serine cycle are found in the

form of amino acids and CoA derivatives (Kalyuzh-

naya et al. 2015).

In general, type I methanotrophs have higher

growth rate than type II (Kalyuzhnaya et al. 2015).

Moreover, type I is more energy efficient as it requires

1 ATP for assimilation of 3 formaldehyde molecules

compared to 3 ATP and 2 NADH to assimilate 2

formaldehyde molecules and 1 CO2 molecule in type

II (Karthikeyan et al. 2015). Up to 50% of produced

CO2 by type II can be incorporated in cell synthesis

compared to 15% in type I, what makes the biogas

produced from anaerobic digesters consisting of about

40% CO2 suitable for type II (Kalyuzhnaya et al.

2015). One more advantage for type II is their ability

to accumulate biopolymers under nutrient limitation

conditions (Karthikeyan et al. 2015).

2.3 Factors affecting methanotrophs growth

The specific growth rates for pure methanotrophic

cultures using methane as carbon and energy source

are illustrated in Table 2. Type I methanotrophs have

the highest growth rates ranging from 0.2 to 0.3 h-1 in

some strains (Hirayama et al. 2011, 2014; Whitten-

bury et al. 1970; Wise et al. 2001). The highest growth

rate reported in type II methanotrophs is 0.15 to

0.18 h-1 forMethylocystis strains (Dedysh et al. 2007;

Whittenbury et al. 1970). Type III methanotrophs are

slower than both types with growth rates ranging from

0.013 to 0.07 h-1 (Op den Camp et al. 2009; van

Teeseling et al. 2014). Anaerobic M. oxyfera is the

slowest growing methanotrophs with a doubling time

that can reach up to 2 months (Shen et al. 2015).

However, no specific type dominates in methane

sufficient conditions. This can be referred to the fact

that each type has different favorable growth condi-

tions such as pH, temperature, nutrients, methane and

oxygen availability. Furthermore, factors like methane

solubility and bioreactor characteristics can notably

affect the methanotrophic microbial yield and biomass

density. Unfortunately, various factors affecting

methanotrophs growth are still unclear and need to

be reviewed and investigated either in natural habitats

or bioreactors.

2.3.1 Temperature

More than 70% of methanotrophs grow optimally in a

temperature ranging from 20 to 35 �C, as shown in

Table 2. However, high temperatures (55–60 �C) are
preferable for the type I Methylothermus genus and

type III Methylacidiphilum genus (Bowman 2014; Op

den Camp et al. 2009). Within type I, Methylococcus

and Methylocaldum genera [which form type X a

subset of type I methanotrophs (Bowman 2006)] grow

optimally at temperature range of 42–55 �C (Trot-

senko et al. 2009). In contrast, Methylosphaera genus

grows at lower temperature ranging from 10 to 15 �C
(Bowman 2006). Furthermore, all type II methan-

otrophs (except some strains within Methylocystis)

and some type I methanotrophs (Methylosphaera,

Methyloprofundus, Methyloglobulus, Methylovulum,

and some species within Methylobacter, Methy-

losarcina, Methylomonas, Methylomicrobium) are

able to survive at lower temperatures (4–10 �C)
(Bowman 2014; Marı́n and Arahal 2014; Tavormina
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et al. 2015). Moreover, it was observed that type I

methanotrophs predominated at lower temperatures

(3–10 �C) in a sample enriched from landfill cover

soils while both types grew normally at 20 �C
(Börjesson et al. 2004).

2.3.2 pH and salinity

As presented in Table 2, more than 90% methan-

otrophs prefer to grow in pH ranges from 5.5 to 8.

However, verrucomicrobial methanotrophs are more

acidophilic with optimum growth at pH ranging from

1.5 to 3.5. Methylacidiphilum fumariolicum (strain

SoIV) and Methylacidimicrobium tartarophylax sp.

are the most acidophilic methanotrophs growing at pH

between 0.5 and 0.8 (Op den Camp et al. 2009; van

Teeseling et al. 2014). In contrast, Methylomicrobim

species grow better in alkaline mediums (pH 8–10)

(Bowman 2006; Kalyuzhnaya et al. 2008).

For the salinity, most of methanotrophs do not

require NaCl for their growth with wide tolerance

ranging from 0.2 up to 10% NaCl (w/v) (Bowman

2014; Semrau et al. 2010). However, Methylosoma

genus is intolerant to NaCl (Rahalkar et al. 2007).

Furthermore, a study on mixed culture showed that

methane uptake and growth rate remained constant

with salinity up to 7 mg/L, while a noticeable decline

occurred after increasing the salinity above this level

(van der Ha et al. 2010).

2.3.3 Substrates

Generally, all methanotrophs prefer methane as their

carbon and energy source. However, in the absence of

methane, methanotrophs except most of the Methylo-

caldum species, Methylobacter tundripaldum sp., and

Methylocystis rosea sp. can grow on methanol (Bow-

man 2014; Lidstrom 2006; Marı́n and Arahal 2014).

However, at relatively high methanol concentrations,

growth is fully or partially inhibited due the excessive

accumulation of the toxic formaldehyde resulting

from methanol oxidation (Graham et al. 1993; Whit-

tenbury et al. 1970). Despite its inhibitory effect,

Methylocella tundrae prefers methanol than methane

Table 2 Growth temperature, pH, growth for methanotrophs

…. or …. No growth, …. can grow, * growing on methane in pure and optimum culture, A methylomicrobium Kenyense can grow at pH up to 11, B methylocapsa aurea can grow 
at 2oC, C methyloferula stellate grow better on methanol with specific growth rate of 0.015 hr-1, D both Methylacidiphilum and Methylacidimicrobium can grow at pH lower than 
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(Dedysh et al. 2004). On the other hand, some strains

within Methylocapsa and Methylocella genera have

the ability to grow on other C1 compounds like

formate, and methylamines (Dedysh et al. 2004;

Dunfield et al. 2003, 2010).

For a long time, it was believed that methanotrophs

grow only on C1 compounds. However, it was

discovered that some type II strains can grow on

multi-carbon substrates (Semrau et al. 2011). Methy-

locella species can grow on acetate, ethanol, malate,

succinate, and pyruvate without losing its vitality.

Methylocella silvestris BL2T grew faster on acetate

than on methane and interestingly methane consump-

tion rate increased after growing on acetate. Moreover,

acetate was preferred when both substrates were

available (Dedysh et al. 2005). Contrarily, Methylo-

capsa aurea can grow on acetate at the expense of the

growth rate (Dunfield et al. 2010). In addition, many

strains within Methylocystis genus can grow on

acetate, whereas Methylocystis bryophila can poorly

grow on pyruvate and ethanol (Belova et al.

2011, 2013; Im et al. 2011). Recently, it was reported

that the strain Methylocystis hirsuta has the ability to

grow on different multi carbon substrates including

acetic, propionic, butyric and valeric acids (López

et al. 2018a). Interestingly, Methylocystis hirsuta

reached a higher biomass density when supplemented

with both methane and any of the aforementioned

multi carbon organic acids at adequate concentrations.

2.3.4 Methane and oxygen concentrations

In conditions where methane concentration is above

1%, type II methanotrophs form stable but slow

growing communities in which the fluctuation in CH4

and O2 concentrations do not affect the community

structure or their abundance (Chi et al. 2012a, b;

Henckel et al. 2000; Semrau et al. 2010). Moreover,

type II dominates in very low methane concentration,

below 0.06%, due to their unique pMMO2 which is

found in most Methylocystis sp., Mehtylosinus spo-

rium, some of Methylosinus trichoporium strains

(Baani and Liesack 2008; Knief and Dunfield 2005).

It was reported in several studies that high methane to

oxygen ratios, low oxygen concentration, are more

preferable for type II growth (López et al. 2018b;

Semrau et al. 2010). Unlike type II, type I methan-

otrophs grow faster with communities more sensitive

to fluctuating methane and oxygen concentrations. As

a result, the microbial structure of type I-dominated

cultures change with the variation in the concentration

of either methane or oxygen (Chi et al. 2012a, b;

Henckel et al. 2000; López et al. 2014). Thus, type I

mostly is expected to dominate in the first stage of any

enrichment process. Moreover, it was reported that

type I outcompete at methane concentrations between

0.06 and 1% where type II can grow but with lower

abundance (Cantera et al. 2016; López et al. 2014;

Semrau et al. 2010). This finding is supported by the

fact that pMMO, unlike sMMO, has higher affinity to

methane (Kalyuzhnaya et al. 2015). However, it is

noteworthy that methane and oxygen mixing ratio or

concentrations are not reliable selection parameter

between type I and type II, unless other factors were

manipulated, i.e., copper concentration or nitrogen

source.

Generally, the increase in methane and oxygen

concentrations is usually associated with remarkable

enhancement in microbial growth and methane uptake

rates of both types regardless of their relative abun-

dance (Chi et al. 2012a, b; Li et al. 2014; López et al.

2014). However, some studies reported a decline in

methane oxidation occurred at high oxygen concen-

tration. This hypothesis was based on two observa-

tions; (1) the possession of oxygen sensitive

nitrogenase, the enzyme responsible for fixing atmo-

spheric nitrogen, which can be revealed by adding

other nitrogen sources such as nitrate or ammonia, (2)

the excessive accumulation of the toxic formaldehyde

(Amaral and Knowles 1995; Pfluger et al. 2011).

2.3.5 Methane solubility

One of the major obstacles facing methanotrophs

enrichments is the energy intensive agitation required

to overcome methane low water solubility effects

(dimensionless Henry’s law constant equals 30 at

25 �C) (Ordaz et al. 2014). Furthermore, attached

growth systems usually exhibit very low yields and

growth rates due to the limited methane transfer rate

(Fennell et al. 1992; Pfluger 2010).

In an approach to increase methane solubility and

its delivery to the bacteria, a pressure bioreactor was

employed. Even though high biomass densities ranged

from 18 to 65 g/L were achieved, pressure bioreactors

are cost intensive and less secured than reactors

working under atmospheric pressure (Helm et al.

2008;Wendlandt et al. 2001, 2005). Furthermore, loop
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bioreactors were also used for the enhancement of

methane delivery to methanotrophs due to the advan-

tage of their circular flow. Such advantage can be

accomplished in fluidized systems by a propeller or a

jet drive and optimum for gases having low solubility

in water.Methylocystis hirsuta strain was cultivated in

two loop bioreactors with different configurations;

bubble column bioreactor and forced-liquid vertical

loop bioreactor. Biomass density up to 2.9 g/L was

successfully obtained (Rahnama et al. 2012). Another

system was tested for methane solubility enhancement

which is the two-phase partitioning bioreactor (TPPB)

in which a non-aqueous phase (NAP) with higher

affinity towards methane than water is employed.

When 10% v/v of silicon oil was added, growth rate

increased by 330% in the TPPB enriched with the

Methylosinus sporium (DSMZ 17706) strain (Ordaz

et al. 2014). Relying on the same concept, the addition

of 5% v/v paraffin oil to the growth medium including

Methylosinus trichosporium OB3b in a 5-l fermenter

resulted in increasing the biomass density from 1 to

6 g/L after 160 h. Furthermore, the biomass density

reached 14 g/L in the medium supplemented with

paraffin oil after 240 h (Han et al. 2009). In addition,

multiple agents were evaluated to enhance methane

limited mass transfer including polymers, nanoparti-

cles and electrolytes. However, bioreactor configura-

tion modification found to be more efficient.

Moreover, the addition of the aforementioned agents

is associated with some challenges such as the

downstream processing and their effect on the micro-

bial community (Stone et al. 2017).

2.3.6 Nitrogen sources

All type II methanotrophs and few type I methan-

otrophs (Methylococcus, Methylosoma, Methyloglob-

ulus, Methyloprofundus, and some strains within

Methyomonas, and Methylobacter) have the ability

to fix atmospheric nitrogen via the oxygen sensitive

nitrogenase. Whereas, Methylosphaera has more

oxygen tolerance to nitrogen fixation (Bowman

2006; Bowman et al. 1997). Thus, type II methan-

otrophs dominate under N-limiting conditions or high

carbon to nitrogen (C/N) ratios. Whereas, type I

methanotrophs require high nitrogen content or lower

C/N ratios for better growth (He et al. 2011; López

et al. 2013; Zhang et al. 2014). This distinguishing

ability was manipulated as a selection tool in the

selection of type II methanotrophs from mixed

cultures in low dissolved oxygen concentrations

(Pfluger et al. 2011).

On the other hand, methanotrophs prefer to grow on

nitrate and ammonium as the cellular nitrogen source

(Bowman 2006; López et al. 2013). Ammonium

presence can partially inhibit the methanotrophic

growth because of the competition between ammo-

nium on MMO or the accumulation of excessive toxic

hydroxylamine or nitrite. Whereas, nitrate supports

higher methanotrophic growth rates than ammonium

for both type I and type II methanotrophs (Karthikeyan

et al. 2016; Sundstrom and Criddle 2015). Interest-

ingly, it was found that higher moisture content can

relieve ammonium toxicity influence. Whereas, sub-

strate competition effects can be eliminated under

higher methane to ammonium ratios (He et al. 2011;

Wang et al. 2011; Zhang et al. 2014).

Under methane sufficient conditions, type II

methanotrophs, unlike type I, can build more

stable communities in the presence of ammonium

with minor inhibitory effects (Mohanty et al. 2006;

Visscher et al. 2001; Zhang et al. 2014). Supportively,

it was reported that ammonium had a minor inhibitory

effect on the type II Methylocystis sp. in comparison

with type I cultures including Methylomicrobium

album, Methylosinus sporium, and Methylomonas

methanica (Nyerges and Stein 2009). It was suggested

that Methylocystis sp. might possess a multiple

enzymes system that can detoxify hydroxylamine

(Nyerges and Stein 2009). Furthermore,Methylocystis

dominated an activated sludge culture after 24 days of

incubation under continuous ammonium feeding con-

ditions (Myung et al. 2015a). Interestingly, a recent

study reported that the sMMO expressing Methylos-

inus trichosporium OB3b has a slightly higher growth

yield and methane oxidation rate when growing on

ammonium than nitrate (Zhang et al. 2017b). Collec-

tivity, it can be concluded that using nitrate as nitrogen

source results in higher growth and methane oxidation

rates with type I dominant cultures. Whereas, ammo-

nium continues presence or N-limiting conditions

result in type II dominant cultures with slower growth

rates.

In contrast to the findings mentioned above, some

reported batch experiments revealed that the addition

of ammonium to different N-limiting soils was

accompanied with an increase in methane oxidation

rates and type I abundance (He et al. 2011; Lee et al.
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2009; Zhang et al. 2014). However, this can be

referred to type I faster response for the nutrients

sufficiency conditions not type I preference of ammo-

nium as the nitrogen source (Semrau et al. 2010).

Supporting this hypothesis, a notable decline in

methane oxidation rates was noticed in the same

cultures. Furthermore, the addition of nitrate to

N-limiting cultures was found to have greater stimu-

latory effect than the ammonium (Karthikeyan et al.

2016; Mohanty et al. 2006; Zhang et al. 2017b).

2.3.7 Copper

As mentioned before, copper concentrations regulate

the expression of MMO enzyme (Semrau et al. 2010).

pMMO is well developed in concentrations above

1 lM, while sMMO is expressed below this level

(Hanson and Hanson 1996). However, several studies

discovered that copper concentration is not a reliable

parameter in the selection of type I or type II as most of

methanotrophs can express pMMO (Cantera et al.

2016; Pieja et al. 2011a). Moreover, some sMMO

lacking methanotrophs can survive and grow under

very low copper concentration likeMethylomicrobium

and Methylobacter. This can be referred to their

possession of unique copper uptake mechanisms like

the methanobactin one (Cantera et al. 2016; Semrau

et al. 2010). In addition, some type I like Methy-

lomonas possess both sMMO and pMMO and dom-

inate in cultures having high copper concentrations

(Cantera et al. 2016; van der Ha et al. 2012a, b). In

mixed cultures, some studies mentioned that copper

addition significantly increase methane uptake and

growth rate especially between 1 and 4.31 lM (Can-

tera et al. 2016; Ho et al. 2013a, b; López et al. 2013).

Conversely, other studies noticed either no or minor

increase (van der Ha et al. 2012a, b; Karthikeyan et al.

2016). Whereas, higher copper concentrations was

reported to have an inhibitory effects due to its toxicity

(Ho et al. 2013a, b; Lee et al. 2009). These

contradicted reports suggest that copper concentration

is not the most decisive factor on the microbial activity

which depends on other factors such as initial com-

munity structure, methane concentration, and nitrogen

source. For instance, if the dominant genus is Methy-

lomonas, no or minor increase will be associated with

copper increase, while in the case of type II existence

an increase will be observed (Graham et al. 1993; van

der Ha et al. 2010, 2012a, b). Moreover, as mentioned

in the previous sections, ammonium presence in the

growth medium with relatively high concentrations

may result pMMO enzyme inhibition and better

expression of sMMO. Whereas, lower methane con-

centrations stimulate pMMO enzyme expression due

to its higher methane affinity (Karthikeyan et al.

2016).

3 Value-added resources recovery using

methanotrophs in wastewater

WWTPs represent 4% of the yearly global methane

production which make them a valuable biogas source

(Ho et al. 2013a, b). In 1986, Corder and his team were

the first to utilize methanotrophs enriched from

anaerobic digester sludge confirming their potential

of accumulating methanol frommethane (Corder et al.

1986). Recently, numerous studies isolated or reported

the existence of different types of methanotrophs from

different locations within WWTPs such as waste

activated sludge (WAS), and anaerobically digested

sludge (Myung et al. 2015a; Reyes et al. 2015;

Siniscalchi et al. 2015). Moreover, methanotrophs

successfully dominated mixed cultures seeded from

the aforementioned types of sewage sludge in different

studies (Cantera et al. 2016; Jewell et al. 1992;

Kampman et al. 2014).

In this section, three potential biotechnological

applications for methanotrophs are reviewed to be

employed in an existing WWTPs for value-added

recovery.

3.1 Methanol production using methanotrophs

In addition to its negative effect on the environment,

multiple obstacles limit the direct energy generation

from biogas such as the existence of impurities and

moisture, its low handling and collecting capabilities,

and lack of convenient infrastructure for gas distribu-

tion. Moreover, combined heat and energy technolo-

gies show low electricity efficiency (g & 25–45%)

(Bachmann et al. 2015; Ge et al. 2014). Alternatively,

methanol can be used as a fuel either standalone or

blended with gasoline. Methanol, as a fuel, is more

feasible than methane due to its higher transportabil-

ity, and security (AlSayed et al. 2018). Furthermore,

more energy can be derived from methanol (15.8 MJ/

L) compared with methane (38.1 9 10-3 MJ/L)
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(Hwang et al. 2014). Methanol has lower NOx and SO2

emission than natural gas (Murray and Furlonge

2009). In addition, methanol is considered as a

substitute carbon source for sugar used in biochemical

industry (Schrader et al. 2009). Additionally, metha-

nol is commonly used as an external carbon source

used to enhance denitrification process in wastewater

treatment (Ginige et al. 2008). Collectively, methanol

is considered as a multiple use commodity with a

prominent role as an efficient, sustainable substitute

for methane produced from WWTPs.

3.1.1 Bio-methanol production metabolism

Bio-methanol can be produced from methane either

via utilizing the MMO enzyme or the whole methan-

otrophic cell as biocatalysts. The former process has

major drawbacks such as the high cost and enzymes

instability (Park and Lee 2013). Hence, biological

methanol production using methanotrophs can be

more feasible especially using the anaerobic digestion

driven biogas (Sheets et al. 2016).

As expressed before in Eqs. (1)–(3), methanotrophs

hydroxylate methane in an energy requiring step

which is catalyzed by MMO. The produced methanol

is rapidly oxidized to carbon dioxide with formalde-

hyde and formate as intermediates. Oxidations are

catalyzed by methanol dehydrogenase (MDH),

formaldehyde dehydrogenase (FaDH), formate dehy-

drogenase (FDH), respectively. Accordingly, it is

essential to inhibit MDH activity for extracellular

accumulation of methanol which, subsequently,

inhibiting the following oxidation steps (Mehta et al.

1987). Unfortunately, the latter three steps are elec-

trons producing step which provide the cells with the

energy needed to govern simultaneous methane

uptake. Furthermore, cellular carbon (used for cell

synthesis and replication) is assimilated in the level

formaldehyde, formate, and carbon dioxide. Thus, the

inhibition of methanol oxidation would be associated

with two major challenges (1) notable decline in

bacterial growth, and (2) lack of energy needed for

methane uptake to be, subsequently, converted into

methanol. Therefore, an additional source of electrons,

usually formate, is added to maintain cell vitality and

for continuous methane uptake (Bjorck et al. 2018).

Figure 4 illustrates the methanol production pathway.

3.1.2 Factors affecting bio-methanol production

Even though intensive researches have been con-

ducted on bio-methanol production from methane

using methanotrophs, several challenges still hinder

the process upscaling. To the moment, no studies have

successfully developed a feasible and stable methanol

production process. Most of the reported studies were

performed in batch scale and short term. Methanol

production periods ranged from 8 to 24 h. Whereas,

longer production durations were associated with

relatively lower productivities (Bjorck et al. 2018;

Ge et al. 2014). This can be referred to the bacterial

decay associated with methanol production caused by

the metabolic reactions inhibition. In order to make

methanol production process industrially feasible,

multiple factors, (i.e., pH, Temperature, cell densities,

and gases mixing ratio) need be optimized as well as

electrons supply and MDH inhibition strategies.

• Biomass culture

Most of the previous studies were performed using

pure cultures resulting in various methanol productiv-

ities (Bjorck et al. 2018). The most common strain

used for methanol production is Methylosinus tri-

chosporium (Ge et al. 2014). The highest methanol

productivity obtained using M. trichosporium was

equal 4101 mgmethanol/L/day (Mehta et al. 1991).

Whereas, the highest reported methanol productivity

using methanotrophs was attained using a novel type I

Methylomonas sp. DH-1 isolated from brewery waste

sludge which was equal to 7968 mgmethanol/L/day (Hur

et al. 2017). Isolated from solid state anaerobic

digester, Methyloculdum sp. 14B strain has shown

relatively high methanol productivity of

1090 mgmethanol/L/day (Sheets et al. 2016). In addi-

tion, multiple strains within type II methanotrophs

have been used including Methylosinus sporium,

Methylocella tundrae, Methylocystis bryophila,

Methylocella silvestris, Methyloferula stellate, and

Methylomonas methanica. However, the resulted

methanol concentrations were relatively low (lower

than 200 mgmethanol/L) (Mardina et al. 2016; Patel

et al. 2016c, 2017).

Han et al. was the first to accumulate methanol

using methanotrophic mixed culture. A consortium of

strains (Methylosinus trichosporium OB3b, Methylo-

coccus capsulatus, and Methylosinus sporium)
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isolated from landfill soil resulted in methanol

concentration of 220 mgmethanol/L (Han et al. 2013).

Recently, a mixed culture dominated by type I

methanotrophic was enriched from waste activated

sludge and used for methanol production. The attained

methanol productivity was equal to 2110 mg/L/day

which is comparable to the pure cultures (AlSayed

et al. 2018). It is noteworthy to mention that the

highest methanol productivities in pure and mixed

cultures were obtained using type I methanotrophs

(AlSayed et al. 2018; Hur et al. 2017). This can be

elucidated by type I methanotrophs higher growth

rates and methane uptake rates, as discussed before.

• Nutrients

As mentioned before, copper is a crucial nutrient for

pMMO and sMMO expression regulation. Therefore,

methanol productivity increased with copper addition.

It was reported that concentration ranging from 1 to

5 lM Cu2? would notably increase methanol produc-

tion. However, it was found that copper concentrations

higher than 10 lM inhibited both the methanol

production and bacterial growth. Also, addition of

10 lM iron in the culturing medium resulted in an

enhanced methanol production due to its positive

effect on MMO activity (Furuto et al. 1999; Pen et al.

2014; Sheets et al. 2016). Interestingly, it was found

that the addition of both 10 lM Fe and 5 lM Cu

doubled methanol production of M. sporium (Patel

et al. 2016c). Furthermore, it was found that methanol

concentrations increased by 60% after nutrients addi-

tion which can be referred to their effect on the cellular

activity and enzymes expression (AlSayed et al.

2018).

• Headspace composition

Theoretically, 1 mol of methane and 1 mol of oxygen

are required to produce 1 mol of methanol. However,

the reported values for methane to oxygen ratio in the

headspace always deviates from the theoretical ratio

(Ge et al. 2014). This deviation can be referred to the

limitation of oxygen and methane mass transfer and/or

further methanol oxidation (Hur et al. 2017). Methane

concentrations used in the previous studies varied

from 20 to 80% (Bjorck et al. 2018; Hwang et al.

2014). It was reported that increasing methane
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concentration up to 50% leads to higher methanol

production, especially, at incubation times longer than

24 h (Patel et al. 2016c, 2017). A recent study showed

that further increase in methane, up to 80%, leads to

higher methanol productivity and methane uptake rate

(AlSayed et al. 2018).

In WWTPs, anaerobic digesters (ADs) are the

methane factories which generate methane along with

other gases such as CO2 and H2S forming the biogas.

Typically, biogas consists of 50–80% of methane,

20–50% of carbon dioxide, up to 2% of H2S, and other

trace impurities such as NH3 and siloxanes (Lebrero

and Chandran 2017). Interestingly, raw biogas from

commercial scale AD system was efficiently used for

methanotrophic microbial growth and methanol pro-

duction (Sheets et al. 2016). In agreement, Patel et al.

found that the presence of carbon dioxide with

concentrations up to 20% resulted in increasing

methanol concentrations from 3.86 to 4.35 mM in

comparison with pure methane (Patel et al. 2016a).

Elucidating this increase, Xin et al. has demonstrated

that carbon dioxide with concentrations up to 40% can

inhibit the MDH and trace methanol concentrations

was accumulated (Xin et al. 2004a). Methyloculdum

sp. SAD2 strain isolated from commercial scale AD

tolerates up to 500 ppm of H2S and convert methane

into methanol with conversion ratios comparable to

the pure methane (Zhang et al. 2016). Collectively, it

can be concluded that the main components of

biogas—other than the methane—either have limited

influence or enhance methanotrophs growth or

methanol production.

The presence the hydrogen gas (H2) in the head-

space was reported to enhance methanol production.

Patel et al. reported that the use of biohythane, a

mixture of CH4 60–70% (v/v) and H2 10–15% (v/v),

enhanced methanol production by 1.9-fold in com-

parison with pure methane as a feed. The mechanism

of H2 positive effect has not been confirmed yet,

however, it was proposed that methanotrophs utilize it

as source of reducing power for NADH generation

(Patel et al. 2016a, 2017).

• MDH inhibition

Methanol oxidation is catalyzed by the PQQ linked

MDH, as shown in Eq. (4), in which cytochromes-c

are utilized as the electron carriers to the terminal

oxidase (Chistoserdova and Lidstrom 2013a). Only

trace methanol concentrations can be observed unless

methanol oxidation is inhibited. The most common

strategy used for MDH inhibition is the addition of

chemicals inhibitors including; phosphate, NaCl,

cyclopropanol, EDTA, MgCl2, and NH4Cl (Hwang

et al. 2014). Such inhibitors were used either sepa-

rately or combined in order to inhibit MDH activity.

Methanol accumulation not only depends on MDH

inhibition but also MMO activity which controls the

methane oxidation rate. For instance, NH4Cl was

found to inhibit both MMO and MDH activity

resulting in lower methanol yields, even though high

methane to methanol conversion ratio was attained.

This low methanol yield is due to the decline in the

methane uptake rate caused byMMO partial inhibition

(Han et al. 2013; Yoo et al. 2015). As discussed before,

it is suggested that MDH supplies MMO with the

electrons needed for methane hydroxylation (Ka-

lyuzhnaya et al. 2015). Hence, it was reported that

the optimum MDH relative activity should be in the

range of 50% (Takeguchi et al. 1997). Further MDH

inhibition would be associated with a decline in MMO

activity, and by consequence, limited methane

hydroxylation (Takeguchi et al. 1997). Furthermore,

full MDH inhibition would fully eliminate any cellular

carbon assimilation and energy generation.

Cyclopropanol with an optimum concentration of

0.67 lM was reported as the most efficient MDH

inhibitor. At this concentration, MDH activity is

inhibited by 50% while decreasing the MMO activity

by 5.2% only, as shown in Table 3 (Furuto et al.

1999; Takeguchi et al. 1997). However, cyclo-

propanol is not commonly used due to its instability

under aerobic conditions and difficulty in prepara-

tion. Moreover, it is an irreversible inhibitor as it

produces a stable compound from the interaction

with the free and MDH-linked PQQ (Ge et al. 2014;

Kim et al. 2010).

Furthermore, high salts concentrations (i.e., NaCl,

NH4Cl and phosphate) can disrupt electrons transport

between PQQ and cytochromes-c decreasing the

MDH activity (Ge et al. 2014). NH4Cl is not

commonly used due to its inhibitory effect on MMO

activity, as shown in Table 3 (Kim et al. 2010; Yoo

et al. 2015). On the other hand, NaCl is an advanta-

geous inhibitor due to its stability, abundance and low

cost. It was reported that 200 mM of NaCl is the

optimum concentration for methanol production (Lee

et al. 2004). However, it was observed that NaCl
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concentrations higher than 100 mM distorts the cell

morphology. Thus, it is recommended to use combi-

nation of NaCl and other inhibitors such as EDTA to

eliminate the cell distortion effect (Lee et al. 2004).

Interestingly, EDTA addition resulted in approxi-

mately 1.8 times higher methanol concentration in

Table 3 Methanol dehydrogenase inhibitors

Inhibitor Species Optimum

concentration

MDH

relative

activity

(%)

MMO

relative

activity

(%)

Conv.

efficiency

(%)

References

Cyclopropanol M. trichosporium 0.67 lM 51 95 61 Furuto et al. (1999), Takeguchi

et al. (1997)

NH4Cl M. sporium 40 mM 46 70a 90 Yoo et al. (2015)c

consortium 40 mM 55 70a 80 Han et al. (2013)c

EDTA M. trichosporium 0.5 mM 85 ND 57b Hwang et al. (2015)

M. sporium 50 lM 76 95 48 Yoo et al. (2015)c

consortium 50 lM 65 95 45 Han et al. (2013)c

NaCl M. trichosporium 100 mM 75 80 ND Kim et al. (2010), Lee et al. (2004)

M. trichosporium 200 mM 45 70 ND Kim et al. (2010), Lee et al. (2004)

consortium 100 mM 25 40 80 Han et al. (2013)c

NaCl ? EDTA M. trichosporium 100 ? 1 mM ND ND ND Kim et al. (2010), Pen et al. (2014)

Phosphate M. trichosporium 100 mM 90 ND 51 Hwang et al. (2015)

M. sporium, M.

tundrae

100 mM 83 ND ND Mardina et al. (2016), Patel et al.

(2016c)

M. sporium 40 mM 72 95 55 Yoo et al. (2015)c

consortium 40 mM 60 80 58 Han et al. (2013)c

M. bryophila 100 mM 80 ND ND Patel et al. (2016b)

Strain 14B 100 mM ND ND ND Sheets et al. (2016)

Phosphate ? MgCl2 M. trichosporium 80 mM ? 5 lM 20 84 ND Mehta et al. (1987)

M. trichosporium 400 ? 10 mM ND ND 64 Duan et al. (2011)d

M. bryophila, M.

tundraee
100 ? 50 mM 66 ND ND Mardina et al. (2016), Patel et al.

(2016b)

M. sporiume 100 ? 20 mM 65 ND ND Patel et al. (2016c)

Phosphate ? NaCl M. bryophila, M.

tundraee
100 ? 50 mM 68 ND ND Mardina et al. (2016), Patel et al.

(2016b)

M. sporiume 100 ? 80 mM 70 ND ND Patel et al. (2016c)

Phosphate ? EDTA M. bryophila, M.

tundraee
100 ? 10 mM 52 ND ND Mardina et al. (2016), Patel et al.

(2016b)

M. sporiume 100 ? 1 mM 60 ND ND Patel et al. (2016c)

Phosphate ? NH4Cl M. bryophila, M.

tundraee
100 ? 0.1 mM 74 ND ND Mardina et al. (2016), Patel et al.

(2016b)

M. sporiume 100 ? 15 mM 73 ND ND Patel et al. (2016c)

asMMO activity
bHigher results achieved in optimized conditions
cWithout formate addition
dHigh cell density
ePhosphate and MgCl2 was the highest in methanol production
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comparison with using NaCl only (Kim et al. 2010;

Pen et al. 2014).

Phosphate is the most commonly used MDH

inhibitor with concentrations ranging from 40 to

100 mM. It is considered to be uncompetitive and

reversible (Bjorck et al. 2018; Lebrero and Chandran

2017). As presented in Table 3, phosphate is usually

used in combination with other inhibitors such as

EDTA and MgCl2 due to the notable decline in MMO

activity at phosphate concentrations above 100 mM

(Mardina et al. 2016; Takeguchi et al. 1997). Even

though MgCl2 inhibitory mechanism is still unknown,

various studies observed that the addition of MgCl2
with concentrations ranging from 5 to 20 mM to

phosphate buffer significantly enhance methanol

yields (Duan et al. 2011; Ge et al. 2014). On the other

hand, the addition of 50 lM–1 mM of EDTA to

phosphate buffer yields higher methanol concentra-

tions. It decreases the MDH activity by blocking the

electron transfer to the cytochrome-c as it binds to the

cytochrome-binding area in the MDH (Ge et al. 2014;

Han et al. 2013). As shown in Table 3, EDTA had

higher inhibitory effect on the MDH activity. How-

ever, it was reported that MgCl2 addition to phosphate

results in higher methanol concentrations in compar-

ison with EDTA. This can be elucidated by the fact

that EDTA has negative effect on MMO due to its

chelation effect on the MMOmetal ions. Whereas, Mg

ions support MMO activity and the methanotrophic

cell growth (Mardina et al. 2016; Patel et al. 2016c;

Sheets et al. 2016).

As a cost effective MDH inhibition alternative, Xin

et al. reported that the presence of high carbon dioxide

concentrations can partially inhibit MDH activity

while the other electrons producing steps still occur-

ring. However, the maximum achieved methanol

production rate was too low (0.1 mg/L/h) (Xin et al.

2004a).

• Electron donor

As previously illustrated, methanol accumulation

should be associated with external addition of a

reducing power source. Theoretically, two electrons

(1 mol of NADH) are needed to produce 1 mol of

methanol. Both formaldehyde and formate can be

added as reducing power source. However, formalde-

hyde is toxic and has inhibitory effects on the

methanotrophic activity. Hence, most of studies were

adding formate for simultaneous methane uptake and

methanol production (Bjorck et al. 2018). Wide range

of formate concentrations (from 14.3 to 120 mM of

sodium formate) were reported as the optimum

concentration for methanol production (Bjorck et al.

2018; Ge et al. 2014). Interestingly, Sheets et al.

mentioned that excessive formate addition resulted in

methanol accumulation with productivities up to

(500–1000 mg/L/day) without adding any MDH

inhibitors. It was referred to the higher activity of

FDH than MDH resulting in a higher production rate

of reducing power (Sheets et al. 2016). On the other

hand, methanol was successfully accumulated for

about 24 h without formate addition. However, the

production rate was low and a sharp decline was

noticed after 24 h (Han et al. 2013; Yoo et al. 2015).

These reports suggest that methanotrophs can utilize

other electron donors such as lipids.

Unfortunately, the addition of sodium formate is

not economically feasible at the commercial scale.

Therefore, alternative strategies should be investi-

gated such as generating electrons electrochemically

or using facultative methanotrophs. Interestingly, Xin

et al. used PHB as a reducing power reserve while

converting carbon dioxide (not methane) into metha-

nol. After 144 h, cells with 38.6% of PHB produced

3 mg/L methanol without losing its vitality (Xin et al.

2007). Even though low methanol yield was observed,

employing PHB as an electron donor is shown to be

viable. The low methanol yield can be resolved by the

use of methane instead of carbon dioxide and by

applying more efficient MDH inhibition strategy.

• Cell density

Biomass density has contradictive results on its effect

on methanol accumulation (Ge et al. 2014). Some

studies reported that the optimum cell density of M.

trichosporium is 3000 mg/L, while a decline in

methanol accumulation was noticed with further

increase in the cell density (Mehta et al. 1991; Xin

et al. 2007, 2004b). In contrast, Takeguchi et al. (1997)

found that the maximum methanol accumulation

occurred at cell density as low as 35 mg/L. Whereas,

Lee et al. (2004) reported the peak accumulation at a

cell density of 600 mg/L. Other studies using M.

tundrae (Mardina et al. 2016) andM. bryophila (Patel

et al. 2016b) reported an increase by 1.35 and 1.5 times

in methanol concentrations while increasing the cell
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density from 1.5 to 9 and 3 to 18 g/L, respectively. The

aforementioned studies were performed using differ-

ent bioreactor configurations, gases delivery tech-

niques, and shaking speeds which can elucidate the

contradicted results. At high cell density, Duan et al.

used 5% paraffin oil to eliminate the mass transfer

negative effect and higher concentration of MDH

inhibitors. Methanol concentration as high as

1130 mg/L was achieved by increasing the M.

trichosporium at cell density of 17,000 mg/L (Duan

et al. 2011). These results suggest that increasing cell

density should be accompanied with an increase in

methane concentration, MDH inhibitors, and over-

coming mass transfer limitation. However, it is

noteworthy that, in all reports, the specific methanol

productivity decreases with the biomass increase

(Bjorck et al. 2018). Therefore, it can be concluded

that enhancements in the bioreactor engineering are

still needed to achieve higher methanol concentrations

at higher biomass densities.

Accordingly, the suggested conditions for methanol

production using methanotrophs are illustrated in

Table 4.

3.2 PHB production by methanotrophs

Methanotrophs can convert biogas to a biodegradable

polymer PHB from the PHA family. Therefore, these

microorganisms can combine the need for biogas

emissions remediation and a cheaper feedstock to

produce bioplastics which is one of the main dragging

forces to the mass production of biopolymers and

contribute to 30–50% of the production cost (Khos-

ravi-Darani et al. 2013). Methanotrophs can convert

methane aerobically to PHB under unbalanced growth

conditions, deficiency or limitation of essential nutri-

ents i.e., nitrogen and phosphorus prevent their

cellular growth and force them to store PHB as

intracellular granules (Karthikeyan et al. 2015). Fig-

ure 5 shows a suggested schematic diagram for the

cycle of PHB production using biogas. After extract-

ing the accumulated PHB inside the bacterial cell, it

can be either used as it is or combined with other

polymers to get a desired product.

3.2.1 Mechanism of PHB production

in methanotrophs

Under balanced conditions when all the essential

nutrients are available, methanotrophs proceed to

TCA cycle to obtain their energy needs. While under

Table 4 Suggested

conditions for methanol

production

Factor Value

pH 6.4:7

Temperature (�C) 25:35

Gas to liquid ratio 5:1

Methane to Oxygen ratio 1:1–1:4

Carbon dioxide concentration Up to 40%

Hydrogen sulfide concentration Up to 50 ppm

Reaction Medium

Nutrients

Copper 1:5 lM

Iron 10 lM

Inhibitors

Sodium phosphate 100 mM

Magnesium chloride 20:50 mM

Electron Donor

Sodium formate 20:40 mM

Cell density Not confirmed

Maximum methanol concentration 10 mM

Average methane to methanol conversion efficiency (%) 40–70%
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unbalanced conditions when one or more nutrients are

not available, they switch to the PHB cycle to provide

the energy required for the cell maintenance i.e.,

survival in this case. Acetyl-CoA plays the interme-

diate role under limited conditions; it is the first entry

to the PHB cycle with the aid of some specific

enzymes. Firstly, Acetyl-CoA is converted to Ace-

toacetyl-CoA through the enzyme b-ketothiolase
encoded by PhaA gene that is then reduced to b-
hydroxybutryl-CoA by the enzyme Acetoacetyl-CoA

reductase encoded by PhaB gene. PHB synthetase

enzyme encoded by PhaB gene, which is a poly-

merase, starts to form PHB from b-hydroxybutryl-
CoA. The second part of the cycle includes the enzyme

PHB depolymerase encoded by PhaZ gene that

depolymerizes PHB granules formed to

hydroxybutrate monomers. Secondly, acetoacetate is

formed with the aid of b-hydroxybutyrate dehydroge-
nase which is then converted to Acetoacetyl-CoA by

Acetoacetate succinyl-CoA transferase to complete

the cycle (Chidambarampadmavathy et al. 2015;

Zhang et al. 2009). Figure 6 illustrates the pathway

for the PHB cycle in methanotrophs.

As described above, Acetyl-CoA is crucial for the

PHB cycle and most probably can be produced only

through the serine pathway (Babel 1992). Moreover,

the RuMP pathway does not proceed a complete TCA

cycle to obtain energy from Acetyl-CoA (Karthikeyan

et al. 2015) which supports the hypothesis that PHB

accumulation is exclusive to type II methanotrophs.

Moreover, the consumption of the accumulated PHB

generates the reducing equivalent NAD(P)H? which
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is utilized in methane oxidation as a survival mech-

anism. As previously mentioned, sMMO is mainly

found in type II methanotrophs and only use the

NAD(P)H? as reducing equivalents for the methane

oxidation step. Accordingly, several strains from type

I and type II methanotrophs were tested for the

existence of PhaC ‘‘PHB polymerase’’. Only type II

strains possess this gene confirming the conclusion of

their exclusiveness for PHB accumulation (Pieja et al.

2011a).

While some mixed cultures can grow using the

stored biopolymers when other carbon sources were

missing (Ciğgin et al. 2007; Dircks et al. 2001; Majone

et al. 1998), PHB was assumed to function as a carbon

source for methanotrophs growth under the limited

conditions (Chistoserdova and Lidstrom 2013b;
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Sipkema et al. 2000). However, experimental studies

revealed that PHB is not produced at methane absence,

showing that PHB cannot be used as a sole carbon

source. Thus, PHB can be used only as a source of

reducing equivalents for the methane uptake and its

conversion to methanol (Pieja et al. 2011b).

3.2.2 Optimization of growth and PHB accumulation

in type II methanotrophs

Since PHB accumulation is likely limited to type II

methanotrophs, previous studies focused mainly on

two targets, the factors affecting type II growth and

conditions enhancing their PHB accumulation capa-

bility. Accordingly, pure culture studies were con-

ducted to understand the effect of different nutrients

concentrations on the growth of these bacteria and

their role in type II metabolism while fewer studies

considered mixed cultures. In the following section,

we will discuss some of the reported factors affecting

the growth and PHB accumulation of different type II

methanotrophic strains.

• Nitrogen source

Nitrogen limitation was one of the most discussed

conditions for PHB accumulation by methanotrophs.

Moreover, it was concluded that the nitrogen limita-

tion choice can be an effective parameter for long-

term productivity of PHB in mixed cultures (Myung

et al. 2015a). However, contradictive data are avail-

able for the optimum choice of nitrogen source to

maximize the bacterial growth and enhance their PHB

accumulation capacity.

Type II strains have different responses to the

nitrogen source available in the growing medium. The

strainMethylosinus trichosporium OB3b accumulated

50% PHB after nitrogen depletion in a nitrate salt

medium with an initial concentration of 20 mmol

(Shah et al. 1996). In another study, the same strain

accumulated 38% PHB in nitrogen limited conditions

after growing in a medium with initial nitrate concen-

tration of 10 mmol (Pieja et al. 2011a). Using

ammonium as a nitrogen source with an initial

concentration of 10 mmol resulted in only 13% PHB

accumulation, while switching to nitrogen gas

increased the PHB accumulation to 45% (Rostkowski

et al. 2013). When both nitrate and ammonium were

used with concentrations of 10 and 8 mmol,

respectively, PHB accumulation reached 30% (Doron-

ina et al. 2011).

On the other hand, Methylocystis parvus OBBP

accumulated 60% PHB after growing on ammonium

and transferred to nitrogen limited conditions (Rost-

kowski et al. 2013) compared to 36% accumulation

when it was growing using nitrate as nitrogen source

(Pieja et al. 2011a). The strain Methylosinus tri-

chosporium IMV3011 accumulated 47% PHB after

growing on both ammonium and nitrate as nitrogen

sources with initial concentration of 16 and 10 mmol

respectively (Song et al. 2012). In addition, Methylo-

cystis hirsuta accumulated up to 51% PHB after

growing on 13 mmol ammonium then transferred to

deficiency conditions (Rahnama et al. 2012).

In mixed culture consortium, an enrichment dom-

inated by the Methylocystis GB25 strain accumulated

51% PHB under ammonium deficiency conditions

(Wendlandt et al. 2001). Another enrichment growing

on nitrogen gas prior to nitrogen limitation accumu-

lated 43% PHB and this enrichment was dominated by

theMethylocystis andMethylosinus genus (Pieja et al.

2011a). Also, an enrichment dominated by Methylo-

cystis genus and growing on 13.5 mmol ammonium

accumulated 39% PHB in nitrogen limitation condi-

tions (Myung et al. 2015a). Recently, a new nitrogen

source was introduced to a mixed consortium of PHB

producing methanotrophs, which is urea. Urea is

gradually converted to ammonium decreasing its toxic

effect and then can be utilized by methanotrophs

resulting in 39% PHB accumulation under deficiency

conditions (Sundstrom and Criddle 2015).

All of the previous studies especially on mixed

cultures revealed that when nitrate was chosen as

nitrogen source biomass density was higher. However,

the PHB production was less due to the invasion of the

non-producing PHB type I methanotrophs. Contrarily,

growth on ammonium produced higher level of PHB

at the expense of the biomass (Criddle et al. 2015a).

This can be referred to the toxicity produced by the

hydroxylamine resulting from the co-oxidation of

ammonium. Interestingly, type II methanotrophs have

higher resistance to ammonium toxicity. Based on

these data, a new strategy was developed on a mixed

culture from an activated sludge where the mixed

culture firstly grew on ammonium as a selection for the

PHB producing microorganisms and then transferred

to grow on nitrate to increase their biomass density.

These microorganisms mainly composed of type II
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methanotrophs accumulated about 40% PHB. This

strategy appears to be successful, however, some

modification can be applied to increase the PHB

productivity including the optimization of nitrogen

concentrations (Criddle et al. 2015b).

• Phosphorus

Phosphorus concentration affects both type II growth

and their PHB accumulation. A concentration of

2–25 mmol is needed to maintain the sMMO activity

(Bowman and Sayler 1994). Whereas, concentrations

above 40 mmol completely inhibited the growth of

Methylosinus trichosporium OB3b (Park et al. 1991).

On the other hand, phosphorus deficiency resulted in

higher PHB accumulation values. Methylocystis

parvus OBBP accumulated 31% PHB in a phosphorus

deficient modified medium containing 0.12 mmol

compared to 18% PHB in a control medium with

phosphorus concentration of 2.9 mmol (Sundstrom

and Criddle 2015). In addition, under phosphorus

deficiency conditions, PHB accumulation reached

46% in an enrichment dominated by theMethylocystis

GB25 strain (Wendlandt et al. 2001). Moreover,

decreasing phosphorus concentrations from 7.3 to

5.7 mmol increased PHB accumulation from 16 to

26.5% by Methylosinus trichosporium IMV3011

strain (Zhang et al. 2008).

• Copper

Similar to nitrogen, contradictive data is reported for

the effect of copper on the PHB accumulation capacity

for different strains. In a study on Methylosinus

trichosporium OB3b, bacteria accumulated 42%

PHB in a copper free medium while accumulating

50% PHB in a medium supplemented with 10 lm
copper (Shah et al. 1996). On the other hand, PHB

accumulation for Methylocystis parvus OBBP

increased from 18 to 49% when copper concentration

was decreased from 15 to 5 lm (Sundstrom and

Criddle 2015). In a study on the combined effect of

nitrogen source and copper on the growth rates and

PHB accumulation of theMethylosinus trichosporium

OB3b strain, it was found that the highest growth rate

was achieved while the bacteria was growing on

ammonium in a copper free medium and accumulated

25% PHB under limited conditions. On the other hand,

switching to nitrate with 5 lm copper relatively

decreased the growth rate but the PHB accumulation

reached 51% (Zhang et al. 2017b).

• Other nutrients

Most of the used media for the cultivation of

methanotrophs had iron concentrations ranging from

6 to 20 lm (López et al. 2014; Sundstrom and Criddle

2015; Zhang et al. 2008). In addition, it was found that

relatively higher iron concentrations ranging from 40

to 80 lm supports sMMO activity (Park et al. 1991).

However, increasing iron concentration from 4.6 to

60 lm during nitrogen limited conditions declined the

PHB accumulation ofMethylocystis hirsuta from 28 to

19% due to copper existence in the culturing medium

(Garcı́a-Pérez et al. 2018). Moreover, iron deficiency

did not result in high PHB accumulation (11%) in an

enrichment dominated by the Methylocystis GB25

strain while sulphur deficiency resulted in 33% PHB

accumulation (Helm et al. 2008).

On the other hand, magnesium and potassium

deficiency resulted in a PHB accumulation of 28 and

34% respectively (Wendlandt et al. 2005). Decreasing

potassium concentration from 0.58 to 0.09 mmol

increased PHB accumulation from 18 to 28% in

Methylocystis parvus OBBP strain while Methylocys-

tis hirsuta accumulated 12.5% PHB under potassium

limited conditions (Garcı́a-Pérez et al. 2018). In

addition, when calcium concentration was decreased

to 7.2 lm PHB accumulation was doubled to reach

39% inMethylocystis parvusOBBP strain (Sundstrom

and Criddle 2015). Moreover, sMMO activity was

significantly affected when 1 mmol of zinc was added

to the medium and completely stopped by 0.01 mmol

of mercury (Grosse et al. 1999).

• Temperature and pH

Most of the studies were carried out in temperature

ranging from 20 to 40 �C and rarely discussed the

effect of temperature on biomass yields and PHB

accumulation. However, pMMO activity declined

sharply after 45 �C in a study on the Methylosinus

trichosporium OB3b strain (Takeguchi and Okura

2000) while sMMO activity decreased at temperatures

above 30 �C (Park et al. 1991).

Regarding the pH, most of the studies used

culturing medium having a pH ranging from 6 to 7.

However, it was reported that increasing the medium

acidity was one of the conditions that favored the PHB
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accumulation of type II methanotrophs. The acidic

medium increased the dissolution of CO2 in the

culturing medium which can be employed as an input

for the serine cycle (Pieja et al. 2011a).

• Methane and oxygen

At high oxygen levels the rate of methanol to

formaldehyde may increase leading to the inhibition

of the whole metabolic reaction (Costa et al. 2001). In

a study on the effect of oxygen partial pressure on

biomass growth and PHB accumulation, the maximum

PHB accumulation for Methylosinus trichosporium

OB3b was 45% at 0.2 atm., while Methylocystis

parvus OBBP accumulated 60% PHB at 0.3 atm. On

the other hand, The maximum biomass yield was

observed at 0.4 atm. (Rostkowski et al. 2013). While

in another study on the combined effect of the oxygen

partial pressure and the methane to oxygen ratio in a

methanotrophic mixed culture, the maximum PHB

content for cultures grown at 0.1 atm was achieved

when the methane to oxygen ratio was 1:1. Changing

this ratio had a negative effect on the amount of PHB

accumulated by almost 25%. However, for cultures

grown at an oxygen partial pressure of 0.2 atm,

increasing the methane to oxygen ratio up to 3:1 did

not have a significant effect and the PHB accumulation

reached 45%. Contrarily, decreasing the methane to

oxygen ratio to 1:3 declined the PHB accumulation to

37% (Zhang et al. 2017a). Therefore, the suggested

growth conditions for targeting type II methanotrophs

are illustrated in Table 5.

3.2.3 Molecular weight of extracted biopolymers

The molecular weight of the PHB accumulated in type

II methanotrophs is mainly regulated by the combined

effect of the PHB synthetase and depolymerase

enzymes activity (Song et al. 2012). In addition, under

nutrient deficiency conditions the activity of these

enzymes increases while increasing the molecular

weight of the PHB accumulated (Wendlandt et al.

2001; Xin et al. 2013). Addition of inhibitors to the

TCA cycle induced the PHB cycle and resulted in

higher PHB accumulation with higher molecular

weight during the nutrient deficiency conditions (Song

et al. 2012; Zhang et al. 2008). Table 6 shows the

molecular weight of accumulated PHB corresponding

to different nutrient deficiency conditions or addition

of some organic acids (inhibitors for the TCA cycle).

3.2.4 Biomass and PHB yields

Most of the studies reported the PHB yields under

nitrogen limitation condition only. However, other

studies reported biomass yields and PHB yields under

different nutrients deficiency conditions rather than

nitrogen. Table 7 shows different values for the PHB

Table 5 Suggested conditions for selecting type II methanotrophs in a mixed culture

Scenario A B C D

Nitrogen source Nitrogen gas Ammonium Ammonium ? Nitratea Nitrogen ? Nitratea

Nitrogen source concentration

(mmol)

– 5–10 5–10 (Phase I)

10–20 (Phase II)

10–20 (Phase II)

CH4:O2 Oxygen partial pressure below

0.2 atm

1:1–1.5 1:1–1.5 1:1–1.5

Copper (lmol) Zero Zero Zero (Phase I)

5–15 (Phase II)

Zero (Phase I)

5–15 (Phase II)

Phosphorus (mmol) 2–25 to support sMMO activity during NH4 or N2 stages

Iron (lmol) 40–80 lmol to support sMMO activity during NH4 or N2 stages

pH 5–6

Temperature (�C) 20–30

PHB accumulation Under nitrogen limited conditions

aGrowth stage is divided into two phases; a nitrogen gas or ammonium growth phase (Phase I) for type II selection followed by a

nitrate growth phase (Phase II) to increase the final biomass density
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yields reported in different studies for some type II

strains. On the other hand, fewer studies reported the

biomass yields for their experiments, generally,

biomass yield ranged from 0.4 to 0.8 gDCW/gCH4

(Myung et al. 2015a; Pfluger et al. 2011; Pieja et al.

2012; van der Ha et al. 2012a, b).

3.2.5 Growth rates

As all other parameters, methanotrophs growth rate is

affected by the cultivation conditions as pH, copper

and nitrogen source. When the pH of the copper free

growing medium was increased from 6 to 8.5 the

specific growth rate of Methylosinus trichosporium

OB3b decreased from 0.087 to 0.039 h-1 (Park et al.

1991). On the other hand, the specific growth rate for

the same strain was 0.07, 0.095 and 0.0083 h-1 at

copper concentrations of 0.21, 1.25 and 20 lmol,

respectively (Takeguchi and Okura 2000). For the

strain Methylocystis parvus OBBP reducing copper

concentration from 15 to 5 lmol increased the specific

growth rate from 0.065 to 0.08 h-1 (Sundstrom and

Criddle 2015). Compared to other nitrogen sources,

nitrogen gas resulted in the slowest growth rates for

type II methanotrophs. In a study on theMethylosinus

trichosporium OB3b strain, the growth rate was

0.015 h-1 during nitrogen gas growth compared to

0.11 h-1 while growing on ammonium under the same

conditions. However, in terms of PHB accumulation,

the bacteria grown on both nitrogen sources could

Table 6 Effect of different

conditions on the molecular

weight of the extracted

biopolymer

Condition PHB% MW (Da) 9 106 References

Addition of 0.3 g/L citric acid 50.7 1.79 Song et al. (2012)

Addition of 0.2 g/L malic acid 55.6 1.83

Addition of 0.3 g/L sodium acetate 55.1 1.81

Addition of 0.3 g/L citric acid 40 1.5 Zhang et al. (2008)

Ammonium deficiency 3 1 Xin et al. (2013)

Magnesium deficiency 27 1.1

Nitrate deficiency 24 1.3

Phosphorus deficiency 18 1.2

Phosphorus deficiency 51 2.51 Wendlandt et al. (2005)

Sulfur deficiency 32.6 2.46 Helm et al. (2008)

Potassium deficiency 33.6 3.1

Iron deficiency 10.4 1.81

Ammonium deficiency 51.3 2.5 Wendlandt et al. (2001)

Table 7 PHB yield for different strains of type II methanotrophs

Strain PHB yield (g PHB/g CH4) Accumulation condition References

Methlocystis GB25 0.4 Sulfur deficiency Helm et al. (2008)

0.45 Potassium deficiency

0.22 Iron deficiency

0.52 Ammonium deficiency Wendlandt et al. (2001)

0.55 Phosphorus deficiency

0.37 Magnesium deficiency

Methylocystis parvus OBBP 0.34 Nitrogen limitation Pieja et al. (2011b)

Methylobacterium Organophilum CZ-2 0.43 Nitrogen limitation Zúñiga et al. (2011)

Mixed culture dominated by type II 0.4 Nitrogen limitation Myung et al. (2015a)

Methylocystis sp. WRRC1 0.67 Nitrogen and copper limitation Cal et al. (2016)
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accumulate up to 40% PHB under nutrient limited

conditions (Zhang et al. 2017b). This slow growth rate

can be contributed to the oxygen sensitivity of the

nitrogen fixing genes for type II methanotrophs as

increasing the oxygen partial pressure from 0.1 to

0.2 atm. decreased the growth rate of Methylosinus

trichosporium OB3b from 0.24 to 0.06 h-1 (Rost-

kowski et al. 2013). Table 8 illustrates some of the

recorded growth rates for different type II strains in

correspondence to the nitrogen source.

3.2.6 Bioreactor configuration

An effective bioreactor configuration for scaling up

PHB production from methanotrophs has some chal-

lenges to overcome. First, mixing two flammable

gases oxygen and methane safely without affecting the

overall performance of the bioreactor. Secondly,

enhance the methane delivery to the microorganisms

due to the low methane solubility which has been

discussed earlier in the methane solubility sec-

tion. Thirdly, minimizing the power requirements

and operational costs. Lastly, achieving a sustainable

capability of maintaining the growth of type II

methanotrophs with a stable PHB accumulation.

Production of PHB through methanotrophs occurs in

two stages, a growth phase and a PHB accumulation

phase. These two phases can take place in the same

reactor or separately where PHB accumulation is

expected to take place at the end of the logarithmic

growth phase and the beginning of the stationary

phase.

Bioreactors with different configurations tested the

ability of type II methanotrophs for PHB accumulation

while predicting the optimum mode of operation. For

instance, Methylosinus trichosporium OB3b accumu-

lated 45% PHB after 160 h in a copper free medium.

While, a PHB content of 50% was achieved in a

medium supplemented with 10 lmol copper after

120 h when the growth and PHB accumulation phases

were simultaneously occurring in a stirred tank reactor

(Shah et al. 1996). Moreover, PHB accumulation

reached 51% after 24 h under deficiency conditions in

a pressure bioreactor operated in a continuous mode

during the growth phase and in a batch mode in the

PHB phase using a methane-utilizing mixed culture

(Wendlandt et al. 2001). In an attempt to deduce the

optimum operating mode for PHB producing methan-

otrophs in a sequencing batch reactor having a 24 h

cycle duration, an increase in the PHB production

trend was observed over time when cycles started with

8 h of methane limitation (Pieja et al. 2012).

On the other hand, Methylocystis hirsuta accumu-

lated 42.5% in a bubble column reactor under nitrogen

limited conditions when the growth phase and PHB

accumulation phase were separated using natural gas

(Rahnama et al. 2012). Upon modifying the bubble

column reactor configuration was with internal gas

recirculation, the same strain accumulated up to 35%

PHB during simultaneous growth and nitrogen limited

cycles while treating air emissions polluted with 4%

Table 8 Specific growth rates for different type II methanotrophs

Strain Nitrogen source l (h-1) References

Methylosinus trichosporium OB3b NO3 0.087 Park et al. (1991)

NO3 0.125 Park et al. (1992)

NO3 0.11 Shah et al. (1996)

NH4–NO3 0.16–0.19 Rostkowski et al. (2013)

Methylocystis parvus OBBP NO3 0.11 Pieja et al. (2011b)

NH4–NO3 0.11–017 Rostkowski et al. (2013)

N2 0.02 Zhang et al. (2017b)

NH4 0.06 Myung et al. (2016a)

NH4 0.053 Myung et al. (2016b)

NH4–NO3 0.06–0.08 Sundstrom and Criddle (2015)

Mixed culture dominated by type II NH4 0.04 Myung et al. (2015a)
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(v/v) methane (Garcı́a-Pérez et al. 2018). Table 9

summarizes the results obtained for bioreactors studies

under different conditions.

3.2.7 Co-polymers production by methanotrophs

While scaling up the biopolymers production process

using methanotrophs is still under research, thermal

and mechanical properties of the accumulated

biopolymers are taken into consideration for a wider

application. Unfortunately, PHB application can be

limited due to its low thermal stability as the melting

temperature for PHB (& 180 �C) is close to the

degradation temperature (& 200 �C) making it harder

in processing (Cal et al. 2016). Moreover, the stiffness,

brittleness and high crystallinity are considered from

the main drawbacks of PHB. PHB co-polymers can

provide a possible solution for the aforementioned

drawbacks. The incorporation of hydroxyvalerate

(HV) units to PHB results in the formation of the co-

polymer poly hydroxybutyrate-co-valerate PHBV

which has a lower melting temperature, crystallinity,

water permeability and enhanced mechanical proper-

ties (Strong et al. 2016). Properties of the produced co-

polymer PHBV mainly depends on the HV fraction.

For example, increasing the HV fraction from 3 to

25 mol% decreased the melting temperature from 170

to 137 �C (Lee 1996).

During the PHB accumulation phase, under nutrient

limited condition, a co-substrate is introduced to the

culturing medium such as citrate, propionate or

valerate yielding ketovaleryl-CoA which is then

Table 9 Comparison between different bioreactors used for PHB accumulation studies

Bioreactor configuration pH Temp.

(�C)
CH4:O2 or air Nitrogen source Biomass

density

(g/L)

PHB% References

5-L batch fermenter 6.8–7.2 30 1:3 Nitrate 18.6 50 Shah et al. (1996)

2-L batch fermenter 7 30 1:3 Ammonium and

Nitrate

20 30 Doronina et al.

(2011)

5-L fed batch fermenter 7 34 1:1 Ammonium and

Nitrate

2.7 47 Song et al. (2012)

70-L Pressure

bioreactors

5.7 38 pCH4 = 30%,

pO2 = 15%

Ammonium 25–65 51 Wendlandt et al.

(2005)

1-L Bubble column

bioreactor

7 30 1:1 Ammonium 2.9 42.5 Rahnama et al.

(2012)

2.5-L Bubble column

bioreactor with

internal gas

recirculation

7.3 25 Polluted air emission

(4% CH4)

EBRTa = 30 min

GRRb = 0.5 m3/

m3 min

Nitrate 4.5 40 Garcı́a-Pérez

et al. (2018)

1.4-L Vertical loop

bioreactor

7 30 1:1 Ammonium 1 51.6 Rahnama et al.

(2012)

0.5-L Jacketed stirred

tank reactors

7.2 25 Gas flow 0.4 L/min

CH4 conc. 2 g/m3

Nitrate 2.1 12.6 López et al.

(2014)

4-L Completely mixed

batch reactor

– – 1:1 Cyclic between

Ammonium and

Nitrate

3 39 Criddle et al.

(2015b)

4-L sequencing batch

reactor

– 30-32 1:4 (8 h)

1:1 (16 h)

Nitrate 2 20 Pieja et al. (2012)

15.2-L Fluidized bed

reactor

6.5–6.9 20-23 1:2.3 Nitrogen gas – 10 Pfluger et al.

(2011)

aEmpty bed residence time
bGas recycling rate
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converted into hydroxyvaleryl-CoA. The formed

hydroxyvaleryl-CoA combines with hydroxybutyrate

to form the PHBV polymers as illustrated in Fig. 7.

The accumulation of PHBV is linked to the methane

oxidation rate, moreover, it is prohibited in the

absence of methane. Methane oxidation rate increased

when valerate is added to the growing medium and

increased the energy requirements for methane oxi-

dation. The electron equivalent conversion fraction for

energy (fe) increased from 0.25 without valerate to

0.35 and 0.45 after addition of 100 and 400 mg/L

valerate respectively (Myung et al. 2015a) which can

be linked to the ATP required for the valerate uptake

(Myung et al. 2016a), as shown in Fig. 7.

Different co-substrates were tested for PHBV

production. Valerate achieved the highest results, on

the other hand, pentanol resulted in a decreased

methane uptake and PHBV yield (Cal et al. 2016). In

addition, valerate outcompeted propionate in the

incorporation of HV monomers and total co-polymer

production.

Valerate concentrations above 0.7% v/v showed an

inhibitory effect on HV incorporation and on PHBV

accumulation in general for the strain Methylocystis

Acetyl-CoA

Acetoacetyl-CoA

3-hydroxybutyryl-CoA

Fatty acid

Fatty acid-CoA

3-ketovaleryl-CoA

3-hydroxyvaleryl-CoA

CoA CoAe- e-

ATP

PHBV

Serine
cycle

O CH

CH3

CH2 C

O

O CH

CH2 CH3

CH2 C

O

n m

Fig. 7 Co-polymer production pathway in type II methanotrophs; the reaction between acetyl-CoA and fatty acid-CoA represented by

the dashed line occurs in case of propionate only
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sp. WRRC1. At high valerate concentrations PHB was

accumulated with 15% content only compared to 30%

PHB in the absence of valerate. On the other hand, at

0.34% v/v valerate, the PHBV accumulated was 60%

with 50% incorporated HV monomers. Furthermore,

eliminating copper from the PHBV accumulation

phase resulted in increasing biopolymer accumulation

to 78% with an HV content of 58% (Cal et al. 2016).

However, the inhibitory level of the added co-

substrate seems to be strain specific where the total

amount the biopolymer accumulated decreased after

concentration of 100 mg/L for both the strain Methy-

locystis parvus OBBP (Myung et al. 2016a) and

115 mg/L for Methylocystis hirsuta (López et al.

2018a). Table 10 shows results for PHBV production

using different methanotrophic strains.

Interestingly,Methylocystis parvus OBBP was able

to produce different biopolymers from the PHA family

when organic acids (co-substrates) including 3HB,

butyrate, valerate, hexanoate, and octanoate were

added during nitrogen limited conditions (Myung et al.

2017). The products were not only limited to PHB and

PHBV but also included P(3HB-co-4HB), P(3HB-co-

5HV-co-3HV) and P(3HB-co-6HHx-co-4HB). The

composition of the final PHA was controlled by the

number of carbon atoms and the existence and location

of hydroxyl group in the organic acid. This finding

opens a new insight towards the methanotrophic-based

production of biopolymers which can be devoted

towards different applications.

3.3 Nitrification and denitrification pathways

for methanotrophs

One of the interesting characteristics for methan-

otrophs is their flexible response towards different

nitrogen sources under different oxygen conditions.

Methanotrophs have the ability to nitrify and denitrify.

In this section, we will discuss the nitrification and

denitrification capability of methanotrophs as well as

the responsible enzymes discovered that facilitate

these processes.

Table 10 Results for PHBV accumulation under different substrates and co-substrates

Methanotrophs Substrate Co-substrate PHBV

content%

HV

content%

Biomass

density (g/L)

References

Mixed culture dominated by

Methylocystis sp.

Methane Valerate

100 mg/L

44 20 1.2 Myung et al. (2015a)

Methane Valerate

400 mg/L

30 39 1

Methylocystis parvus OBBP Methane Propionate

100 mg/L

32 8 1.25 Myung et al. (2016a)

Methane Valerate

100 mg/L

54 22 1.82

Methanol Valerate

100 mg/L

52 22 –

Formate Valerate

100 mg/L

58 15 –

M. trichosporium OB3b Methane Valerate

100 mg/L

50 20 1.72

Methylocystis hirsuta Biogas Valeric acid

(130 mg/L)

54 25 1.7 López et al. (2018a)

Methylocystis sp. WRRC1 Methane Valerate

0.34%

60 50 3 Cal et al. (2016)

Methane Valerate

0.34%a

78 58 3

aBiopolymer accumulation phase was conducted in a copper free medium
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3.3.1 Ammonia oxidation by methanotrophs

Under aerobic conditions methanotrophs share similar

properties with AOB, more specifically, the methane

monooxygenase enzyme ‘‘MMO’’ share some prop-

erties with the ammonia monooxygenase enzyme

‘‘AMO’’ in the reducing equivalent, inhibitor and

active sites, though ammonia can compete with

methane for the pMMO oxidation step (Stein and

Klotz 2011; Zhu et al. 2016). Ammonia oxidation

results in the formation of the toxic hydroxylamine.

Both types of bacteria oxidize the formed hydroxy-

lamine rapidly to nitrite, however unlike methan-

otrophs, AOBw have the ability to provide their

energy and cellular growth needs from the hydroxy-

lamine oxidation step (Nyerges and Stein 2009;

Soliman and Eldyasti 2016).

Although ammonia is mainly used by methan-

otrophs as a nutrient, ammonia oxidation by methan-

otrophs can inhibit their growth in two ways; first

through the competition with methane for pMMO,

secondly through the accumulation of the toxic

hydroxylamine and nitrite which inhibits the FDH

enzyme (Kits et al. 2015a). However, excess supple-

mentation of methane can mitigate the competition

effect of ammonia. More interestingly, some methan-

otrophs developed detoxification strategies to over-

come the inhibitory effects of hydroxylamine and

nitrite. However, genes expressed and enzymes

encoded are strain specific and do not follow the

known classification for methanotrophs i.e., type I and

type II.

Enzymes involved in ammonia oxidation pathway

in methanotrophs includes the hydroxylamine oxi-

doreductase enzyme (HAO) encoded by the haoAB

genes which oxidizes hydroxylamine to nitrite,

another enzyme having the same function which is

P460 enzyme (encoded by cyp(cytL)) was also

discovered in methanotrophs. In addition, ammonia

oxidation results in an increased activity for the cytS

gene encoding cytochrome-c which converts nitric

oxide to nitrous oxide.

Detoxification strategies is different between

methanotrophic strains. Hydroxylamine can be con-

verted to nitric oxide through the hydroxylamine

oxidoreductase enzyme that is furtherly converted to

nitrous oxide using the cytochrome-c. On the other

hand, some strains are capable of reducing hydroxy-

lamine back to ammonia as a detoxification

mechanism probably by a hydroxylamine reductase

enzyme (Dam et al. 2013). For nitrite detoxification, it

can be either converted to nitric oxide using NirK,

NirS and HaoA nitrite reductases and other unknown

enzymes or reduced back to ammonia through the

NirB assimilatory nitrite reductase (Campbell et al.

2011; Stein and Klotz 2011).

Although some methanotrophs can resist the

hydroxylamine and nitrite formed through ammonia

oxidation, at elevated levels of ammonia they would

not be able to handle it and the methane oxidation will

be inhibited. In a study on the inhibitory effects of

ammonium and nitrite on methane oxidation, two type

I methanotrophs (M. album and M. methanica) were

compared to another two type II methanotrophs

(Methylocystis sp. and M. sporium) at different

methane concentrations. All the strains were capable

of producing nitrite from ammonia except for M.

methanica. At low methane concentrations, ammonia

had a higher inhibitory effect on methane oxidation

than nitrite while at higher methane concentration the

inhibitory effects for both ammonium and nitrite were

somehow the same. Rates of methane oxidation were

equally inhibited at higher ammonium levels at all

methane concentration for the four strains tested

(Nyerges and Stein 2009). Despite M. methanica

could not produce nitrite from ammonia, ammonia had

similar inhibitory effects on its methane oxidation

confirming the ability of some methanotrophs to

oxidize hydroxylamine directly to nitric and nitrous

oxides.

On the other hand, 16 different methanotrophic

strains were tested to determine the inhibitory con-

centration of ammonium, hydroxylamine and nitrite

on the growth rates. Most of the cells from different

strains could tolerate up to 40 mM ammoniumwithout

inhibiting their growth. Hydroxylamine and nitrite had

inhibitory effects at concentrations of 1 and 2 mM,

respectively. Moreover, all the type I tested strains

produced nitrous oxide through the oxidation of

hydroxylamine while type II produced nitrous oxide

from nitrite when they were grown on ammonium

(Hoefman et al. 2014b).

3.3.2 Denitrification activity of methanotrophs

The cost of adding an external carbon source in

wastewater treatment plants with low organic loadings

is one of the main drawbacks for the conventional
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denitrification process. Methane can be considered as

a cheap and non-toxic external donor that can be

produced from the existing anaerobic digesters in any

WWTP. Many studies showed the contributions of

methanotrophs to the nitrogen removal process

directly or indirectly. Anaerobic methane oxidation

coupled to denitrification gained a lot of interest in the

past few years and the advantages, challenges, mech-

anism and potential to be incorporated in WWTPs has

been deeply investigated (Wang et al. 2017a). Briefly,

M. oxyfera was widely studied to develop the nitrite

dependent anaerobic methane oxidation (DAMO)

process (Wang et al. 2017a). In addition, nitrate-

DAMO is supported by the existence of the methane-

oxidizing archaea M. nitroreducens in the microbial

community where M. nitroreducens convert nitrate

into nitrite which can be then reduced by M. oxyfera

(Hu et al. 2011). However, it is noteworthy to mention

that nitrite-DAMO can still occur if other microor-

ganisms support nitrate reduction rather than M.

nitroreducens and biogas containing 0.5% H2S sup-

ported the synergistic activity between nitrite-DAMO

bacteria, nitrate-reducing and sulfide-oxidizing bacte-

ria (López et al. 2017). Moreover, the possibility of co-

culturing DAMO with anaerobic ammonium oxida-

tion (ANAMMOX) microorganisms was demon-

strated in several lab-scale studies for the combined

removal of methane and nitrogen from wastewater

streams (Cai et al. 2015; Ding et al. 2014). However,

the major challenge facing this process is the stability

and performance when subjected to real operational

conditions to fulfil WWTPs requirements and to

maintain the parameters required for the long-term

dominance of both slow-growing microorganisms

(van Kessel et al. 2018).

One of the widely discussed methods for methane

dependent nitrogen removal is the aerobic methane

oxidation coupled to denitrification (AME-D) in

which methane is oxidized by the aerobic methan-

otrophs releasing organic compounds that are then

utilized by the existing denitrifying bacteria as their

electron donor under anoxic conditions (Modin et al.

2007). These organic compounds include methanol,

acetate, citrate and proteins. During the AME-D

process, the dissolved oxygen level is kept at a

minimum level to support the growth for the aerobic

methanotrophs while preventing any inhibition on the

anoxic denitrifiers. Another method is the simultane-

ous nitrification and denitrification process (SNR)

with the co-existence of aerobic methanotrophs,

autotrophic nitrifiers and heterotrophic denitifiers in

the same reactor under the same operating conditions

(Lee et al. 2001). Lastly, the newly discovered

capability of aerobic methanotrophs to denitrify by

themselves under anoxic conditions.

Elder studies on AME-D process proposed that

denitrification only occurred through the activity of

the heterotrophic denitrifying bacteria in the anaerobic

regions of the bioreactors i.e., central parts of the

formed flocs or biofilms or by aerobic denitrifiers

(Modin et al. 2007). Moreover, many studies could not

differentiate between the nitrate used for assimilation

by the methanotrophs and the nitrate utilized by the

heterotrophs. Methanotrophs were excluded from the

denitrification activity happening. However, recent

studies revealed the capability of aerobic methan-

otrophs to denitrify by themselves under anoxic

conditions (Dam et al. 2013; Kits et al. 2015a). Most

of the denitrifying genes were sequenced in the studied

methanotrophic strains with increased activity in

micro aerobic environments (Zhu et al. 2016). This

discovery will give a new perspective to the AME-D

process with better understanding of the bacterial

activity occurring which will lead to proper bioreac-

tors design. For complete denitrification to take place,

number of genes encoding denitrifying enzymes

should exist in the bacteria. Main enzymes with their

corresponding genes are shown in Table 11. Denitri-

fication by aerobic methanotrophs can be described as

a strategy for energy conservation to sustain their

respiration in the absence of oxygen (Kits et al.

2015a). Switching the terminal electron acceptor from

oxygen to nitrate or nitrite will decrease their oxygen

requirements and the low levels of available oxygen

levels can be used only for the methane oxidation step

(Kits et al. 2015b). However, as previously mentioned

the existence and the activity of the denitrification

genes is strain specific and not all the prescribed

enzymes exist in all methanotrophs. For example, two

type I methanotrophs can result in partial denitrifica-

tion through different paths;M. denitrificans FJG1 can

reduce nitrate to nitrous oxide under anoxic conditions

while M. album strain BG8 can produce nitrous oxide

from the reduction of nitrite due to the lack of the

nitrate reductase in its genome sequence (Zhu et al.

2016).

More precisely the denitrification ability of aerobic

methanotrophs should be named as a partial
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denitrification process as most of the studied strains

released only nitrous oxide and not nitrogen gas. To

the best of our knowledge, only the strain Methylo-

cystis sp.SC2 could complete the denitrification path-

way and efficiently use the nitrous oxide reductase to

convert nitrous oxide to nitrogen gas under oxygen

limiting conditions (Dam et al. 2013). Table 12

illustrates the enzymes involved in the denitrification

activity of some methanotrophic strains detected in

previous studies.

Interestingly methanotrophs with the ability of

accumulating intracellular PHB can use this biopoly-

mer as an alternative energy source under anoxic

conditions (Vecherskaya et al. 2009). The fact that

both PHB degradation and denitrification take place

under anoxic conditions can support the idea of their

interlinking (Dam et al. 2013). From this perspective,

the ability of an enriched methanotrophs from acti-

vated sludge and dominated by Methylocystis sp. for

nitrous oxide production under anoxic conditions was

tested (Myung et al. 2015b). After an ammonium-

growing phase followed by a PHB accumulation

phase, the enriched methanotrophs were exposed to

anoxic conditions where nitrite was added and PHB

oxidation and nitrous oxide production were moni-

tored. According to this methodology, an ammonium

removal of 99 and 70% of nitrite removal were

achieved with a conversion efficiency of 70%. When

Table 11 Enzymes

involved in the

denitrification along with

their encoding genes

Enzyme Gene Oxygen sensitivity Function

NAR narG high Reduction of nitrate to nitrite

NAP napA low Reduction of nitrate to nitrite

Cu-NIR nirK high Reduction of nitrite to nitric oxide

cytcd1-NIR nirS high Reduction of nitrite to nitric oxide

NOR norCB high Reduction of nitric oxide to nitrous oxide

N2OR‘ nosZ high Reduction of nitrous oxide to nitrogen gas

Table 12 Denitrification activity for different methanotrophic strains. Adapted from Hoefman et al. (2014b), Zhu et al. (2016)

Strain Phylogenetic group Denitrification enzyme References

NAR NIR NOR N2OR

Methylococcus capsulatus Bath c-proteobacteria 9 9 d 9 Stein and Klotz (2011)

Methylomicrobium album BG8 9 d d 9 Kits et al. (2015b)

Methylomonas 16a 9 d 9 9 Stein and Klotz (2011)

Methylomonas methanica MC09 9 d d 9 Boden et al. (2011)

Methylomonas methanica NCIMB 11130 d d d 9 Hoefman et al. (2014b)

Methylomonas lenta R-45370 d d d 9 Hoefman et al. (2014b)

Methylomonas koyamae NCIMB 14606 d d d 9 Hoefman et al. (2014b)

Methylobacter tundripaludum SV96 9 d 9 9 Svenning et al. (2011)

Methylomonas denitrificans FJG1 d d d 9 Kits et al. (2015a)

Methylococcaceae sp. R-49797 d d d 9 Hoefman et al. (2014b)

Methylosinus sp. R-45379 a-Proteobacteria d d d 9 Hoefman et al. (2014b)

Methylocystis rockwell (ATCC 49242) 9 d 9 9 Stein and Klotz (2011)

Methylocella silvestris BL2 (DMS 15510) 9 d 9 9 Stein and Klotz (2011)

Methylocystis sp. SC2 d d d d Dam et al. (2013)

Methylacidiphilum infernorum V4 Verruccomicrobia 9 9 d 9 Stein and Klotz (2011)

Methylacidiphilum fumariolium SolV 9 d d 9 Khadem et al. (2012)

d, enzyme exists; 9, enzyme is not found or not yet detected
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ammonium and nitrite were added together the

ammonium and nitrite removal were only 28 and 8%

respectively. Moreover, PHB accumulation reached

40% before anoxic conditions then decreased to 33%

after nitrous oxide production. The electron balance

conducted indicated that PHB oxidation under anoxic

conditions supported the conversion of nitrite to

nitrous oxide. The maximum observed N2O produc-

tion rate was 2.1 mg N2O–N g VSS-1 h-1. One other

important thing this study shows is the observed

nitrogen gas produced at a production rate of

1.25 mg N2 - N g VSS-1 h-1 indicating the exis-

tence of some strains in the enriched culture can

complete the denitrification process.

Methanotrophs can be very flexible considering

different nitrogen sources under different conditions.

Moreover, they have a promising potential to take part

in either nitrification or denitrification in biological

nitrogen removal processes. Identifying the possible

nitrogen assimilation pathways (as shown in Fig. 8)

for different methanotrophic strains as well as their

nitrogen production rates is key factor for a scaling up

decision. However, future researches should focus on

factors selecting the biomass involved the denitrifica-

tion process, maximizing their nitrogen removal

capability and testing their operation in larger scale

bioreactors under real operational conditions.

4 Potential applications for integration

of methanotrophs in WWTPs

WWTPs can be a potential source for all the require-

ments needed for sustainable methanotrophic cultiva-

tion. Part of the waste activated sludge can be used as

the seed culture for methanotrophic enrichment while

the biogas produced from the anaerobic digesters can

be used as their carbon and energy source. Moreover,

the three applications discussed earlier can be linked

together and have the potential to be integrated with

other processes existing in the WWTPs as shown in

Fig. 9.

The biogas collected from the anaerobic facility can

function in two routes regarding methanotrophs.

Firstly, the biogas can be directly transferred to

support the methanotrophic cultivation in different

applications. Secondly, the biogas can be used as an

external carbon source for the denitrification process

in a conventional biological nitrogen removal (BNR)

system. During the latter application, the biogas
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Fig. 8 Different nitrogen assimilation pathways discovered in methanotrophs

Rev Environ Sci Biotechnol (2018) 17:351–393 383

123



methane can be employed either for the AME-D

process or to support the nitrate-DAMO.

After mixing the biogas with the waste activated

sludge in the methanotrophs cultivation tank, the

enriched bacteria can be directed towards two appli-

cations; either to the methanol production tank or

biopolymers accumulation tank. After purification, the

methanol produced by the methanotrophs can be

stored to be used as a commodity or can be directed to

the conventional BNR system as an external carbon

source to sustain the denitrification activity in the

anoxic tank.

When the enriched methanotrophs are transferred

to nutrient deficiency conditions for PHB accumula-

tion, the PHB rich cells can proceed to an extraction

facility for biopolymers production. Another high-

potential application for PHB producing methan-

otrophs is their participation in shortcut BNR systems.

The first step in shortcut BNR systems is ammonia

oxidation to nitrite followed by nitrite reduction to

nitrogen gas i.e., denitritation. Methanotrophs can

couple PHB degradation with nitrite reduction as the

second step in shortcut systems under anoxic condi-

tions. Moreover, methanotrophs can be employed

directly for denitritation under anoxic conditions and

nitrite-DAMO can be enhanced by coupling it with

ANAMMOX in a single bioreactor for complete

nitrogen removal.

However, it is important to mention that nitrite

reduction using aerobic methanotrophs (either directly
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or with PHB) will mainly result in a partial denitri-

fication process with nitrous oxide as a terminal

product. Achieving a complete denitrification using

PHB accumulating methanotrophs will result in a 50%

increase in the biopolymer requirements (Myung et al.

2015b). On the other hand, until now it is hard to

directly reach a complete denitrification usingmethan-

otrophs as most of the studied strains lack the enzyme

N2OR that reduces the nitrous oxide to nitrogen gas.

Another application for PHB-rich cells is using the

produced PHB in the methanol production process.

The high cost of formate addition as external electron

source is one the main obstacles limiting the upscaling

of methanol production using methanotrophs. Inter-

estingly, PHB provides the cell with reducing equiv-

alent in case of methane deficiency. Thus, it is

theoretically applicable that PHB-rich cells efficiently

produce methanol relying on the accumulated PHB as

reducing equivalent source. Noteworthy, coupling

PHB degradation with methane to methanol conver-

sion has not been tested yet. Therefore, the response of

PHB-rich cells to the presence of methane and MDH

inhibitors has not been investigated.
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