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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PHB accumulated in M. parvus was 
depolymerized under alkaline 
conditions. 

• The depolymerization produced (R)-3- 
hydroxybutyrate with a 77% 
conversion. 

• The presence of a nitrogen source pro
moted depolymerization and monomer 
release. 

• Low O2 supply rates and high monomers 
concentration reduced PHB 
depolymerization.  
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A B S T R A C T   

Methylocystis parvus OBBP accumulates polyhydroxybutyrate (PHB) using methane as the sole carbon and energy 
source. In this work, the feasibility of producing (R)-3-hydroxybutyric acid (R3HBA) via intracellularly accu
mulated PHB through depolymerization (in-vivo) was investigated. Results showed that a PHB to R3HBA con
version of 77.2 ± 0.9% (R3HBA titer of 0.153 ± 0.002 g L-1) can be attained in a mineral medium containing 1 g 
L-1 KNO3 at 30 ◦C with shaking at 200 rpm and a constant pH of 11 for 72 h. Nitrogen deprivation and neutral or 
acidic pHs strongly reduced the excreted R3HBA concentration. Reduced oxygen availability negatively affected 
the R3HBA yield, which decreased to 73.6 ± 4.9% (titer of 0.139 ± 0.01 g L-1) under microaerobic conditions. 
Likewise, the presence of increasing concentrations of R3HBA in the medium before the onset of PHB depoly
merization reduced the initial R3HBA release rate and R3HBA yield.   

1. Introduction 

Methane (CH4) is an inexpensive, colorless, odorless, and abundant 
gas that represents a widely available carbon and energy source. In 

2019, CH4 accounted for nearly 10 % of all U.S. anthropogenic green
house gas emissions (Jackson et al., 2020). The largest CH4 sources 
included anthropogenic emissions from agriculture, waste and the 
extraction and use of fossil fuels (Kirschke et al., 2013; Saunois et al., 
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2016). The Global Methane Assessment report shows that decreasing 
methane emission by 45% during this decade would avoid 0.3 ◦C of 
global warning by 2045. Moreover, nearly a quarter-million premature 
deaths and 25 million tons of crop losses could be prevented annually 
(Ravishankara et al., 2021). CH4 emissions contribute to almost one- 
quarter of the cumulative radiative forcing of carbon dioxide (CO2), 
CH4 and nitrous oxide (N2O) combined since 1750 (Etminan et al., 
2016). Although the lifetime of CH4 in the atmosphere is much shorter 
than that of CO2, it absorbs thermal infrared radiation much more effi
ciently. Indeed, CH4 exhibits a global warming potential 86 times 
stronger per unit of mass than CO2 on a 20-year timescale and approx
imately 28 times more powerful on a 100-year time scale (Edenhofer, 
2014). Today, CH4 can be captured from landfills (38 Mt/year), waste
water treatment (21 Mt/year), agriculture (11–30 Mt/year), biomass 
(10 Mt/year), and natural gas production (92 Mt/year) (Strong et al., 
2015). This methane can be valorized as an energy vector or as a feed
stock for the biological production of products such as ectoine, bio
polymers, and single cell proteins, among others (Jawaharraj et al., 
2020) or for the catalytic production of methanol (Latimer et al., 2018). 
In this context, CH4 represents a carbon and energy source for a group of 
gram-negative bacteria known as methanotrophs. These bacteria are 
classified according to the pathways used for the assimilation of the 
formaldehyde directly derived from CH4 into type I and type II meth
anotrophs. Type I using the ribulose monophosphate pathway for 
formaldehyde assimilation, and type II methanotrophs using the serine 
pathway (Nguyen et al., 2021). Methylocystis parvus is a type II meth
anotroph that shows a higher specific growth rate compared to other 
species of the Methylocystis genera (Bordel et al., 2019) and the ability to 
synthesize the biopolymer polyhydroxybutyrate (PHB) under nitrogen- 
limited conditions (Rostkowski et al., 2013). M. parvus has been re
ported to accumulate more than 50% (Pieja et al., 2011; Wendlandt 
et al., 2001) of its dry weight as PHB, which renders it a suitable in
dustrial biopolymer producer. 

In M. parvus, PHB synthesis starts with the condensation of two 
acetyl-CoA molecules, see Fig. 2A (Bordel et al., 2019). This pathway is 
conserved in many bacteria such as Ralstonia eutropha, Azohydromonas 
spp., Azotobacter spp., among others (McAdam et al., 2020), where 
acetyl-CoA molecules can be supplied from a wide range of carbon 
sources. These include simple sugars and organic acids (Sirohi et al., 
2020), food residues, and industrial by-products (Liu et al., 2021). 
Bacteria rely on PHB depolymerases (PhaZ), located intracellularly, to 
catabolize this stored reserve of carbon and energy (Müller-Santos et al., 
2021), yielding the monomer (R)-3-hydroxybutyric acid (R3HBA) and 
dimers (Jendrossek and Handrick, 2002). If conditions are permissive 
for growth, the released R3HBA will act as a source of carbon and energy 
(Donoso et al., 2011), starting with the conversion of R3HBA to ace
toacetate by the NADH-dependent enzyme (R)-3-hydroxybutyrate de
hydrogenase (Bdh) (Tokiwa and Ugwu, 2007). If environmental 
conditions do not support growth, or part of the R3HBA consumption 
pathway is blocked, the monomer is excreted to the media (Lee et al., 
1999). This strategy has been implemented in non-methanotrophic PHB 
producers to obtain R3HBA in the cultivation broth during PHB depo
lymerization. While for Azohydromonas lata a pH of 4.0 produced the 
highest titer and yield of R3HBA, a pH of 9.2 was required for the 
liberation of hydroxyalkanoic acids from polyhydroxyalkanoates in 
Pseudomonas putida (Ruth et al., 2007). 

R3HBA is a chiral molecule that can be applied as a building block in 
the synthesis of fine chemicals and pharmaceutical products such as 
biopolymers, antibiotics (Ren et al., 2005), insecticides and fragrances 
(Matsuyama et al., 2001; Yañez et al., 2020). R3HBA and its derivatives 
have been also used as potential drugs. For example, the infusion of 
3RHBA improved ATP production in mitochondria and confers partial 
protection against neurodegenerative disease in a Parkinson mice model 
(Tieu et al., 2003). Outcomes of depression (Yamanashi et al., 2017), 
osteoporosis (Cao et al., 2014), Alzheimer (Zhang et al., 2013), and 
cardiovascular diseases (Nielsen et al., 2019) have been shown to 

improve using a 3HBA infusion. As a dietary supplement, the price of 
3HBA is within 130–160 USD/kg (Fruggo,” 2021). However, the con
ventional synthesis, extraction and purification of R3HBA from PHB 
produced from sugar-based bacterial processes is nowadays expensive 
(Pérez-Rivero et al., 2019), which requires alternative PHB production 
pathways with streamlined downstream processes in order to enhance 
process economics. 

This work aims at determining the environmental conditions (pres
ence or absence of carbon and nitrogen sources, pH, temperature) that 
lead to the production of R3HBA in the culture supernatant using the 
native PHB depolymerization pathway in M. parvus. The underlying 
hypothesis is that a combination of these variables would result in an 
active PHB depolymerase and an inactive or inhibited (R)-3-hydrox
ybutyrate dehydrogenase, as previously shown for other gram negative 
bacteria (Lee et al., 1999; Ren et al., 2005, 2007; Ruth et al., 2007). 

2. Materials and methods 

2.1. Mineral salt medium 

Nitrate mineral salt (NMS) medium (pH 6.8) was composed of (g L-1): 
1.0 KNO3, 1.1 MgSO4⋅7H2O, 0.8 Na2HPO4⋅12H2O, 0.26 KH2PO4 and 0.2 
CaCl2⋅2H2O; and 1 mL of trace element solution (g L-1): 0.3 
Na2MoO4⋅2H2O, 0.3 Na2EDTA⋅2H2O, 1 CuSO4⋅5H2O, 0.5 FeSO4⋅7H2O, 
0.4 ZnSO4⋅7H2O, 0.03 CoCl2, 0.02 MnCl2⋅4H2O, 0.015 H3BO3, 0.01 
NiCl2⋅6H2O and 0.38 Fe-EDTA. Nitrate-free mineral salt (NFMS) me
dium was identical to NMS medium except that potassium nitrate was 
omitted. The reagents were acquired from PanReac AppliChem (Spain), 
except KNO3, which was purchased from COFARCAS (Spain). 

2.2. Inocula preparation 

The methanotrophic strain Methylocystis parvus OBBP, kindly pro
vided by Biopolis S.L. (Valencia, Spain), was inoculated (10% v/v) under 
sterile conditions in 125-mL crimp-sealed serum bottles containing 50 
mL of (NMS) medium. The headspace (75 mL) of the bottles was flushed 
under sterile conditions for 5 min with filtered oxygen (0.22 μm, Millex 
GP, Merck). Then, 25 mL of the oxygen headspace atmosphere was 
replaced with sterile methane, resulting in an O2:CH4 concentration 
ratio of 66.7:33.3% (v/v). The cultures were incubated at 30 ◦C and 230 
rpm in an orbital shaker (MaxQ 4000; Thermo Scientific, USA) for 5 
days, unless otherwise stated. The headspace atmosphere of the bottles 
was replaced 6 times upon CH4 depletion. 

Then, biomass was collected and transferred into 2.2 L serum bottles 
containing 0.4 L of NMS, crimp sealed under a O2:CH4 atmosphere of 
66.7%:33.3% until complete methane depletion (~10 days). The 
headspace atmosphere was obtained by flushing for 3 min a gas mixture 
as described above from a 100 L-Tedlar gas sampling bag (Sigma- 
Aldrich, USA). The cultures were grown at 25 ◦C (thermostated room) 
with an initial pH of 6.9 and magnetically stirred at 300 rpm (Poly 15 
Variomag, Thermo Fisher Scientific). 

When methane was depleted, the biomass was collected by centri
fugation at 10000 rpm for 8 min (Sorvall Legend RT+; Thermo Scien
tific, USA) and re-suspended into 0.4 L of NFMS medium to promote 
PHB accumulation for ~ 10 days under similar incubation conditions. 

2.3. Optimization of PHB depolymerization in M. Parvus 

Unless otherwise indicated, the experiments were performed batch 
wise using PHB containing biomass in 125 mL serum bottles (working 
volume of 45 mL) crimp sealed (three biological replicates). The bottles 
were incubated at 30 ◦C (except Test 3) and 230 rpm in an orbital 
shaker. 
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2.3.1. Test 1. Influence of the presence of nitrate and O2, and pH on PHB 
depolymerization 

The assays were performed with NMS and NFMS media at both pH 4 
and pH 11 in triplicate for 48 h. All cultures were inoculated with 10 mL 
of concentrated M. parvus culture previously grown in NFMS for 10 days 
(1.3 gTSS L-1 with 51,4% of PHB) and were incubated for two days under 
an O2:CH4 headspace (66.7%:33.3%) and a He:CH4 atmosphere 
(66.7%:33.3%). A control test at pH 7 under a O2:CH4 headspace 
(66.7%:33.3%) and NMS media was also carried out. Culture samples 
were collected periodically for the quantification of the R3HBA con
centration. Total suspended solids (TSS), total nitrogen, PHAs, and pH 
were determined at the beginning and end of the experiment. 

2.3.2. Test 2. Optimization of pH during PHB depolymerization 
PHB depolymerization under an O2:CH4 atmosphere (66.7%:33.3%) 

was assessed in triplicate at pH 10, pH 11 and pH 12 with NMS medium 
as above described for 48 h. The pH of the cultures was monitored three 
times per day and manually adjusted using 5 M NaOH, while the con
centration of extracellular R3HBA was quantified once per day. The 
biomass concentration (estimated as TSS) and PHB cells content were 
determined at the beginning and the end of the experiment. 

2.3.3. Test 3. Influence of temperature on the kinetic of PHB 
depolymerization 

PHB depolymerization at pH 11 on NMS medium was assessed in 
triplicate at 25 and 35 ◦C for 3 h using fresh M. parvus with a concen
tration and PHB cell content of 4.17 gTSS L-1 and 44.7%. The determi
nation of extracellular R3HBA concentration was conducted at 15, 30, 
60, 120 and 180 min. At the end of the experiment, cell viability was 
evaluated using the pellets obtained after centrifugation of the biomass 
from depolymerized cells. Cell viability tests were performed at 25 ◦C in 
2.2 L serum bottles with a working volume of 0.4 L of both NMS and 
NFMS medium. The bottles were capped with aluminum caps and 
chlorobutyl rubber stoppers under and O2:CH4 atmosphere 
(66.7:33.3%) and incubated as above described (section 2.2) until 
complete CH4 depletion. TSS, CH4, O2 and CO2 concentrations were 
periodically measured. 

2.3.4. Test 4. Influence of the initial R3HBA concentration and aeration 
rate on PHB depolymerization 

The influence of the oxygen mass transfer rate on PHB depolymer
ization and R3HBA yield was investigated in Erlenmeyer flasks (E-flasks) 
incubated at 200 rpm and 30 ◦C in an orbital shaker for 72 h. The lowest 
oxygen mass transfer rate was achieved in 100 mL E-flasks containing 
100 mL of medium, while the highest oxygen transfer rate was reached 
in 250 mL E-flasks containing 50 mL of cultivation broth. An interme
diate condition was tested in 100 mL E-flasks containing 50 mL of 
cultivation broth. The initial biomass concentration and PHB content of 
the cell suspension was 0.51 ± 0.005 gTSS L-1 and 31.9 ± 1.88% PHB, 
respectively. The experiments were conducted in duplicate. 

The potential inhibitory effect of extracellular R3HBA over PHB 
depolymerization was investigated using R3HBA produced in-house 
following the procedure described by Lee et al. (1999). Briefly, Azohy
dromonas lata (DSM 1123, Leibniz Institute, Germany) was cultivated 
from a frozen stock culture in a nutrient agar plate. A single colony was 
picked and used to inoculate a 500 mL E-flask with 100 mL of AL1 
medium (Wang and Lee, 1997). This culture served as the inoculum for a 
batch bioreactor cultivation of this bacterium in a Labfors 5 bioreactor 
(Infors HT, Switzerland). The bioreactor was operated with 1 L of AL2 
medium containing an initial glucose concentration of 30 g L-1 and an 
initial ammonium sulfate concentration of 2 g L-1. Dissolved oxygen was 
maintained above 40% saturation by varying the stirring speed up to 
700 rpm at 1 vvm air. When necessary, pure oxygen was automatically 
mixed with the inlet air flow under a cascade control. After 24 h of 
cultivation, approximately 12.0 g L-1 of biomass were retrieved con
taining a PHB cell content of 75%. Cells were collected by 

centrifugation, washed twice with distilled water, and resuspended in 
water at a concentration of approximately 120 gTSS L-1. PHB depoly
merization was started by adjusting the pH to 4.0 with HCl and lasted for 
1 h. The pH was controlled at 4.0 using 2 M NaOH. Following the pu
rification procedure outlined in Lee et al. (1999), a solution containing 
34.2 g L-1 of sodium (R)-3-hydroxybutyrate was obtained. HPLC analysis 
indicated that the solution contained trace levels of other unidentified 
compounds and crotonic acid. Finally, M. parvus cells containing PHB 
were washed and resuspended in NMS medium at pH 11 supplemented 
with R3HBA at concentrations of 0, 120, 330 and 650 mg L-1. Cell in
cubation was performed in 100 mL E-flasks containing 50 mL of cell 
suspension with the corresponding R3HBA concentration at 30 ◦C and 
200 rpm in an orbital shaker. 

Culture samples were collected at 0, 3, 6, 48 and 72 h for R3HBA and 
crotonic acid quantification. The biomass and PHB cell content were 
monitored at the beginning and the end of experiments. 

2.4. PHB depolymerization and R3HBA yields calculation 

The PHB depolymerization percentage conversion (%) was calcu
lated according to Eq. (1): 

CPHB = 100 ×
Xi

PHB − Xf
PHB

Xi
PHB

(1) 

The R3HBA molar yield was calculated as the ratio of the moles of 
R3HBA excreted and the moles of PHB consumed, considering that PHB 
hydrolysis consumes one mol of water per mol of R3HBA produced (Eq. 
(2)): 

YR3HBA = 100
(

104.10 − 18.01
104.10

)
Xf

R3HBA − Xi
R3HBA

Xi
PHB − Xf

PHB
(2) 

where Xi
PHB and Xf

PHB correspond to the initial and final PHB con
centrations (g L-1), and Xi

3HBA and Xf
3HBA represent the initial and final 

concentrations of R3HBA (g L-1). A similar calculation was used for the 
crotonic acid yield (Ycrot). The conversion of PHB to R3HBA can be 
calculated as the product 0.01⋅YR3HBA⋅CPHB. 

Finally, the specific R3HBA release rate per gram of initial intracel
lular PHB (qR3HBA) was calculated as follows. 

qR3HBA =
m

Xi
PHB

(3) 

Where m is the slope of the line whose independent and dependent 
variables are the depolymerization time and R3HBA concentration (in 
mg L-1), respectively. 

2.5. Analytical procedures 

CH4, CO2 and O2 gas concentrations were measured in gas a chro
matograph coupled with a thermal conductivity detector (Bruker 430 
GC-TCD, Bruker Corporation, USA) following the method described by 
Estrada et al. (2014). The optical density of the cultures samples was 
measured by spectrophotometry at 600 nm (UV-2550, Shimadzu, 
Japan). TSS and pH were analyzed according to Rodríguez et al. (2020). 
PHB was quantified via gas chromatography-mass spectrometry 
(GC–MS) (Rodríguez et al., 2020) or GC-FID (Scott et al., 2021). The 
concentration of R3HBA was determined using a commercial (R)-3- 
Hydroxybutyric Acid Assay Kit (Megazyme, Ireland) according to 
manufacturer’s protocol or using HPLC with a UV–Vis detector at 210 
nm and a refractive index detector (Prominence, Shimadzu) according 
to Scott et al. (2021). Citrate, succinate, malate and crotonic acids 
(Sigma-Aldrich catalog number, 113018) were quantified using the 
HPLC-UV-IR method described by Scott et al. (2021). The organic acids 
standard was purchased from Biorad (catalog number, 125–0586). 
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3. Results and discussion 

3.1. Influence of the presence of nitrate and O2, and pH on PHB 
depolymerization 

Fig. 1 shows the methane and oxygen consumption for the 48 h 
depolymerization experiments performed with NMS (Fig. 1A and B) and 
NFMS (Fig. 1C and D) at pH 4, 7 and 11. Consumption of methane and 
oxygen was faster in the control experiment with NMS at pH 7 compared 
to that in NFMS medium, an expected result considering that NMS al
lows for balanced growth. In the absence of oxygen at pH 7, methane 
consumption was negligible in NFMS medium and close to 10% in the 
NMS cultures. In this regard, Bordel et al., (2019) showed that M. parvus 
can use stored PHB as an energy source under anoxic conditions only 
when nitrate is available in the cultivation broth. The annotated genome 
of M. parvus contains the genes involved in nitrate reduction and 
revealed that denitrification is the only mechanism supporting the use of 
methane or PHB as an energy source in the absence of oxygen (Bordel 
et al., 2019). 

Both pHs of 11 and 4 induced an important reduction in the con
sumption of methane and oxygen compared to the control tests. Thus, 
methane consumption was negligible at pH 11 in NMS medium, while 
the final consumption of oxygen accounted for 64.8 ± 9.54% of the 
initial O2 present in the headspace (compared to 87.8 ± 0.82% of the 
control), suggesting the occurrence of a respiratory metabolism fueled 
by a substrate different than methane. pH 4 supported an oxygen and 
methane final consumption of 33.4 ± 12.67 and 30.6 ± 14.14%, 
respectively. On the other hand, neither methane nor oxygen con
sumption was recorded at pH 4 in NFMS medium. Similarly, at pH 11 the 
final consumption of CH4 (37.41 ± 6.81%) and the O2 uptake (30.14 ±

4.65) were reduced compared to the control. 
In NMS, nitrate was consumed only in the control assays at pH 7 from 

the initial 130.1 mgN L-1 (measured as total nitrogen) to 47.8 ± 11.5 
mgN L-1 at the end of the 48 h incubation period. Nitrate consumption at 
pHs 4.0 and 11.0 was lower than 2.6 mgN L-1 during the same period, 
and only 0.3 mgN L-1 was consumed in the assay at pH 7 in the absence 
of oxygen. Therefore, no significant cell growth occurred except in the 
control assay at neutral pH. 

Interestingly, extracellular R3HBA was only detected at pH 11 in 
both NMS and NFMS medium (Fig. 1E). At pH 11 in NMS, 80.6 ± 0.8% 
of PHB was depolymerized and R3HBA secretion reached 205.8 ± 1.2 
mg L-1, a higher concentration compared with the assay in NFMS, where 
25.7 ± 7.9% of PHB was depolymerized and a R3HBA titer of 60.1 ±
12.9 mg L-1 was measured after 48 h. The mechanisms by which nitro
gen influences the depolymerization extent and rate seem to be related 
to the alleviation of the stringent response. In amino acid starved cells, 
the alarmone ppGpp accumulates and destabilizes the RNA polymerase 
σ70, resulting in an induction of genes under the control of alternative 
sigma σ factors, such as σ54 (Brigham et al., 2012). ppGpp has also been 
implicated in the inhibition of translation (Irving et al., 2021). In Ral
stonia eutropha H16, PHB mobilization occurs in the absence of the 
alarmone ppGpp, which in turn requires the presence of a source of 
nitrogen (Juengert et al., 2017). As further evidence of this mechanism, 
the genome of M. parvus OBBP contains the necessary bifunctional (p) 
ppGpp synthetase/hydrolase (WP_016921527.1) required for the syn
thesis and degradation of ppGpp. 

PHB depolymerization at pH 4 and pH 7 (with or without O2) in NMS 
supported extracellular R3HBA concentrations of 5.42 ± 0.67 mg L-1, 
4.83 ± 0.37 mg L-1 and 4.01 ± 0.15 mg L-1, respectively. Similarly, 
extracellular R3HBA concentrations of 4.68 ± 0.37 mg L-1, 6.17 ± 0.22 

Fig. 1. CH4 and O2 consumption during PHB depolymerization in M. parvus cultivated in NMS (A, B) and NFMS (C, D) medium at pH 4 (triangles), pH 11 (circles), pH 
7 (squares) and without oxygen at pH 7 (diamonds). (E) R3HBA released in M. parvus cultures at pH 4, pH 11, pH 7 (with and without oxygen) in NMS (black bars) 
and NFMS (white bars) medium. 
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mg L-1 and 5.50 ± 0.15 mg L-1 were measured after 48 h in NFMS at pH 4 
and pH 7 with or without oxygen, respectively. The final pH of the 
culture broth in the assays initially adjusted to pH 11 in NMS and NFMS 
media decreased to 8.28 and 6.23, respectively, confirming the secretion 
of the acidic R3HBA. No significant changes in pH were measured in the 
rest of the experiments, which agreed with the limited R3HBA release. 
The estimated YR3HBA are 31.5 ± 0.08% and 28.9 ± 0.91%, which 
equates to a PHB to R3HBA conversion of 25.4 ± 0.03% and 7.4 ± 2.1%, 
for the experiments at initial pH of 11 in NMS and NFMS, respectively. 

The in-vivo depolymerization of the intracellularly accumulated 
PHAs to hydroxy acids has been reported in several bacterial strains. For 
instance, the depolymerization process in Azohydromonas lata was car
ried out in water without shaking to minimize oxygen transfer, at 37 ◦C 
and pH 4.0, and achieved a depolymerization efficiency of 96% of the 
initial PHB to R3HBA in only 30 min (Lee et al., 1999). These author also 
evaluated PHB depolymerization in Pseudomonas aeruginosa PAO1 (DSM 
1707), Pseudomonas oleovorans (ATCC 29347) and Cupriavidus necator 

(NCIMB 11599) at pH values below 7.0 (Lee et al., 1999). The PHA to 
hydroxyacids conversion was 20% for C. necator and less than 10% for 
Pseudomonas species (Lee et al., 1999). 

The conversion of PHA to hydroxyacids in Pseudomonas putida GPo1 
was improved by changing the depolymerization conditions to an 
alkaline medium. This strain excreted (R)-3-hydroxyoctanaoic (R3HO) 
acid and (R)- 3-hydroxyhexanoic acid (R3HHx) at pH 11 in citrate buffer 
for 6 h with a PHA degradation efficiency and monomer production 
yields above 90% (w/w) (Ren et al., 2005). Ruth et al., (2007) engi
neered a depolymerization strategy at pH 10 in P. putida GPo1 under 
continuous mode with a production of R3HO, R3HHx, (R)-3-hydroxy-10 
undecenoic acid, (R)-3-hydroxy-8-nonenoic acid, (R)-3-hydroxy-6-hep
tenoic acid, (R)-3hydroxyundecanoic acid, (R)-3-hydroxynonanoic acid, 
and (R)-3 hydroxyheptanoic acid. The study herein presented confirmed 
the key role of high pH on PHA depolymerization, which is a common 
feature in Pseudomonas species. Hence, P. putida GPo1 released 3- 
hydroxyoctanoic acid and 3-hydroxyhexanoic acid from intracellular 
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Fig. 2. Schematic representation of the metabolic pathways involved in the polymerization and depolymerization of PHB in M. parvus OBBP. MmO, methane 
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dehydrogenase; PhaA, β-ketothiolase; PhaB, acetoacetyl-CoA reductase; PhaC, PHB polymerase; Hbd, (R)-3-hydroxybutyrate dehydrogenase, Crt, 3-hydroxybutyryl- 
CoA dehydratase; Ccr, crotonyl-CoA carboxylase/reductase; MclA, malyl-CoA lyase; Bcd, butyryl-CoA dehydrogenase (A). R3HBA concentration in M. parvus at pH 
10, 11 and 12 in NMS with (black bars) or without (white bars) CH₄ (B). Concentrations of biomass (C) and CH4 (circles), O2 (triangles) and CO2 (square) (D) during 
the viability assays of M. parvus cells previously subjected to a 3 h depolymerization phase at pH 11. Filled and empty symbols correspond to the experiments carried 
out in NMS and NFMS media, respectively. 
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PHA at pH 11 with conversions of 76% (0.356 g L-1) and 21% (0.015 g L- 

1) in 6 h, respectively (Ren et al., 2005). Similarly, P. putida Bet001 can 
depolymerize PHAs up to 98% in 0.2 Tris-HCl buffer at pH 9.1 within 48 
h (Anis et al., 2018). In Type II methanotrophs, the production of 
hydroxyacids has only been described in a genetically engineered 
Methylosinus trichosporum OB3b strain able to synthesize R4HBA from 
CH4 via the TCA cycle and the overexpression phosphoenolpyruvate 
carboxylase (Ppc), isocitrate dehydrogenase (Icd) and 2-oxoglutarate 
dehydrogenase (SucAB). The highest 4-HB titer obtained was 10.5 
mg/L after 6 culture days (Nguyen and Lee, 2021). 

PHB synthesis and degradation in methanotrophic bacteria seem to 
be similar to the metabolic processes carried out by most heterotrophic 
PHB producers (Vecherskaya et al., 2001). However, there is a limited 
understanding of the mechanisms that bring about the intracellular PHB 
depolymerization and the formation of its monomer acids such as 
R3HBA and crotonic acid in Type II methanotrophs. Vecherskaya et al. 
(2001) demonstrated how products from the anaerobic fermentation of 
PHB in methanotrophs can be bioconverted in R3HBA, butyrate, acetate, 
succinate, and other reduced compounds. Fig. 2A shows the pathways of 
PHB depolymerization and formation of different metabolites in 
M. parvus OBBP based on a genome-scale metabolic model (Bordel et al., 
2019) that has been recently reported. This model shows the fluxes of 
the PHB degradation from crotonyl-CoA to methylmalyl-CoA, which is 
dissociated into glyoxylate and propionyl-CoA. The glyoxylate origi
nated from methylmalyl-CoA is incorporated into the serine cycle, and 
the propionyl-CoA is carboxylated into succinyl-CoA by the 
ethylmalonyl-CoA cycle (EMC) and then incorporated into the TCA cycle 
(Bordel et al., 2019). Another parallel pathway involves the enzymatic 
conversion of crotonyl-CoA to butyryl-CoA and finally to butyrate 
(Vecherskaya et al., 2001). 

4. Optimization of pH during PHB depolymerization 

The results shown in Fig. 1B indicate that PHB depolymerization at 
pH 11 in NMS was superior to that at low pHs in NFMS. However, these 
results do not clarify if pHs closer to 11 could result in higher R3HBA 
titers, if pH control could improve R3HBA yields or if methane plays a 
role in the depolymerization of PHB. In this context, M. parvus cells 
containing 18.1% of PHB were resuspended in NMS medium at 1.32 ±
0.02 gTSS L-1and depolymerization was assessed at pHs of 10, 11 and 12 
as above described. Unlike previous experiments, the pH of the culti
vation broth was periodically monitored and controlled with NaOH 
during the course of the depolymerization. 

M. parvus cells rapidly released R3HBA in the pH range of 10–12 
following pH adjustment. Thus, the final extracellular monomer con
centration reached 146.6 ± 3.11 mg L-1 and 108.2 ± 0.66 mg L-1 with or 
without methane at pH 10 (Fig. 2B). On the other hand, the influence of 
methane was negligible at pH 11 and pH 12, reaching a PHB depoly
merization efficiency of 96.6 ± 2.22% and 92.9 ± 1.5%, respectively, 
(corresponding to 204 ± 7.8 mg L-1 and 208.44 ± 11.81 mg L-1 of 
R3HBA) in the presence of CH4. Similar PHB depolymerization effi
ciencies of 98.2 ± 1.10% and 93.6 ± 1.33%, respectively, (corre
sponding to 194.3 ± 6.5 mg L-1 and 187.4 ± 8.2 mg L-1 of R3HBA) were 
recorded in the absence of CH4 at the end of the experiment at pH 11 and 
12, respectively. These data suggested that methane did not play a sig
nificant role on PHB depolymerization and that pHs beyond 11.0 exerted 
little influence on R3HBA release. Based on these results, pH 11 in NMS 
and in the absence of CH4 was selected for further experiments. Under 
this condition, a PHB to R3HBA conversion of 68.0 ± 3.2% was 
calculated. 

The fine-tuning of pH played a key role in R3HBA release and PHB 
depolymerization in other bacteria species. For instance, Ren et al. 
(2005) demonstrated that PHA depolymerization in Pseudomonas Gpo1 
produced the highest titer of monomers (360 mg L-1 of 3-OH-C8) at an 
initial pH of 11, while a significantly smaller concentration of monomers 
(50 mg L-1) was measured at pH 12. Similarly, depolymerization and 

R3HBA release in Azohydromonas lata peaked at a pH of 4.0 with a PHB 
to R3HBA conversion of 96% in 30 min, and decreased to 31% at a pH 
5.0 (Lee et al., 1999). The production of R3HBA in vivo requires a 
concomitant high PHB depolymerization activity and a low enzymatic 
activity of Bdh. While intracellular depolymerases have an optimum pH 
range of 8–10 (Jendrossek and Handrick, 2002), Bdh activity is reported 
to be pH-dependent, with an activity range of 5–10 and an optimal pH 
range of 7.5–8.5, decreasing abruptly above pH 10 (Mountassif et al., 
2010; Takanashi and Saito, 2006) In this context, this study suggests that 
the phaZ enzyme, responsible of the depolymerization of PHB towards 
R3HBA, of M. parvus exhibits a high activity at pH 11. 

5. Influence of temperature on the kinetic of PHB 
depolymerization 

Since the optimal temperature for both growth and PHB accumula
tion in M. parvus is 30 ◦C and no growth occurs at temperatures greater 
than 40 ◦C (Soni et al., 1998), the kinetics of PHB depolymerization and 
R3HBA released were investigated at 25 and 35 ◦C, and pH 11 (manually 
adjusted to compensate for the release of R3HBA). The R3HBA titers 
quantified at 25 ◦C and 35 ◦C were 240 ± 3.81 mg L-1 and 282 ± 20.04 
mg L-1, respectively, after 3 h of depolymerization in a cell suspension 
with an initial PHB concentration of 1.86 ± 0.006 g L-1. The R3HBA 
production rates per mg of initial PHB were 48.6 ± 6.0 mg R3HBA 
(mgPHBi)-1h− 1 at 25 ◦C and 52.7 ± 2.3 mg R3HBA (mgPHBi)-1h− 1 at 
35 ◦C, while PHB depolymerization reached 16.5% (Y3HBA = 64.5%) 
and 24.8% (Y3HBA = 50.5%) at 25 and 35 ◦C, respectively. These results 
were similar to those obtained by Lee et al. (1999) during the depoly
merization of PHB accumulated in Azohydromonas lata at 30, 37 and 
45 ◦C. A moderate increase in R3HBA production rate was found when 
the temperature increased from 30 to 37 ◦C, while PHB depolymeriza
tion suddenly stopped at 45 ◦C likely due to enzymatic denaturation. 
Since R3HBA production rate slightly increased with temperature, but 
R3HBA yields severely decreased, the following experiments were per
formed at 30 ◦C. 

After 3 h at 25 ◦C and pH 10.8, cells were harvested and cultured in 
NMS (to assess cell growth) and NFMS (to assess PHB accumulation) 
media in the presence of CH4 to analyze the viability of the cells post- 
depolymerization. Cells incubated in NMS medium started to consume 
methane and oxygen by day 4, being these gases fully depleted after 16 
days (Fig. 2C). Biomass concentration increased from 170 mg L-1 to 295 
mg L-1 (Fig. 2D). However, the specific growth rate (µ) of post- 
depolymerization cells was lower (0.058 h− 1) than the specific growth 
rate of 0.107 h− 1 reported for fresh M. parvus cultures (Bordel et al., 
2019). On the other hand, the culture incubated in NFMS medium 
experienced cell death during the cell viability experiment due to ni
trogen limitation. 

6. Influence of the initial R3HBA concentration and aeration 
rate on PHB depolymerization 

To assess the effect of oxygen availability on PHB depolymerization 
in M. parvus, three tests with different liquid to air surface ratios were 
carried out at a constant pH of 11. Fig. 3A shows the kinetics of R3HBA 
release for the 72 h experiment and the depolymerization, crotonic acid 
and R3HBA yields in Fig. 3B. The final R3HBA concentration was similar 
regardless of the O2 supply, while the largest differences were obtained 
for the R3HBA yield. Indeed, the lowest R3HBA yield (73.6 ± 4.9%) 
occurred under the condition restricting O2 mass transfer (100 mL of 
broth in a 100 mL E-flask) while under less restrictive O2 supply rates, 
R3HBA yields reached 84.3 ± 1.0% and 83.7 ± 2.8% at 50 mL/100 mL 
and 50 mL/250 mL filling ratios, respectively. In terms of PHB to R3HBA 
conversion, these values equate to 77.2 ± 0.9% and 75.1 ± 3.3%. 
Literature suggests that the oxygen content during the depolymerization 
process could influence the fate of the monomers produced in rather 
unpredictable manners. In this regard, the PHB accumulated with 
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glycerol as substrate can be depolymerized to R3HBA in Halomonas sp. 
KM-1 under microaerobic conditions (25 mL of broth in 200 mL E-flasks 
agitated at 50 rpm) in the presence of a nitrogen source. Indeed, 15.2 g L- 

1 of R3HBA were produced in 66 h with a 76.6% PHB to R3HBA con
version under these conditions (Kawata et al., 2012). On the other hand, 
Halomonas sp. OITC1261 behaves differently despite its taxonomic 
closeness with Halomonas sp. KM-1, synthesizing R3HBA concomitantly 
with PHB under aerobic conditions without extra nitrogen supplemen
tation (Yokaryo et al., 2018). 

HPLC analysis of the depolymerization broth at 72 h showed that 
citric acid (ranging between 1 and 3 mg L-1 depending on the O2 supply 
rate), malate (20–45 mg L-1), succinate (5–20 mg L-1) and crotonate (less 
than 0.2 mg L-1) were present along with R3HBA and two unidentified 
compounds at 18.5 and 19.5 min in the incubation broth drawn after 72 
h of depolymerization assay. In addition, a peak at 14.6 min was 
resolved, presumably corresponding to R3HBA dimers based on previ
ous reports (Lu et al., 2014). 

The oxygen consumption during the PHB depolymerization process 
at pH 11 (Fig. 1B) and the fact that the yield of R3HBA decreased as the 
supply of oxygen decreased below a certain threshold, suggests that part 
of the electrons released from the conversion of the depolymerized PHB 
towards acetyl-CoA are aerobically oxidized for the provision of main
tenance energy. This follows from the subsequent findings: (i) the pro
duction of acetoacetate from R3HBA produces a molecule of NADH that 
could be used for ATP production if O2 is available, (ii) a negligible 
nitrate consumption was measured at pH 11 during the depolymeriza
tion experiment, thus growth can be disregarded, (iii) a limited supply of 
O2, achieved by carrying out the depolymerization process in an almost 
filled E-flask, decreased the R3HBA yield, suggesting that R3HBA was 

routed towards other metabolites to provide energy for maintenance. 
The latter finding can be considered as a less extreme version of the 
experiments by Vecherskaya et al. (2001) under anaerobic conditions, 
where products characteristics of a fermentative metabolism for energy 
production were obtained. 

R3HBA, as the direct product of PHB depolymerization, might act as 
an inhibitor of the enzymatic depolymerization activity. To test this 
hypothesis in M. parvus, depolymerization assays were carried out 
adding exogenous R3HBA before the onset of the depolymerization at 
concentrations ranging from 0 to 650 mg L-1. The higher limit was 
higher than the R3HBA titers achieved in previous experiments, where 
values slightly above 200 mg L-1 were found after 48 h of depolymer
ization at pH 11 with or without methane. Fig. 3C shows the total 
R3HBA concentration during the 72 h depolymerization experiment, 
while the net R3HBA released at the end of the experiment (72 h) is 
shown in Fig. 3D. No significant differences were found between R3HBA 
concentration released after 72 h with no added R3HBA and any of the 
experiments with addition of exogenous R3HBA. Fig. 3D also shows the 
specific initial rate of R3HBA release calculated during the first six 
hours. This parameter increased from 52.4 ± 1.8 mg of R3HBA per gram 
of initial PHB (PHBi) per hour in the absence of exogenous R3HBA to 
81.1 ± 8.0 mg (g PHBi)-1h− 1 in the presence of 120 mg R3HBA L-1. This 
increase could be related to impurities in the in-house produced R3HBA, 
although this was not further investigated. Additional increases in the 
initial R3HBA concentration led to a decrease in the specific initial rate 
of R3HBA release. Finally, Fig. 3E shows no differences on the depoly
merization yield regardless of the initial R3HBA concentration. Inter
estingly, the Y3HBA was reduced at 330 and 650 mg L-1 (65.8 ± 0 and 
61.7 ± 4.40%) compared to non R3HBA addition or to 120 mg R3HBA L- 

A B

C D E

Fig. 3. Influence of the oxygen mass transfer rate on the kinetics of R3HBA excretion (A), depolymerization (grey bars) and R3HBA yields (blue bars) (B). Time 
course of R3HBA concentration at 0 (square), 120 (circle), 330 (triangle) and 650 (diamond) mg L-1 of initial R3HBA (C), net release (bars) and initial production rate 
of R3HBA (scatter plot) (D) and R3HBA yield (blue bars), depolymerization yield (gray bars) and crotonic acid yields (scatter plot) (E) at pH 11 and NMS medium in 
M. parvus after 72 h. 
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1 added, while an increment of the crotonic acid yield to 0.78 ± 0.014% 
was evidenced at the highest initial R3HBA concentration. 

Surprisingly, literature is scarce regarding the effect of R3HBA on the 
depolymerization kinetics, although R3HBA is the main reaction prod
uct. Scherer et al. (1999) found that an extracellular PHB depolymerase 
from Aspergillus fumigatus was reversibly inhibited by trimers of 3- 
hydroxybutyrate, but no data was presented concerning inhibition by 
R3HBA. 

To further understand the effects of high R3HBA concentration on 
the depolymerization kinetics, future work will include depolymeriza
tion experiments carried out at high initial PHB concentrations. Indeed, 
PHB concentrations between 1 and 100 g L-1 could be attained by 
biomass concentration to test the possibility of achieving high R3HBA 
titers without sacrificing yield or increasing the depolymerization time. 

7. Conclusion 

This work showed for the first time the production of the chiral 
molecule (R)-3-hydroxybutyrate (R3HBA) from methane as a proof of 
concept to convert this greenhouse gas into a multicarbon value-added 
product. The process involves the accumulation of PHB in Methyl
ocystis parvus OBBP and its in-vivo depolymerization by intracellular 
enzymes. A PHB to R3HBA conversion of 77.2 ± 0.9% was obtained 
after 72 h of depolymerization at pH 11 in a mineral medium containing 
nitrate under aerobic conditions. A reduced O2 supply and increasing 
concentrations of exogenous R3HBA negatively affected the R3HBA 
yield and the initial R3HBA release rate. 
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acquisition, Project administration, Supervision, Resources, Writing – 
review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by the regional government of Castile and 
Leon and the EU-FEDER program (CLU 2017-09, UIC 315). The present 
work was also financially supported by the National Agency for 
Research and Development (ANID Chile), projects ANID/CONICYT 
Fondecyt Regular 1211434 and ANID/CONICYT Fondecyt Regular 
1190521. Support from grant Apoyo a la Formación de Redes Inter
nacionales entre Centros de Investigación REDES190137 (CONICYT- 
PCI) is also gratefully acknowledged. 

References 

Anis, S.N.S., Annuar, M.S.M., Simarani, K., 2018. Microbial biosynthesis and in vivo 
depolymerization of intracellular medium-chain-length poly-3-hydroxyalkanoates as 
potential route to platform chemicals. Biotechnol. Appl. Biochem. 65, 784–796. 
https://doi.org/10.1002/bab.1666. 
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L., Le Quéré, C., Naik, V., O’Doherty, S., Palmer, P.I., Pison, I., Plummer, D., 
Poulter, B., Prinn, R.G., Rigby, M., Ringeval, B., Santini, M., Schmidt, M., Shindell, D. 
T., Simpson, I.J., Spahni, R., Steele, L.P., Strode, S.A., Sudo, K., Szopa, S., van der 
Werf, G.R., Voulgarakis, A., van Weele, M., Weiss, R.F., Williams, J.E., Zeng, G., 
2013. Three decades of global methane sources and sinks. Nat. Geosci. 6 (10), 
813–823. 

Latimer, A.A., Kakekhani, A., Kulkarni, A.R., Nørskov, J.K., 2018. Direct Methane to 
Methanol: The Selectivity-Conversion Limit and Design Strategies. ACS Catal. 8, 
6894–6907. https://doi.org/10.1021/acscatal.8b00220. 

Lee, S.Y., Lee, Y., Wang, F., 1999. Chiral compounds from bacterial polyesters: Sugars to 
plastics to fine chemicals. Biotechnol. Bioeng. 65, 363–368. https://doi.org/ 
10.1002/(SICI)1097-0290(19991105)65:3<363::AID-BIT15>3.0.CO;2-1. 

Liu, H., Kumar, V., Jia, L., Sarsaiya, S., Kumar, D., Juneja, A., Zhang, Z., Sindhu, R., 
Binod, P., Bhatia, S.K., Awasthi, M.K., 2021. Biopolymer poly-hydroxyalkanoates 
(PHA) production from apple industrial waste residues: A review. Chemosphere 284, 
131427. https://doi.org/10.1016/j.chemosphere.2021.131427. 

Lu, J., Takahashi, A., Ueda, S., 2014. 3-Hydroxybutyrate Oligomer Hydrolase and 3- 
Hydroxybutyrate Dehydrogenase Participate in Intracellular Polyhydroxybutyrate 
and Polyhydroxyvalerate Degradation in Paracoccus denitrificans. Appl. Environ. 
Microbiol. 80, 986–993. https://doi.org/10.1128/AEM.03396-13. 

Matsuyama, A., Yamamoto, H., Kawada, N., Kobayashi, Y., 2001. Industrial production 
of (R)-1,3-butanediol by new biocatalysts. J. Mol. Catal. - B Enzym. 11, 513–521. 
https://doi.org/10.1016/S1381-1177(00)00032-1. 

McAdam, B., Fournet, M.B., McDonald, P., Mojicevic, M., 2020. Production of 
polyhydroxybutyrate (PHB) and factors impacting its chemical and mechanical 
characteristics. Polymers (Basel). 12, 1–20. https://doi.org/10.3390/ 
polym12122908. 

Mountassif, D., Andreoletti, P., Cherkaoui-Malki, M., Latruffe, N., Kebbaj, M.S.E., 2010. 
Structural and catalytic properties of the D-3-hydroxybutyrate dehydrogenase from 
Pseudomonas aeruginosa. Curr. Microbiol. 61, 7–12. https://doi.org/10.1007/ 
s00284-009-9568-7. 
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influence of environmental factors on biogas-based polyhydroxybutyrate production 
by Methylocystis hirsuta CSC1. Sci. Total Environ. 706, 135136. https://doi.org/ 
10.1016/j.scitotenv.2019.135136. 

Rostkowski, K.H., Pfluger, A.R., Criddle, C.S., 2013. Stoichiometry and kinetics of the 
PHB-producing Type II methanotrophs Methylosinus trichosporium OB3b and 
Methylocystis parvus OBBP. Bioresour. Technol. 132, 71–77. https://doi.org/ 
10.1016/j.biortech.2012.12.129. 

Ruth, K., Grubelnik, A., Hartmann, R., et al., 2007. Efficient production of (R)-3- 
hydroxycarboxylic acids by biotechnological conversion of polyhydroxyalkonoates 
and their purification. Biomacromolecules 8, 279–286. https://doi.org/10.1021/ 
bm060585a. 

Saunois, M., Bousquet, P., Poulter, B., Peregon, A., et al., 2016. The global methane 
budget 2000–2012. Earth Syst. Sci. Data 8 (2), 697–751. 

Scherer, T.M., Fuller, R.C., Lenz, R.W., Goodwin, S., 1999. Production, purification and 
activity of an extracellular depolymerase from Aspergillus fumigatus. J. Environ. 
Polym. Degrad. 7, 117–125. https://doi.org/10.1023/A:1022881204565. 
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