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Abstract

A methanotrophic community was enriched in a semi-continuous reactor under non-aseptic conditions with
methane and ammonia as carbon and nitrogen source. After a year of operation, Methylosinus sp., accounted for 80%
relative abundance of the total sequences identified from potential polyhydroxyalkanoates (PHAs) producers, domi-
nated the methane-fed enrichment. Prior to induction of PHA accumulation, cells harvested from the parent reactor
contained low level of PHA at 4.0+ 0.3 wt%. The cells were later incubated in the absence of ammonia with various
combinations of methane, propionic acid, and valeric acid to induce biosynthesis of poly(3-hydroxybutyrate) (PHB)
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Previous studies reported that methanotrophic utilization
of odd-chain fatty acids for the production of PHAs requires reducing power from methane oxidation. However, our
findings demonstrated that the PHB-containing methanotrophic enrichment does not require methane availability
to generate 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV)—when odd-chain fatty acids are presented. The
enrichment yielded up to 14 wt% PHA with various mole fractions of 3HV monomer depending on the availability of
methane and odd-fatty acids. Overall, the addition of valeric acid resulted in a higher PHA content and a higher 3HV
fraction. The highest 3HV fraction (up to 65 mol%) was obtained from the methane-valeric acid experiment, which is

higher than those previously reported for PHA-producing methanotrophic mixed microbial cultures.
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Introduction

Methane (CH,) gas, which is a cheap, abundant, and
widely available carbon source has emerged as a potential
feedstock for the production of polyhydroxyalkanoates
(PHAs), a group of biodegradable, biocompatible, and
renewable bioplastic (Strong et al. 2016). Many techno-
economic studies have demonstrated that the use of
methane for PHA production can significantly reduce

*Correspondence: ugpluani@ug.edu.ay; risa.luangthongkam@qut.edu.au;
s.pratt@uqg.edu.au

! School of Chemical Engineering, The University of Queensland, St. Lucia,
Brisbane, QLD 4072, Australia

Full list of author information is available at the end of the article

@ Springer Open

raw material cost, minimize environmental impact, and
make PHA more attractive in economic perspectives
(Rostkowski et al. 2012; Levett et al. 2016; Koller et al.
2017). To date, many methane-utilizing cultures capa-
ble of PHA production have been reported in litera-
ture (Pfluger et al. 2011; Pieja et al. 2011a, b, 2012; Stein
et al. 2011; Zuniga et al. 2011; Belova et al. 2013; Mat-
sen et al. 2013; Rostkowski et al. 2013; Yang et al. 2013;
Myung et al. 2015; Sundstrom and Criddle 2015; Criddle
and Myung 2016; Myung et al. 2016, 2017). However, in
order to make PHA production more competitive also in
economic terms, open mixed microbial cultures can be
offered as an alternative strategy for producing PHAs at
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lower costs (Broholm et al. 1992; Beun et al. 2002; Sale-
hizadeh and Van Loosdrecht 2004; Dias et al. 2006; Helm
et al. 2006, 2008; Albuquerque et al. 2010; Arcos-Her-
nandez et al. 2010; Colombo et al. 2017; Luangthongkam
et al. 2019).

Mixed microbial cultures of methane-utilizing bac-
teria or methanotrophs, a group of bacteria metabolize
methane as their sole carbon and energy source, has a
robust and self-regulating nature (Morgan-Sagastume
et al. 2010), and offers opportunity to operate under non-
aseptic conditions, thereby reducing operating costs of
large-scale production (Dias et al. 2006). Under nutri-
ent-limiting conditions (i.e., nitrogen), methanotrophs
can convert methane to poly(3-hydroxybutyrate) (PHB),
the most common type of PHA naturally produced in
microorganisms (Pfluger et al. 2011). PHB is an attrac-
tive biopolymer and has comparable properties to con-
ventional polymer (i.e., polypropylene) (Tan et al. 2014);
however, it has not made a significant impact in the mar-
ket because of its narrow melt processing window, high
crystallinity, and lack of flexibility (Laycock et al. 2014).
One common approach to make PHB with more desira-
ble properties is to incorporate 3-hydroxyvalerate (3HV)
into the polymer chain (Laycock et al. 2013), so called
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
which has higher impact strength and flexibility (Sudesh
et al. 2000).

The feasibility of PHB and PHBV production in metha-
notrophic mixed microbial cultures was firstly reported
by Myung et al. (2015). The culture dominated by Methy-
locystis sp., one of the most well-known genera of PHA-
producing methanotrophs (Pfluger et al. 2011), was
shown to produce PHB solely from methane and only
produce PHBV when methane was fed with valerate
(Myung et al. 2015). Similar approach was further stud-
ied in methanotrophic pure cultures of Methylocystis
and Methylosinus sp., but this time with focus on PHA
accumulation in both presence and absence of methane
(Myung et al. 2016, 2017). In all tested conditions, there
is no evidence of either PHB or PHBV synthesis when no
methane is available (Myung et al. 2016). Therefore, this
led to a conclusion that the methanotrophic utilization
of odd-chain fatty acids for PHBV production requires
reducing power generated from methane oxidation to
produce and/or incorporate 3HV units into the polymer
(Myung et al. 2016). However, it should be noted that no
study has been done in methanotrophic mixed microbial
culture to test its PHA capacity when methane is absent.

Methanotrophic metabolism of PHA has been known
to link to the supply of reducing power (Pieja et al.
2011b). It was proposed that PHA functions as a sink of
reducing equivalents that can be used to drive cometa-
bolic oxidation (Beccari et al. 1998; Beun et al. 2002;
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Dionisi et al. 2005; C1ggin et al. 2007; Ratcliff et al. 2008).
For example, PHB-containing methanotrophs showed
capacity to transform trichloroethylene (TCE) in the
absence of methane (Henry and Grbic-Galic 1991; Hen-
rysson and McCarty 1993; Fitch et al. 1996). Therefore,
in this present work, we evaluated PHB and PHBV pro-
duction in our methanotroph-dominated mixed culture
enriched from environmental samples in both presence
and absence of methane with combinations of odd-fatty
acids (propionic acid and valeric acid). One feature of the
work is to consider the potential of stored PHA to sup-
port 3HB and 3HV generation, enabling PHBV accumu-
lation in the absence of CH,.

Materials and methods

Methane-fed cultures

All cultures were grown in modified mineral salt media
containing 4 mM MgSO,-7H,0, 2 mM KH,PO,, 0.4 mM
Na,HPO,-12H,0, 0.4 mM CaCl,-6H,0, trace elements
0.72 uM FeSO,-7H,0, 0.03 uM ZnSO,-7H,0, 0.015 uM
MnSO,-7H,0O, 4.8 uM H3;BO,; 0.2 pM CoCl,-6H,0,
5 uM CuCl,2H,0, 0.008 uM NiCl,-6H,0, 0.01 pM
Na,MoO,-2H,0, 1.7 uM EDTA and vitamins 0.08 pM
biotin, 0.045 puM folic acid, 0.15 uM thiamine hydro-
chloride, 0.22 uM bp-pantothenic acid, 0.0007 uM vita-
min B12, 0.13 puM riboflavin and 0.4 pM nicotinamide,
and amended with 1.6 mL of ammonium stock solution
(ammonia solution 28-30%, Merck Millipore, USA) per
1 L of the media.

Inoculum was obtained from sediments from Lake
Macdonald and Lake Denwin (Noosa, QLD), and from
biomass from the Centre for Solid Waste Bioprocessing
(University of Queensland) (Luangthongkam 2019). 6 mg
of each sample was inoculated into 160-mL serum bot-
tles (Wheaton, Millville, NJ, USA), with 15 mL medium.
The vessels were capped with butyl-rubber stoppers and
crimp-sealed. The headspace was filled with air plus
30 mL of a gas mixture (50% CH,, 50% CO,). Samples
were incubated at room temperature for 4 weeks. Head-
space composition was measured periodically. After that,
5 mL of each sample (fully suspended) was taken and
combined. This biomass suspension was centrifuged at
10,000g for 5 min (Eppendorf Multipurpose Centrifuge
5804R). Excess fluid was decanted off. The biomass was
then inoculated in 250-mL serum bottles (Wheaton,
Millville, NJ, USA). The liquid volume was 30 mL, and
the headspace volume was 220 mL. The headspace was
filled with air plus 50 mL of a gas mixture (50% CH,, 50%
CO,), added through injection. Once the methane con-
sumption rate was detectable in these samples, an extinc-
tion—dilution technique was employed and the mixture
was serially diluted to a final dilution of 107". Using the
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highest dilution displaying visual turbidity, a 2-L bio-
reactor was established using this cell suspension as an
inoculum.

Semi-continuous enrichment reactor

A semi-continuous reactor was established using 30 mL
of the inoculum suspension described above plus 210 mL
of fresh medium with ammonia (13.5 mM) as a nitrogen
source. The headspace was filled with air plus 500 mL of
the gas mixture (90% CH,, 10% CO,). The culture was
incubated on a magnetic stirrer, with stirring at 200 rpm
at 30 °C. After an incubation period of 15 days, the cul-
ture was subjected to a long-term cycling and wasting
regime. A repeating cycle was established enabling nearly
continuous exponential growth (Fig. 1). In Step 1, 200 mL
of fresh medium was added to 40 mL of carry-over cul-
ture from the previous cycle, then flushed for 10 min
with air. 500 mL of the gas mixture (90% CH,, 10% CO,)
was then injected into the headspace. In Step 2, the cul-
ture was incubated at 30 °C (200 rpm stirring) over a 72-h
period. Finally, in Step 3, 200 mL of liquid was quickly
removed, completing a cycle. The amount of removed
culture determined solids retention time (SRT). The
operational SRT was maintained at 3.4+0.3 days SRT
over a period of 500 days using a growth repeating cycle
(~200 cycles).
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PHA accumulation

A portion of the sample removed in Step 3 was centri-
fuged (6300g) for 5 min (Eppendorf Multipurpose Cen-
trifuge 5804R) and suspended in fresh nitrogen-free W1
medium (Step 4) in 250-mL serum bottles (Wheaton,
Millville, NJ, USA) capped with butyl-rubber stoppers
and crimp-sealed. The final liquid volume was 30 mL, and
the headspace volume was 220 mL. Some samples were
amended with 100 ppm of propionic acid (>99% purity,
Chem-supply, AUS) and 100 ppm of valeric acid (>99%
purity, Sigma-Aldrich, St. Louis, MO, USA), both with
and without methane. Tests conditions were categorized
as follows: with methane (M1), without methane (MO),
propionic acid with methane (M1P), propionic acid with-
out methane (MOP), valeric acid with methane (M1V),
and valeric acid without methane (MOV). The bottles
were flushed with air before addition of gases as follows:
50 mL of the gas mixture (90% CH,, 10% CO,) was added
for treatments with methane or 50 mL of nitrogen gas for
those without methane. All cultures were grown under
non-sterile conditions at 30 °C. After 72 h of incubation,
cells were harvested by centrifugation (6300g for 5 min)
and dried overnight in as oven at 70 °C. Preserved sam-
ples were assayed for PHA content.

Microbial community analysis
Biomass collected from the parent reactor was centri-
fuged (10,000g) for 5 min (Sigma 1-14 Microcentrifuge)

Step 4: Culture was centrifuged and resuspend

in N-free medium

Step 3: 200 mL removed

240 mL liquid culture

Air flush
500 mL of CH;CO, (90:10) added

Step 2: 48-72 h incubation

240 mL liquid culture

Growth-repeating cycle
(Nutrient-sufficient condition)

40 mL liquid culture

Step 1: 200 mL fresh media
(with nitrogen)

v
Air flush
50 mL of CH;:CO, (90:10) added

.

30 mL liquid culture

72-h incubation

PHA-containing cells were collected
for analysis

PHA production step
(Nutrient-limited condition)

Fig. 1 Overall scheme of 2-L reactor operation and PHA production using methane as single carbon source
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and the supernatant discarded. Cell pellets were stored
at —20 °C. DNA was extracted from biomass samples
using the FastDNA® SPIN Kit for Soil (MO BIO Labo-
ratories, Inc.) according to the manufacturer’s protocols.
Extracted DNA was sent to the Australian Centre for
Ecogenomics (ACE) sequencing facility for Illumina iTag
sequencing and data processing. Returned 16S rRNA
gene sequences that met the quality threshold were clus-
tered using a 95% cutoff and used for community com-
position analyses. Sequences of closely related species
(>97% similarity) were identified by the standard nucleo-
tide BLAST (BLASTn) from NCBI.

PHA analysis

A Perkin-Elmer gas chromatograph was used for PHA
monomeric content and composition analysis as previ-
ously described by Arcos-Hernandez et al. (2010). The
samples were centrifuged at 6300g for 5 min. The super-
natant was removed and the pellet dried in an oven at
70 °C overnight. 2 mL of acidified methanol with benzoic
acid as internal standard (3% w/w of H,SO,) and 2 mL of
chloroform were added followed by digestion of the sam-
ple for 20 h at 100 °C. After cooling to room temperature,
1 mL of MilliQ water was added to allow for phase sep-
aration. After 1 h settling, the organic phase was trans-
ferred to a vial for GC analysis. Calibration was based
on reference standards of a biologically sourced PHBV
copolymer (70:30 mol% 3HB: 3HV, Sigma Chemicals).
The calibration standards were prepared using the same
method. PHA content was reported as a percentage on a
dry weight basis (wt%).

Analytical methods

To analyze the concentrations of CH, and CO, in the
headspace, 5 mL from each reactor was withdrawn
using a gas-tight syringe and injected into a Shimadzu
GC-2014 gas chromatograph equipped with a Valco GC
valve (1 mL sample loop), a HAYESEP Q 80/100 packed
column (2.4 m length; 1/8” outside diameter, 2 mm inner
diameter) and a thermal conductivity detector (TCD).
The chromatograph injector, oven, and detector tem-
peratures were set at 75, 45 and 100 °C, respectively, and
28 mL min~" of argon at 135.7 kPa was used as a carrier
gas.

To analyze total suspended solids (TSS), 2—5 mL of cell
suspension was collected and centrifuged at 6300g for
5 min (Eppendorf Multipurpose Centrifuge 5804R). After
discarding the supernatant, the cell pellet was dried in
an oven at 70 °C overnight and cooled in a desiccator for
24 h before weighing.

Concentrations of propionic acid and valeric acid
were assayed using a gas chromatograph (Agilent Tech-
nologies, Model 7890A, USA) equipped with a flame
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ionization detector (FID) and a polar capillary column
(DB-FFAP) on filtered samples (Millex-GP Syringe Fil-
ter Unit SLGPO33RS). 1.5 mL of cell suspension was col-
lected and centrifuged at 10,000g for 5 min (Sigma 1-14
Microcentrifuge). An internal standard (1000 ppm stock
solution) of mixed volatile fatty acids (VFAs) with 1% for-
mic acid was added into all samples.

Results and discussion

Cell growth in the presence of methane and nitrogen
Overall, the culture showed a stable long-term consump-
tion of CH, at 17714509 pmol of CH, day~!. Under
these nutrient-sufficient growth conditions, the enrich-
ment showed an exponential growth pattern, doubling
every 1.0 days, with the maximum specific growth rate
(Unay) being 0.7 day ™. The specific rate of methane oxi-
dation was 18.8+6.3 mmol CH, g TSS h™}, with CO,
production at 11.444.5 mmol CO, g TSS h™'. The bio-
mass concentration was 0.54+0.1 g TSS L. Under bal-
anced growth conditions, the active biomass contained
4.0+0.3 wt% (with a 3HB: 3HV ratio of 100:0). The
accumulation of PHA under such conditions has been
reported (Pieja et al. 2011a, b, 2012).

Community flux in the semi-continuous reactor
The community composition at the genus level for the
methanotrophic enrichment was monitored by harvest-
ing cells after the 103rd, 113th and 156th growth repeat-
ing cycles (or on Days 261, 288, and 393, respectively), as
illustrated in Fig. 2. Overall, the members of the commu-
nity affiliated to the OTU1-25 accounted for 86.7-91.9%
of the total sequences identified. All OTUs shared a phy-
logenetic affiliation at the phylum level, with members of
the phyla Proteobacteria and Bacteroidetes accounting
for 81.3-90.2% and 1.7-5.3%, respectively (Fig. 2).

Methylosinus was the most abundant genus and
accounted for 49.9-58.8% of the total sequences identi-
fied, with a non-methane-utilizing methylotroph from
genus Methylophilus sp. and Hypomicrobium being next
most abundant (Figs. 2 and 3). Hypomicrobium presented
at a large proportion initially but was less than 2% relative
abundance after the 156th cycle of operation. The popu-
lation of Methylophilus sp. increased from less than 1%
relative abundance to 12.9%. Methanotrophic cultures
frequently coexist with methylotrophs and heterotrophs
that survive on methanotrophic by-products (Ho et al.,
2014). In this case, Methylophilus and Hyphomicrobium
are non-methane users who rely on methanol produced
as a result of methane oxidation by methanotrophs (Chis-
toserdova and Lidstrom 2013).

The dominant methanotroph associated with the Meth-
ylosinus genera shows 97-100% similarity with Methy-
losinus trichosporium OB3b based on best-matched
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Fig. 2 Relative abundance of bacterial 16s rRNA genes at the genus level. The relative abundance of each bacterial 16s rRNA expressed as % of
OTUs in the sample that were present at more than 1%

Cycle 113

B Methylomonas

B Methylophilus
Hyphomicrobium
Brevundimonas
Burkholderia

Caulobacter

Chryseobacterium

B Comamonas

Ferrovibrio
B Pseudomonas
Rhodanobacter

B Terrimonas

Pigmentiphaga
Other

Cycle 156

reference sequences using the Basic Local Alignment
Search Tool (BLAST) (Additional file 1: Table S1). Meth-
ylosinus trichosporium OB3b is a well-known PHA-
accumulating methanotroph (Garrity et al. 2005), with
poly-3-hydroxybutyrate (PHB) constituting from 10 to
50% of the dry weight of cells cultured in nitrogen-free
media (Shah et al. 1996; Takeguchi and Okura 2000;
Doronina et al. 2008; Xin et al. 2011; Rostkowski et al.
2013; Myung et al. 2016). When its feed is supplemented
with valerate, Methylosinus is capable of producing
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
under nitrogen-limited conditions (Myung et al. 2016).
Myung et al. (2015) reported the highest 3HV fraction at
22.0+ 3.0 mol% when 100 ppm of valerate was fed with
methane (Myung et al. 2016).

Although methane was the sole carbon source in this
methane-driven system, heterotrophs—including those
capable of accumulating PHA—were observed. For
example, Caulobacter (OTU4), Brevundimonas (OTU14),
Hyphomicrobium (OTU13, 16, and 25), Pseudomonas
(OTU22), Rhodanobacter (OTU6), Comamonas (OTU3),
Burkholderia (OTU19), and Terrimonas (OTU21) (Addi-
tional file 1: Table S1) were all present, and these have
capacity to accumulate PHA (Urakami and Komagata
1987; Zhao et al. 1993; Khatipov et al. 1998; Silva et al.
2000; Qi and Rehm 2001; Thakor et al. 2003; Keenan
et al. 2004; Solaiman and Swingle 2010; Zhu et al. 2010;
Li et al. 2011; Tripathi et al. 2012; Wang and Liu 2014).
Further, according to previous studies, Pseudomonas (Li

et al. 2011; Tripathi et al. 2012), Comamonas (Thakor
et al. 2003), Rhodanobacter (Khatipov et al. 1998) and
Burkholderia (Silva et al. 2000; Keenan et al. 2004; Zhu
et al. 2010) can accumulate copolyesters from propionate
or valerate under unbalanced growth conditions. How-
ever, the population of these genera presented less than
5% of the total community when the nitrogen starvation
experiment was conducted (Additional file 1: Table S1).

Other OTUs in this study, namely, OTU7, 15, and 24,
could not be assigned with confidence to known gen-
era at 97% similarity (Additional file 1: Table S1). Thus,
a close relative representative sequence was assigned
to obtain approximate genus-level taxonomic informa-
tion. OTU7 was closely related to the genus Methylo-
philus (with 96% similarity); OTU15 was from the genus
Methylosinus (with 94% similarity); OTU24 showed 96%
similarity with Methylocystis, a methanotrophic genus
known for its capacity to produce PHB and PHBV (Pieja
et al. 2011a). Methylocystis shows significant similarities
to Methylosinus, including its stoichiometry of methane
oxidation and PHAs formation (Pfluger et al. 2011; Pieja
et al. 2011a; Myung et al. 2016).

In short, the community cultivated under methane-
driven operation was composed mainly of Proteobac-
teria with abundance in the range from 84 to 90%. It is
well known that almost all methanotrophs belong to this
phylum. It should be noted that the population of PHA-
producing methanotrophs by Cycle 156th accounted for
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Fig. 3 Maximum composite likelihood phylogenetic tree for 25 OTUs
affiliated to Proteobacteria and Bacteroidetes. Bootstrap values > 50%
are represented as open white circles, >70% as grey filled circles, and

>90% as black filled circles

80% of total sequences identified from PHA-producing
microorganisms.
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PHA accumulation

Six conditions were considered, based on combinations
of three variables: methane availability, and propionic
acid or valeric acid supplementation. The experiments
were labeled as follows: with methane (M1), without
methane (MO0), with methane and propionic acid (M1P),
without methane but with propionic acid (MOP), with
methane and valeric acid (M1V), and without meth-
ane but with valeric acid (MOV). It should be noted that
the biomass grown under nutrient-sufficient conditions
already contained 4.01+0.3 wt% PHA (with a 3HB: the
3HYV ratio of 100:0). Table 1 shows the outcomes from
the accumulations. Figure 4 summarizes the final PHA
content and fractions of 3HB and 3HV on a dry weight
basis (wt%).

In the absence of methane (MO), the PHA content
was lowest at 1.3 wt% (with a 3HB:3HV ratio of 100:0)
(Fig. 4). The reduction PHA content relative to the ini-
tial content is consistent with PHA degradation in the
absence of carbon supply, even under unbalanced growth
conditions (Beccari et al. 1998; Beun et al. 2002; Dionisi
et al. 2005; Ciggin et al. 2007). The positive control with
methane (M1) resulted in a PHA content of 8.6 wt%
(with a 3HB:3HV ratio of 100:0) (Fig. 4), which was more
than double the initial PHA content and similar to val-
ues reported previously (Lépez et al. 2014; Karthikeyan
et al. 2015; Zhang et al. 2017). The rates of methane con-
sumption and CO, production were 7.1 £1.2 mmol CH,
g TSS™'h™!and 2.440.3 mmol CO, g TSS™' h™.

In the presence of propionate (MOP and M1P) there
was net PHA consumption, with the final PHA content
being below the initial 4 wt%. Still, PHA was produced
in both trials, evidenced by the generation of 3HV. In the
absence of methane (MOP), the final PHA content was
2.8 wt% (with a 3HB:3HV ratio of 80:20), while in the
presence of methane (M1P), the final PHA content was
3.5 wt% (with a 3HB:3HYV ratio of 77:23).

The addition of valerate resulted in the highest PHA
(and 3HV) production, with the PHA content in the
MOV and M1V experiments more than doubling and
tripling, respectively. The highest PHA content over-
all was obtained in the methane and valeric acid (M1V)
experiment: 14.1 wt% (with a 3HB:3HV ratio of 35:65).
In comparison with previous studies, our Methylosinus-
dominated enrichment generated very high 3HV con-
tent (up to 65 mol%); Myung et al. (2015, 2016) reported
22 mol%, when the same amount of odd-chain fatty acid
was added (Myung et al. 2015, 2016).

The production of 3HV was unsurprising given that
propionic and valeric acids are precursors for prop-
ionyl-CoA and valeryl-CoA, respectively, which are
intermediates for 3-hydroxyvaleryl-CoA (3HV-CoA)
generation (Slater et al. 1998; Myung et al. 2016).
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Table 1 PHA content and composition produced by the Methylosinus-dominated culture

0dd-chain fatty acids Methane availability =~ Code PHA content 3HYV fraction Total suspended solid
(Wt%) (mol%) (TSS) (g TSSL™")
None Yes M1 8.6 0.0 042£0.01
No MO 13 0.0 035+0.01
Propionic acid Yes M1P 35 226 0.37+£0.01
No MoP 28 205 0.36+£0.00
Valeric acid Yes M1V 14.1 65.0 0.47+0.00
No MoV 85 56.4 0.45+£0.01
0dd-chain fatty Methane Code CH, consumed CO, produced C; consumed C; consumed
acids availability (mmol CH, g TSS™ (mmol CO, g TSS™* (mmol C;gTSS™")  (mmol C5gTSS™")
day™) day™")
None Yes M1 71+£12 24+£03 - -
No MO - N/A - -
Propionic acid Yes M1P 52403 16+03 2.1 -
No MoP - N/A 1.6 -
Valeric acid Yes M1V 43+04 0.8+02 - 22
No MoV - N/A - 23

The content and composition of PHA was measured after 72 h of incubation in the presence and absence of methane with supplementation of odd-chain fatty acids

N/A not applicable
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Fig. 4 PHA content presented in fractions of 3HB (blue filled square) and 3HV (yellow filled square) on a mass basis (wt%). The content and
composition of PHA was obtained at the end of the PHA accumulation phase in the presence and absence of methane. A bold dotted line
represents the initial PHA content in the culture before subjected to PHA accumulation

Higher net production in the presence of valeric acid
was also unsurprising when compared to the pres-
ence of propionic acid. Despite 3HV generation from
propionic and valeric acid sharing a common pathway
in methanotrophic and heterotrophic microorgan-
isms, a mole of acetyl-CoA, the key precursor for 3HB
monomer formation, is required to combine with a
mole of propionyl-CoA to form 3HV-CoA, leading to

a competition for acetyl-CoA for 3HB and 3HV forma-
tion (Doi et al. 1987; Myung et al. 2016, 2017). Hence,
lower formation of 3HV-CoA, as well as net production
of PHA, from propionic acid compared to valeric acid,
which is a direct precursor to 3HV-CoA, is commonly
observed (Berezina 2012; Hao et al. 2016; Myung et al.
2016).




Luangthongkam et al. Bioresour. Bioprocess. (2019) 6:50

The significant outcome of this work is the genera-
tion of PHA in the absence of methane, but with either
propionic or valeric acid present. In methanotrophic
cultures, the synthesis of PHA is dependent upon the
energy available for substrate uptake and assimilation
(Pieja et al. 2011b; Myung et al. 2016). The energy is evi-
dently produced via oxidative phosphorylation, which
is in turn driven by methane oxidation (Myung et al.
2016), explaining no PHA production when methane
is removed during the accumulation phase (Pieja et al.
2011b; Myung et al. 2015, 2016). On the other hand,
in this study, although net PHA production was only
observed when valeric acid was used, our result shows
that PHA synthesis in the absence of methane may have
been driven by the reducing power generated via deg-
radation of stored PHA for the assimilation of organic
acids. The lower yields for MOP and MOV compared
to M1P and M1V are consistent with this hypothesis.
Further studies on this topic are required to quantify
the relationship between PHA and energetics of odd-
chain fatty acids assimilation and incorporation in
methanotrophs.

Conclusion

We conclude that a semi-continuous reactor can facili-
tate methanotrophic enrichment and yield a community
capable of producing PHA. The community was domi-
nated by the Proteobacteria with Methylosinus being
the most abundant genera making up 60% relative abun-
dance. The population accounted for 80% relative abun-
dance of total sequences identified from PHA-producing
microorganisms, playing the main role for PHA produc-
tion. Both propionic acid and valeric acid are able to
induce the production of 3HV in a culture that produces
pure 3HB on methane alone. A higher fraction of 3HV
and PHA content was obtained from the valeric acid
treatment. Contrary to previous findings, we did find a
synthesis of 3HV in the absence of methane when PHA-
stored cells were incubated with either propionic acid or
valeric acid. The 3HV fraction reported in this study far
exceeds the previously reported values.
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