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Methane emissions and plastic pollution are critical global challenges. The biological conversion of
methane to poly-p-hydroxybutyrate (PHB) not only mitigates methane emissions but also provides
biodegradable polymer substitutes for petroleum-based materials used in plastics production. This work
provides an early overview of the methane-based PHB advances and discusses challenges and related
strategies. Recent advances of PHB, including PHB biosynthetic pathways, methanotrophs, bioreactors,
and the performances of PHB materials are introduced. Major challenges of methane-based PHB pro-
duction are discussed in detail; these include low efficiency of methanotrophs, low gas-liquid mass
transfer efficiency, and poor material properties. To overcome these limitations, various approaches are
also explored, such as feast-famine regimes, engineered microorganisms, gas-permeable membrane
bioreactors, two-phase partitioning bioreactors, poly-p-hydroxybutyrate-co-hydroxyvalerate synthesis,
and molecular weight manipulation.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plastics have become indispensable in our daily lives and are
widely used in packing materials, household appliances, trans-
portation equipment, and electronic devices [1]. The estimated
annual plastics production is 311 million tons [2], and is predicted
to surpass 500 million metric tons by 2050 [3]. Plastics are non-
degradable, which is the primary disadvantage [4] and has led to
the accumulation of plastics in many environments [5]. Further,
only a small portion of plastics can be effectively recycled. The
cumulative quantity of plastic waste entering the oceans has been
estimated at up to 12.7 million metric tons and is predicted to in-
crease by an order of magnitude by 2025 in the absence of waste-
management infrastructure enhancements [6]. More importantly,
microplastics transfer pollutants via food chains [7] and have
negative effects on human health due to their small size and wide
distribution in water bodies [7,8]. Moreover, conventional plastics
generate two greenhouse gases (GHGs), methane and ethylene,
when exposed to ambient solar radiation [9]. Methane is the
second-most prevalent GHG after carbon dioxide (CO),
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contributing 18% of the total atmospheric radiation forcing [10]. The
global warming potential of methane has increased from 25 to 34
times that of CO, over the past 100 years [11], indicating that
methane emissions have a significant environmental impact [12].
More than 63% of global methane emissions are anthropogenic [13]
and are generated from fossil fuels, anaerobic wastewater treat-
ment, landfilling, coal mining, and natural gas refineries [14].
Moreover, methane accounts for 90% of natural gas, worldwide
demand for which is estimated to increase by 44.0% by 2040 [ 15,16].

Polyhydroxyalkanoates (PHAs) are a kind of polyester produced
by microorganisms [17] with potential applications as a substitute
material for conventional plastics [18]. Methanotrophs could
accumulate PHB when their nutrient supply is imbalanced [19], and
the theoretical yield of PHB synthesis is 67% [20]. Recently, based on
its properties of biodegradability and biocompatibility [21,22], de-
mand for PHB products has expanded from its initial applications in
packaging materials [22,23] to industrial and agricultural applica-
tions [24] and to the biomedical and pharmaceutical sectors [5,25].
Employing PHB into commodities does not require new techno-
logical investments, as existing equipment originally developed for
processing polyethylene and polypropylene can be used [26].
However, the high production costs of PHB, which are 3—4 times
higher than those of conventional plastics and similar biopolymer
plastics, limits its commercial utilization [27—29]. A major
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proportion of the total costs of PHB (30—40%) is attributed to
feedstock [27,30], such as palm oil, glucose, sucrose, and corn starch
[19,31,32]. The utilization of methane could reduce production
costs by at least 30—35% and make the PHB production process
more economically and environmentally friendly [33,34]. A study of
the economic feasibility of methane-based PHB production showed
that the biosynthesis cost was $8.5/kg PHB when produced at a
relatively small scale (500 tons/a) [34]. If the scale of production
would be expanded to 100,000 tons/a, costs would be reduced to
$4.1-$6.8/kg PHB [33]. Methane emissions from landfills and
anaerobic digesters could be used to synthesize PHB, which could
theoretically replace 20—30% of the total annual plastics market
[35,36]. Therefore, the introduction of methane-based PHB not only
opens up a new path for PHB production, but also mitigates the
issues related to non-degradable plastics and GHG emissions.

As methane-based PHB has economic and environmental ad-
vantages over petroleum-based plastics, this review explores PHB
biosynthetic pathways, methanotrophs, bioreactors, and material
performance of PHB with an emphasis on overcoming the chal-
lenges such as low efficiency of methanotrophs, low gas-liquid
mass transfer efficiency, and poor material properties and strate-
gies to overcome them. Further, development opportunities,
including feast-famine regimes, engineered microorganisms, gas-
permeable membrane bioreactors, two-phase partitioning bio-
reactors, poly-B-hydroxybutyrate-co-hydroxyvalerate, and high
molecular weight of PHB are outlooked.

2. PHB biosynthetic pathway

The oxidation of methane to methanol is catalyzed by methane
monooxygenase (MMO) enzymes in both particulate and soluble
forms (pMMO and sMMO, respectively) (Fig. 1) [39,40]. Methanol is
oxidized to formaldehyde, and formaldehyde can either be con-
verted into biomass or further oxidized to formic acid and CO; [39].

Throughout these oxidation steps, cellular carbon and the energy
required to continuously uptake methane are obtained [39].

Furthermore, PHB synthesis occurs in three sequential enzy-
matic steps [41]: two acetyl-CoA molecules condense in the pres-
ence of the enzyme B-ketothiolase (phbA) to form acetyl-CoA
acetyl-CoA, which is then reduced by nicotinamide adenine dinu-
cleotide (NADH)-dependent acetoacetyl-CoA reductase (phbB)
[42]; finally, the polymerization of monomers into PHB polymers is
catalyzed by PHB synthase (phbC) [43]. Serine is metabolized to
acetyl-CoA, which is directed to the tricarboxylic acid cycle (TCA)
cycle under nutrient-sufficient conditions or the PHB cycle under
nutrient-deficient conditions [41]. Methane accumulates in the
form of PHB by type Il methanotrophs via the serine pathway, but
ribulose monophosphate methanotrophs may be incapable of PHB
synthesis. Type Il genera were found to sequence phbC and accu-
mulate PHB, whereas in type I genera, no phbC or measurable PHB
was detected [44].

3. Methanotrophs for PHB production
3.1. Methanotrophs

Methanotrophs are classified into two major groups: Group I (a-
Proteobacteria; referred to as Type II) [40] and Group II (y-Pro-
teobacteria; referred to as Type I and Type X) [45]. Type Il meth-
anotrophs are the most effective PHB producers and utilize the
serine pathway [46]. Isolating efficient methanotrophs with high
cell concentrations [20], rapid growth [47], and high PHB content
[48] is crucial for improving PHB yields and reducing PHB pro-
duction costs. Methanotrophic strains utilized in PHB synthesis
mainly include Methylosinus trichosporium OB3b [49], Methylosinus
trichosporium IMV3011 [38], and Methylocystis hirsute [46]. These
methanotrophs are mainly sourced from the Culture Collections
and contain PHB contents of 30%, 40%, and 42.5%, respectively. The
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Fig. 1. Methane metabolism in methanotrophs. Adapted from Ref. [37,38].
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CZ-2 was identified as Methylobacterium organophilum and PHB
accumulation in the consortium and the isolate in a bioreactor
reached 34% and 38% (w/w), respectively [50]. Notably, nitrogen
limitation promoted PHB accumulation by up to 57% (w/w) in
bioreactors [50]. Furthermore, a high-throughput screening tech-
nique combined with a Nile Red flow-cytometric assay dramatically
reduced handling time for each experiment in the PHB accumula-
tion studies, creating an integrated system to optimize the meth-
anotrophic consortium [51]. Optimization of calcium and cooper
levels significantly enhanced PHB production to 49.4% in pure
cultures of Methylocystis parvus OBBP while decreasing doubling
time from 10.6 h to 8.6 h [51]. These results indicate that the
directional isolation of methanotrophs could promote higher PHB
production capacities and that highly efficient methanotrophs are
very scarce. To gain better insight into PHB processes, future in-
vestigations should attempt to isolate highly efficient methano-
trophs, and pure-culture fundamental studies should be conducted.

3.2. Isolation of highly efficient methanotrophs

Feast-famine strategies have been proven to allow the most
effective selection of PHB-accumulating organisms [52]. Providing
sufficient carbon sources and nutrients during the feast stage is
conducive to the rapid consumption of substrate and accelerates
biomass growth, while the growth of biomass is limited by
restricting the supply of nutrients in the famine stage, thus
inducing carbon storage in the form of PHB [53,54]. During a longer
famine stage, non-target microorganisms were selectively died out
due to the specific culture conditions for methanotrophs [55,56].
Further, PHB storage capacity and PHB storage rates can be
increased by repeated feast-famine cycles in a mixed microbial
culture [57,58]; for example, a community of acetate-fed microor-
ganisms rapidly produced up to 89% (w/w) PHA content under
these conditions [58]. During the famine phase, PHB yields and PHB
concentrations reached 30% and 0.6 g/L, respectively [38]. Adding
0.30 g/L citric acid as an inhibitor of the TCA cycle caused PHB
content and concentrations to reach ~40% and 0.26 g/L, respectively
[38]. After combining high-throughput screening techniques with a
Nile Red assay and optimizing calcium and copper concentrations,
the PHB content increased from 18.1% to 49.4% by using Methyl-
ocystis parvus OBBP [51]. The combination of high-throughput
screening technology and the feast-famine strategy may signifi-
cantly improve the efficiency of isolating high-producing
methanotrophs.

3.3. Engineered microorganisms

Methanotrophs could generate various potential target products
through genetic engineering; for instance, Methylomicrobium bur-
yatense has been genetically engineered to produce C-4 carboxylic
acid [59], lactic acid [60] and 2,3-butanediol [61], demonstrating
the potential of methanotrophs to produce methane-based PHB via
this approach. Through the metabolic modification of microor-
ganisms, regulation of gene expressions in metabolic pathways,
and adjustment of cellular metabolic networks, PHB yields could be
increased [62]. The overexpression of PHB synthesis pathways
involving three genes (phbA, phbB, and phbC) could achieve
increased PHB accumulation [63]. Thus, the simultaneous adjust-
ment of the expression of three enzymes could directly optimize
the accumulation rates, molecular weight, and performance of PHB
[63]. Notably, PHB biosynthesis is actively connected to core
metabolic networks and methods to improve metabolic flux in PHB
synthesis have been extensively studied [48,64,65], including ox-
ygen limitation [66,67], overexpression of NADH synthesis en-
zymes [68], substrate limitation [69], and overexpression of PHB

synthesis operons [70]. PHB biosynthesis competes with several
alternative metabolites and intermediates, making it vital to
attenuate competitive pathways for PHB synthesis pathways [62]
via, for example, reducing acetyl-CoA consumption during the TCA
cycle [71] or preventing B-oxidation [72,73]. Meanwhile, the clus-
tered regularly interspaced short palindromic repeats interference
(CRISPRi) has been employed in PHA biosynthesis to induce direct
metabolic flux [74,75]. The phbC activity can be regulated by
designing CRISPRi binding sites using various sgRNA [62,74].
Interestingly, phbC activity was found to influence PHB content and
molecular weights in direct and reverse proportions, respectively
[76], allowing PHB contents to be controlled at 1.47—75.21% (w/w%)
levels and molecular weights at 2—6 million Dalton (MDa) [74].
These results suggest the expanding potential of manipulating and
optimizing methanotrophic PHB synthesis by engineered
microorganisms.

4. Bioreactor configuration and operation
4.1. Bioreactors

Methane-based PHB production faces unique challenges due to
the low solubility of methane and oxygen in aqueous solutions
(22 mg/Land 9 mg/L at 20 °C and 1 atm, respectively) [77]. Low gas-
liquid mass transfer rates result in low cell density and PHB syn-
thesis rates, greatly limiting the large-scale production of PHB by
methanotrophs [78]. [79] used pressure bioreactors to increase the
mass transfer efficiency, and PHB content reached 51% [20].
reduced the liquid medium from 0.5 L to 0.1 L and enhanced the cell
density of methanotrophs from 1.4 g/L to 5.0 g/L. Although high
pressure would significantly increase the solubility of methane,
creating such conditions can be expensive and detrimental for
microorganisms [80]. In another study, vigorous agitation reduced
the size of bubbles and achieved a large gas-liquid volumetric mass
transfer coefficient (k;a) of 102.9 h~' [77], but it increased the
power consumption of the operation impeller and led to high shear
stress that resulted in cell damage [81]. Biosynthesis of PHB by
Methylocystis hirsuta from natural gas using bubble column bio-
reactors (BCBs) and vertical tubular loop bioreactors, resulted in
PHB contents of 42.5% and 51.6%, respectively [46]. Under optimum
conditions, the high cell density cultivation of Methylocystis hirsuta
using natural gas in a BCB lead to PHB accumulation of up to 73.4%
[82]. A 25% w/w PHB content was obtained under optimized
operating conditions and engineering parameters in a BCB [83].
Suspended-growth BCBs can overcome mass transfer limitations
through the use of ultrafine bubble diffusers with micropores size
<0.5 um [84].

4.2. Optimization of bioreactor design

4.2.1. Gas-permeable bioreactors

The low solubility of methane and oxygen limits the production
efficiency of methane-based PHB to some extent. A novel mem-
brane biofilm reactor application could deliver gaseous substrates
(e.g. methane and oxygen) to microorganisms [85,86], similar to a
H,-based membrane biofilm reactor. Gas-permeable hollow fibers
could be used to efficiently deliver methane, which would enable
the gas diffusion free of bubbling [87]. The nitrate removal rate was
increased to ~700 mg N/L/d when methane was employed as an
electron donor through gas-permeable hollow fiber membranes
[88,89]. Furthermore, hollow fiber membrane bioreactors are
considered as an effective method to promote methane utilization,
as they shorten the methane transfer pathway [90] and mitigate
limitations associated with methane transfer [91—-93]. Therefore, it
seems feasible that the efficiency of the gas-liquid mass transfer of
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methane and oxygen could be significantly improved via gas
permeable bioreactors [94]. used hollow fiber membranes to ach-
ieve a high kia of methane (150.1 h™!) and cell growth rate for
Methylosinus trichosporium OB3b was increased by 67.3%. Our lab-
oratory has designed a double-membrane aerobic methanotrophs-
culture device (ZL201821323775.2), shown in Fig. 2. The small pore
size and high contact area of membranes would significantly
enhance the mass transfer rate of methane and oxygen. Based on
their high gas transfer efficiency and homogeneous diffusion, gas
permeable membranes appear to be an advantageous option [95].
However, gas-permeable membranes also have certain drawbacks,
such as membrane fouling and membrane resistance to mass
transfer [96]. Apart from their physical characteristics, gas-
permeable membrane bioreactors have potential to allow a safe
and efficient gas-supply technology and establish an efficient PHB-
synthesis process.

4.3. Two-phase partitioning bioreactors

Based on the addition of a non-aqueous phase (NAP) with a high
affinity for poorly water-soluble compounds (e.g., methane and
oxygen) [97,98], two-phase partitioning bioreactors (TPPBs) have a
higher potential to drive mass transfer [99] (Fig. 3). Furthermore,
most NAPs used in TPPBs have shown a high affinity for oxygen;
thus, the mass transfer rate of oxygen is also improved [100,101].
The methane conversion efficiency can be artificially improved by
adding a methane vector such as silicone oil or paraffin oil.
Methane average volumetric elimination capacity increased by
131% up to 51 g m~> h~! with added 10% (v/v) silicone oil in TPPBs
[102]. Under nitrogen-limited conditions, the CZ-2 achieved a PHB
accumulation of 57% in TPPBs [50]. After the addition of 1-propanol,
the cell growth rate and the maximum optical density of Methyl-
osinus trichosporium OB3b enhanced by 700% and 730%, respec-
tively [103]. TPPBs are also particularly suitable for the treatment of
enhancing the k;a of methane and oxygen. The long-term stability
of TPPBs is vital, because the NAP may be degraded or lost during
continuous operation [104]. Moreover, the feasibility of the use of
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silicone oil as a NAP in TPPBs is limited due to its expense. However,
the cost of industrial-grade silicone oil is ~55 times lower than that
of high-purity silicone oil [101], and the efficacy of industrial-grade
silicone oil should be experimentally assessed. Further, electrolytes
(e.g., KCI, NaCl, K;SO4, NapS04) can suppress the coalescence of
methane bubbles, increasing the gas-liquid kia of methane from
103 h~'to 711 h~1 [78].

5. Strategies for enhancing PHB-material performances

Current PHB applications are restricted due to PHB’s narrow
melt processing window, thermal instability, and brittleness [105].
PHB quality has a decisive impact on the mechanical performance
and processability of subsequent products [76]. Manipulation of the
molecular weight (Mw) and the synthesis of poly-p-hydrox-
ybutyrate-co-hydroxyvalerate (PHBV) seems to be effective
methods to improve the material performance and explore its po-
tential applications [25].

5.1. Manipulation of high molecular weight PHB

The Mw of PHB determines its thermodynamic properties and
crystallization characteristics, which strongly influence its me-
chanical properties and processability [106]. Increasing the Mw of
PHB can promote B-form crystallization, and in turn, enhance the
mechanical properties of PHB [107]. The Mw of PHB (10°—10° Da)
depends on the PHB’s cultivation conditions and the host micro-
organism. Normal PHB is characterized by brittleness and a sec-
ondary crystallization phenomenon [108], while the tensile
strength of PHB with an ultra-high Mw can reach 1320 MPa, which
is higher than petroleum-based products [109]. Strategies for high
Mw of PHB production are summarized in Table 1.

Under potassium-limited conditions, the production of PHB
with an Mw up to 3.1 MDa was accumulated [105]. When sulfur or
iron was limited, the Mw of PHB decreased by 20.6% and 41.6%,
respectively [105], indicating PHB synthesis is hampered under
iron-deficient conditions. The addition of citric acid and methanol
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Fig. 2. Schematic of a gas permeable membrane bioreactor.
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Table 1
Strategies for high molecular weight PHB production.

Microorganisms Mw (MDa) Reactor Type Technology PHB (%) YpHe/cH4 (8 g 1) References
Methylocystic sp. GB 25 DSM 7674 3.10 Pressure bioreactor Potassium deficiency 33.60 0.45 [105]
Methylocystic sp. GB 25 DSM 7674 2.46 Pressure bioreactor Sulfur deficiency 32.60 0.40 [105]
Methylocystic sp. GB 25 DSM 7674 1.81 Pressure bioreactor Iron deficiency 10.40 0.22 [105]
Methylosinus trichospporium IMV3011 1.50 Shake flasks Citric acid 40.00 - [38]
-+Methanol

Methylocystis sp. GB25 DSMZ 7674 2.50 Pressure bioreactor Ammonium deficiency 51.30 0.52 [110]
Methylocystis sp. GB25 DSMZ 7674 2.50 Pressure bioreactor Phosphorus deficiency 46.80 0.55 [110]
Methylocystis sp. GB25 DSMZ 7674 2.50 Pressure bioreactor Magnesium deficiency 28.30 0.37 [110]
Methylocystis sp. GB25 DSM 7674 2.30 Pressure bioreactor Nitrogen deficiency 51.00 0.54 [111]

(0.1%) increased PHB yields from 12% to 40% and increased PHB Mw
up to 1.5 MDa [38]. The expression level or activity of phbC [76,112]
and depolymerase [76] and the effectiveness of the chain transfer
reactions [113] could also affect the Mw of PHB. To change the
expression of PHB synthase, a rationally designed library of ribo-
somal binding sites with defined strengths for the PHB synthesis
operon of phbA, phbB, and phbC were constructed in high or low
copy-number plasmids in E. coli High-quality PHA (Mw:
2.7—6.8 MDa) could be efficiently produced through the combina-
tion of a one-step library and proper screening [63].

5.2. PHBV synthesis

One strategy to enhance the processability of PHB is the intro-
duction of 3-hydroxyvalerate (3HV) units into PHB polymers to
produce PHBV. The melting point of PHBV lowers as the proportion
of 3HV monomers increases, leading to a broader thermal pro-
cessing window [114,115] and improved polymer ductility and
flexibility [116]. Hence, PHBV has attracted increasing attention for

integrated biomedical applications [117] and food-packing appli-
cations [118] due to its improved resilience, flexibility, and strength.
PHBV synthesis strategies are summarized in Table 2.

As the HV content increased to 40%, the melting temperature of
PHBV significantly decreased from 180 °C to 75 °C [122]. Only PHB,
not PHBV, was synthesized when methane was used as the sole
carbon substrate by Methylocystis-enriched bacteria [119]. PHBV
was synthesized and the mol% of 3HV was increased with added
valerate [115]. Adding propionate and valerate can modify the mol%
3HV composition, where valerate addition leads to higher PHB
content and mol% 3HV [119]. High HV content (25—35%) was ob-
tained in methane-propionate experiments by the CZ-2 [121]. The
copolymer had a 3HB:3HV:3HO ratio of 55:35:10 when the feed-
stock consisted of citrate plus methane, and had an HB: HV ratio of
75:25 with propionate feeding plus methane [121]. Tailored PHB-
copolymer composition could be generated through the addition
of different co-substrates [115]. Under cobalt-deficient conditions,
Methylobacterium extorquens AM1 was able to synthesize PHBV
from methanol alone [123]. Although methanotrophs can produce

Table 2

Strategies for PHBV synthesis using methane as carbon substrate.
Microorganism HV (mol%) PHAs content (w%) Co-substrate References
Methylocystis parvus OBBP 22 54 Valerate (100 mg/L) [119]
Methylocystis parvus OBBP 37 - Valerate (400 mg/L) [119]
Methylocystis parvus OBBP 8 32 Propionate (100 mg/L) [119]
Methylocystis sp. WRRC1 60 78 Valerate [120]
Methylocystis-dominated 18-22 43-45 Valerate (100 mg/L) [115]
Methylocystis-dominated 37-40 27-32 Valerate (400 mg/L) [115]
Methylobacterium organophilum CZ-2 35 82 Citrate [121]
Methylobacterium organophilum CZ-2 25 68 Propionate [121]
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PHBV, it is still necessary to provide co-substrates and carbon
source supplements, which increases the cost of PHBV production.

6. Conclusions

Methane-based PHB production has an excellent potential to
benefit the environment as a substitute for petroleum-based ma-
terials and to reduce GHG emissions. This review provided an
analysis of PHB biosynthetic pathways and identified the chal-
lenges and opportunities associated with methanotrophic PHB
production. Obtaining high-efficiency methanotrophs through a
feast-famine strategy and microorganism engineering, coupled
with gas-permeable membrane bioreactors and two-phase parti-
tioning bioreactors could help enhance gas-liquid transfer effi-
ciency. Further, manipulating the molecular weight of PHB and
generating PHBV are necessary to achieve high-quality products.
Further investigations of methane-based PHB would help support
the complex needs of the bioplastics market.
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