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ABSTRACT: Nonsterile microbial synthesis of chemicals offers a promising
route to reducing production costs and establishing sustainable processes.
Here, we investigated polyhydroxyalkanoate (PHA) production from glycerol
by different Pseudomonas strains under nonsterile conditions at varying NaCl
concentrations. There was a negative correlation between PHA synthesis and
increasing salt levels for P. putida H and KT2440. In contrast, P. frigusceleri
MPC6 exhibited, for the first time, enhanced PHA production on glycerol in
the presence of 20 ¢ L™' NaCl. In open-batch bioreactors, the strain MPC6
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produced 0.03 g L™ h™' PHA (42 wt%) from crude glycerol and remained l _ Sagliza
the dominant member of the bacterial community (>98%). We then i & '25 ot Nf’aél el I
developed a nonsterile fed-batch process that achieved 52.5 g L™" of total ;

biomass using a carbon-limiting feeding scheme. A DO-stat feeding approach
during nitrogen limitation resulted in a PHA volumetric productivity of 0.47
g L' h™! with PHA comprising 45% of the biomass. The major monomer in the polymeric chain was 3-hydroxybutyrate (PHB, 87—
89%), with the remainder as mcl-PHA. This study demonstrates that halotolerant bacteria can produce high levels of biopolymers
under mild salinity conditions that are less corrosive than those in high-salt systems while avoiding sterilization steps, thereby
lowering the operating costs of the bioprocess.
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1. INTRODUCTION

Polyhydroxyalkanoates (PHAs) represent a family of biode-
gradable polymers synthesized by bacteria and archaea through
the fermentation of renewable materials. PHAs display similar
properties to petrochemical plastics such as polypropylene and
polystyrene, which are used in the agro-industrial, medical, and
packaging sectors." Despite these benefits, PHAs are expensive
to produce due to the high cost of carbon substrates and
fermentation settings.”” Research has focused on using low-
cost feedstocks” to derive PHAs including waste fatty acids,’
lignin,”” and crude glycerol® from the biodiesel industry to
circumvent these hurdles. Moreover, the supplementation of
NaCl (2—10% w/v) to the fermentation media allows the
operation of bioreactors under nonsterile conditions using
halophilic bacteria and archaea, especially the native PHA-
producing Halomonas, Haloferax, and Bacillus species.”"”

In the past decade, there has been an ongoing effort to
bioconvert crude glycerol, a side-product generated from the
esterification process of fatty acids in the biodiesel industry,
into biobased chemicals'' given its low cost and a high degree
of reduction.” Unfortunately, crude glycerol contains many

© 2025 American Chemical Society

7 ACS Publications

growth-inhibitory compounds including salt, heavy metals,
ashes, and methanol.'"'? In this regard, bacteria of the genus
Pseudomonas can cope with these adverse conditions® and have
proven to be suitable medium-chain length PHA (mcl-PHA)
production platforms'® in batch'*'® and fed-batch pro-
cesses. 018 However, no Pseudomonas strains have been
shown to maintain good biomass and PHA accumulation
yields when challenged with NaCl concentrations sufficient to
suppress the growth of competing microorganisms. Moreover,
the homopolymer PHB and the less-brittle copolymer PHBV
have also been produced from crude glycerol, with a high
PHBYV volumetric productivity observed only when the waste

glycerol was supplemented with yeast extract."’
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To truly harness NaCl-supplemented media as a selective
barrier to avoid energy-intensive steam sterilization of vessels
and bioreactors to reduce the operational costs, we must
identify novel bacterial strains that sustain growth and high-
level PHA accumulation at NaCl concentrations sufficient to
suppress contamination. In this study, we selected P. fri‘gusceleri
MPC6,”*' an Antarctic halotolerant bacterium,”* and
compared it with two established PHA-producing Pseudomonas
strains; the model Pseudomonas putida KT2440,"° which
proliferates on crude glycerol,'® and Pseudomonas putida H,”
a robust PHA producer able to cope with the high toxicity of
aromatic compounds derived from lignin hydrolysis. All
Pseudomonas strains were challenged to grow and accumulate
PHA at increasing NaCl concentrations in batch cultures.

The novelty of this study lies in what is, to our knowledge,
the first demonstration of a Pseudomonas strain exhibiting
improved PHA synthesis under osmotic stress, with P.
frigusceleri MPC6 being the best PHA producer and
dominating the bacterial community when cultured in
nonsterile bioreactors fed solely with untreated crude glycerol.
We also show that P. frigusceleri in open fed-batch bioreactors
reached the highest short- and medium-chain length PHA
volumetric productivity so far reported using crude glycerol,
displaying desired physical properties for industrial applica-
tions.

2. EXPERIMENTAL SECTION

2.1. Pseudomonas Strains. P. putida KT2440 (DSM 6125) was
obtained from the DSMZ collection, Germany, P. putida H was kindly
provided by Prof. Dietmar Pieper from HZI, Germany, and P.
frigusceleri MPC6 (RGM3289) was obtained from the Chilean
Collection of Microbial Genetic Resources, INIA. These bacteria were
used for the different shaking flask experiments and the MPC6 strain
for PHA synthesis in bioreactor.

2.2, Culture Conditions in Shake Flask Experiments.
Pseudomonas strains were stored in 25% glycerol at — 80 °C as
glycerol stocks. Cells were routinely streaked on Lysogenic broth
(LB) agar plates and grown overnight to isolate single colonies. For
any shake flask cultivation, P. putida strains were aerobically grown at
30 °C. Single colonies were picked from the plate and transferred into
a 50 mL shake flask containing 10 mL of LB liquid medium. Defined
minimal medium (M9) containing 4 (g L™") crude glycerol. The
crude glycerol was not treated or modified in any way. It was supplied
by Cremer Oleo GmbH, (Hamburg, Germany, https://www.
cremeroleo.de/) and was used for all the experiments unless otherwise
stated. The company also provided the technical composition of the
crude glycerol, which contains (w w™") 80% glycerol, 0.5% methanol,
10% ash, 3% organic matter, and 6.5% water. We independently
verified the glycerol concentration via HPLC as described below.

Bacteria were grown in M9 minimal medium** consisted (per liter)
of 12.8 g Na,HPO,-7H,0, 3 g KH,PO,, 1 g NH,C], and 0.5 g NaCl.
After autoclave sterilization, the medium was supplemented with
filtered trace elements (6.0 FeSO,-7H,0, 2.7 CaCO;, 2.0 ZnSO,
H,0, 1.16 MnSO,-H,0, 0.37 CoSO,7H,0, 0.33 CuSO,-5H,0, and
0.08 H;BO; (mg L™")) and 0.12 g of MgSO,-7H,0. Ten milliliters of
M9 medium in a 50 mL shake flask was inoculated with the overnight
LB-grown culture at an initial OD at 600,, of 0.2 and incubated
overnight. A second preculture was initiated by transferring a
predetermined volume of the previous one into 150 mL of M9
medium containing 4 g L™" pure or crude glycerol (C/N ratio = 7.0
mol mol™") in 500 mL Erlenmeyer flasks and, it was incubated
overnight. At this C/N ratio, nitrogen is in excess and PHA formation
is not induced.">*°

2.3. Batch Bioreactors for PHA Production under Axenic
and Nonsterile Conditions. Batch bioreactors were operated under
aerobic conditions with a working volume of 0.8 L in a 1-L Minifors2
bioreactor (INFORS HT, Switzerland) set at 30 °C. The stirring

speed was kept constant at 800 rpm, and the pH was maintained at
6.8 by automatic pH-controlled addition of 1 M NaOH. The aeration
rate was set at 0.8 L min™' using a mass flow controller to ensure that
the dissolved oxygen was above 30% of air saturation.

For the open batch bioreactors, the salts of the M9 medium were
added into a clean vessel and dissolved in distilled water together with
25 g L' NaCl, followed by nonsterile 30 g L™ (pure or crude
glycerol) and mixing at 500 rpm. Once the solution was
homogeneous, magnesium sulfate (0.12 g L™') and 0.8 mL of
1,000X nonsterile trace element solution were added. The nonsterile
bioreactor was then inoculated at an initial cell density of 0.05 g L™
(~0.1 ODgy) at a working volume of 800 mL. The C/N ratio of 17.2
mol mol™ was chosen because this condition promotes PHA
synthesis in Pseudomonas, as reported previously.'¥** Upon
completion of the run, the culture broth was removed and the
bioreactor rinsed with distilled water before the next run. For the
sterile batch bioreactors, the vessel containing M9-salt medium and
30 g L' (pure or crude glycerol) was autoclaved. After cooling, filter-
sterilized magnesium sulfate and trace elements were added
aseptically. The axenic bioreactor was then inoculated at the same
initial cell density as the nonsterile bioreactor. Each bioreactor was
performed in triplicates.

2.4. Unsterile Open Fed-Batch Process Using Crude
Glycerol for PHA Biosynthesis. The vessels of the unsterile open
fed-batch processes were previously rinsed with distilled water only.
The fed-batch reactor contained nonsterile M9 medium supple-
mented with 15 g L™' crude glycerol, 25 g L™' NaCl, 0.12 g L™
MgSO,-7H,0, 2 mL of trace element solution, and 0.1 mL of Tego
Antifoam 2290 (APEO-free based on paraffinic oil, Evonik,
Germany). An initial working volume of 0.5 L was prepared in a 2
L vessel (Minifors2, INFORS HT, Switzerland) for the fermentation
processes. The temperature was maintained at 30 °C and the airflow
rate was set at 1 L min™" of compressed air. For pH control, 12.5% (w
v™!) NH,OH was added as needed to stabilize the pH to 6.8 + 0.1
during the biomass formation phase, while also serving as a nitrogen
source to prevent nitrogen limitation. During the PHA production
phase, NH,OH was replaced with 10% (w v~') NaOH.

The process initiated by seeding the reactor with the second
preculture to achieve an initial cell concentration of 0.1 g L™". During
the biomass production phase (stage II), the airflow rate was
maintained at 1 L min~’, with an air-to-pure oxygen ratio of 10:1.
Two additional pulses of Tego Antifoam 2290 during the exponential
feeding phase were provided, each of 100 yL. In the PHA production
phase, the airflow rate was maintained, but pure oxygen was
discontinued, and the reactor was sparged solely with compressed
air. This adjustment improved the dissolved oxygen (DO) response
during carbon substrate feeding.

The agitation speed was automatically adjusted to 1,200 rpm to
maintain dissolved oxygen levels above 20% air saturation. The
feeding nonsterile solution consisted of 500 g L™" crude glycerol, 25 g
L' NaCl, and 12 g L™' MgSO,7H,0. An exponential feeding
strategy was employed during the biomass production phase to
maintain g to a desirable constant fi, at nearly quasi steady-state of
the substrate concentration (S, g L™') in the broth, where the
derivation of the feed profile followed the mass balances of the fed-
batch operation.

dv
PO =37 (1)

where F(t) represents the feed rate (L h™"'), V is the culture volume
(L), t is the time elapsed after the start of feeding (h).
The biomass balance is:

dxv)
a N (2)

where X is the biomass concentration (g L™"), y is the specific growth
rate (h™'), and integration yields:

X()V(t) = X VetV (3)
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The substrate (glycerol) balance is:

Yy (4)

where S (g L™") is the substrate concentration in the broth, S, (g L™")
is the substrate concentration in the feed, Y,, the biomass yield on
substrate (gX gS™'). Under exponential feeding to hold u = ., with
near-zero residual substrate in the broth (S &~ 0), Eq. 4) reduces to,

XV,
A = F(t)SO

Y ()
Using Eq. 3) from the biomass balance, the required feed rate is

”setXOV()e%t K

Y;csso ( 6)

Here, u,, is the desired specific growth rate (0.75 y., = 0.12 h™"), S,
(500 g L™" crude glycerol), Y,, (0.52 gX gGly "), V, is the culture
volume (L) at the start of feeding, and X, (g L™') is the biomass
concentration at the start of feeding.

2.5. Biomass Quantification and Analytical Procedures. Cell
growth was monitored by measuring the optical density at 600 nm
(ODgqp) using a spectrophotometer (Ultraspec 2000 Hitachi, Japan).
For cell dry weight (CDW) determination, 10 mL of cell culture was
centrifuged at 9,000Xg for 10 min at 4 °C. The cell pellet was washed
once with distilled water and transferred to preweighed tubes. The
pellet was then dried at 100 °C until a constant weight was achieved.
Ammonium levels in the supernatant were quantified offline using a
photometric test (LCK 303 kit, Hach Lange, Danaher, United States).
The glycerol and organic acids concentration (citrate, isocitrate,
succinate, fumarate, malate, pyruvate, and citrate) in cultivation
supernatant was analyzed after proper dilution by HPLC ChroZen
2021 (Young Chromass, Korea) equipped with an Aminex HPX 87 H
column (Biorad, Hercules, CA, USA) set at 65 °C with 0.013 N
H,SO, as the mobile phase (0.5 mL min™") followed by detection
using a ChroZen RID detector.

2.6. PHA Characterization and Quantification. The polyesters
were first subjected to methanolysis to determine the monomeric
composition of PHA and the intracellular PHA content as previously
described.*® For this purpose, 10 mL of culture was transferred to a
Falcon tube, and cells were harvested by centrifugation at 9,000Xg for
10 min at 4 °C (Eppendorf 5810 R, Hamburg, Germany). The pellets
were washed once with distilled water, and the supernatants were
discarded. The pelleted cells were stored at — 20 °C until further
analysis. The frozen cell pellets were lyophilized (Alpha LSC, Christ,
Germany) at —45 °C under vacuum for 16 h. Then, 5—8 mg of dry
biomass was suspended in 2 mL chloroform and 2 mL methanol
containing 15% sulfuric acid, and 0.5 mg mL™" 3-methylbenzoic acid
and incubated at 100 °C for 4 h in sealed glass tubes. After cooling the
solution, 1 mL distilled water was added and the mixture vortexed
vigorously for 30 s. The mixture was centrifuged at 5,000Xg for 10
min at room temperature, the upper phase was discarded and the
lower chloroform-phase containing the methyl-ester monomers was
transferred to a GC-MS vial for injection.

The methyl-esters of the monomers were analyzed using gas
chromatography (GC) coupled with mass spectrometry (MS). One
microliter of the organic phase was injected into a Varian GCMS
system 4S0GC/240MS ion trap mass spectrometer (Varian Inc,
Agilent Technologies) at a split ratio of 1:10. Data were processed
using a MS Workstation 6.9.3 (Varian Inc., Agilent Technologies).
The methyl esters of 3-hydroxybutyrate, 3-hydroxyhexanoate, 3-
hydroxyoctanoate, 3-hydroxydecanoate, 3-hydroxydodecanoate, 3-
hydroxy-5-cis-dodecanoate, and 3-hydroxytetradecanoate were sepa-
rated using a FactorFour VF-S ms capillary column (30 m X 0.25 mm
id. X 025 mm film thickness). Calibration was performed using
commercial PHB (Sigma—Aldrich, MI, United States) and purified
mcl-PHA from a previous study.”” Both standards were subjected to
methanolysis as described above under identical conditions, and the
resulting methyl-ester chromatograms were used to assign retention

F(t) =

times and integrate the corresponding peak areas. The carrier gas,
helium, was set to a flow rate of 0.9 mL min~". The injector and
transfer line temperatures were maintained at 275 and 300 °C,
respectively. The oven temperature was programmed as follows: 40
°C for 2 min, followed by a gradual increase to 150 °C at a rate of 5
°C min™", and finally to 280 °C at a rate of 10 °C min™". Positive ions
were captured using electron ionization at 70 eV, and mass spectra
were recorded by scanning ions from m/z 50 to m/z 650. The PHA
concentration was determined using the method described by
Lageveen and col.*® The percentage of biopolymer relative to the
cell dry weight (CDW) was calculated as the average of two or three
biological replicates to determine the PHA content (wt%).

2.7. Transmission Electron Microscopy and Determination
of Cellular Size. Prior to fixation, bacterial cells were cooled to 4 °C.
They were then fixed with 2% glutaraldehyde and 5% formaldehyde
and washed with cacodylate buffer (0.01 mol L™" cacodylate, 0.01 mol
L™ CaCl,, 0.01 mol L™! MgCl,-6H,0, and 0.09 mol L™" sucrose, pH
6.9). The cells were stained for 1 h at room temperature with 1%
aqueous osmium tetroxide. Dehydration was carried out using
acetone at increasing concentrations (10, 30, 50, 70, 90, and
100%), with each step lasting 30 min. The 70% acetone step, which
included 2% uranyl acetate, was performed overnight. Samples were
infiltrated with an epoxy resin using the Spurr formula for hard resin.
Ultrathin sections were cut using a diamond knife and counterstained
with a mixture of uranyl acetate and lead citrate. Images were acquired
using a TEM910 transmission electron microscope (Carl Zeiss,
Oberkochen, Germany) operated at an acceleration voltage of 80 kV.
Digital images of the ultrathin sections were captured using a Slow-
Scan CCD-Camera (ProScan, 1,024 X 1,024, Scheuring, Germany)
with ITEM-Software (Olympus Soft Imaging Solutions, Miinster,
Germany).

Digital images were retrieved and processed to precisely adjust
contrast and brightness to enhance their visualization. Cell size was
determined using the software Image] (https:/ /imagej.net/ij/ ). For
each condition, the size of 25 cells was measured across a total of 20
images.

2.8. FAMEs Analysis by GC-MS. The cell pellet from a 15 mL
culture was transferred into a polypropylene tube. Sequentially, 4 mL
of chloroform, 8 mL of methanol, and 3.2 mL of 1% NaCl were
added. After each addition, the tube was vortexed vigorously for 15 s.
The mixture was then agitated overnight on a tube rotator at 30 rpm.
Following this, 4 mL of chloroform and 4 mL of 1% NaCl were
added, and the tube was inverted 30 times to ensure thorough mixing.
Phase separation was achieved by centrifugation at 4,000Xg for 5 min
at room temperature. The bottom layer, containing the lipid extract,
was carefully collected and evaporated to dryness under a gentle
stream of nitrogen. The dried extract was subsequently dissolved in 1
mL of a chloroform/methanol mixture (2:1, v v7'). The GC-MS
analysis was conducted with the same equipment as for PHA
determination. The column temperature was initially held at 130 °C
for 2.5 min, then increased to 240 °C at a rate of 5 °C min™’, followed
by a ramp to 300 °C at 30 °C min~", and finally held at 300 °C for §
min. Additional temperature settings were as follows: inlet, 275 °C;
GC-MS transfer line, 280 °C; ion source, 230 °C; and quadrupole,
150 °C. The mass-selective detector was operated in scan mode,
covering a mass range of m/z 40 to 700. Compound identification was
based on retention times, fragmentation patterns, and comparison
with reference standards of Supelco FAME Mix (Sigma-Aldrich), and
the NIST database.

2.9. Thermal Analysis of Biosynthesized PHAs. Differential
Scanning Calorimetry (DSC) was employed to analyze the thermal
properties of the polymer samples, including the glass transition
temperature (Tg), melting temperature (Tm), and crystallization
temperature (Tc). Measurements were conducted using a Perkin-
Elmer DSC 8500 device. For sample preparation, approximately 5—8
mg of dry solid sample was weighed directly into an aluminum pan to
minimize sample loss. The pan was sealed with a lid, positioned with
its indented side facing downward, using a Perkin-Elmer universal
crimping press. A second empty aluminum pan, prepared under
identical conditions, was used as a reference.
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Figure 1. Growth behavior and biomass formation of various Pseudomonas strains under different salt concentrations. (A) Specific growth rate and
(B) biomass yields of P. putida KT2440, P. putida H, and P. frigusceleri MPC6 cultivated on 4 g L™" glycerol in shake flask experiments. Values
represent the mean and standard deviation from three independent biological replicates.

The DSC analysis was carried out under a nitrogen purge gas flow
maintained at 30 cm® min-1 and a system pressure of 20 psi. Pyris
DSC software was utilized to control the instrument and manage data
acquisition. The thermal protocol included: cooling from 30.00 °C to
—20.00 °C at a rate of 20.00 °C/min, holding at —20.00 °C for 5 min,
heating from —20.00 to 200.00 °C at the same rate, holding at 200.00
°C for 2 min, cooling back to —20.00 °C at 20.00 °C min ', holding
at —20.00 °C for S min, and finally reheating to 200.00 °C at 20.00 °C
min~". Before analyzing the samples, a baseline was recorded using
empty pans, which was subtracted from the sample data to eliminate
background signals. The first heating step was employed to remove
the sample’s thermal history, while the subsequent cooling and
reheating cycles were used to determine key thermal properties, such
as Tg, Tm, Tc, crystallinity (J g™'), and heat capacity (J g™ °C'7).
Final results were saved as PDF files or exported in text format for
further analysis.

2.10. GPC Analysis. The molecular weight and molecular weight
distribution of the polymer samples were determined using an Agilent
1260 Infinity II Gel Permeation Chromatography (GPC) system
(Agilent Technologies, UK) equipped with a Dual Angle Light
Scattering Detector (LS), a Refractive Index Detector (RI), and a
Viscometer. The mobile phase was HPLC-grade chloroform, used
isocratically at a flow rate of 1 mL min~" and a column temperature of
50 °C. Detector temperatures were maintained at 40 °C. For sample
preparation, approximately 1—2 mg of purified polymer was dissolved
in chloroform to prepare solutions with concentrations adjusted
according to polymer size: ~ 2 mg mL ™" for smaller polymers and ~ 1
mg mL™" for larger polymers. Dissolution was performed without
vortexing or sonication, allowing natural dissolution at room
temperature for a minimum of 1 h, preferably overnight. The
solutions were then filtered through a 0.1—0.2 gm hydrophobic PTFE
membrane to remove particulates. Column calibration was performed
using polystyrene standards from the Poly(styrene) Medium Low Kit
(Mp 162—851,000 Da, PSS Polymer Standards Service GmbH,
Germany), with a nominal Mp calibration point of 131,700 g mol™".
The calibration ensured consistent instrument performance and was
used as a reference for molecular weight determination. Each sample
was analyzed with an injection volume of 100 L and a run time of 36
min.

2.11. Nuclear Magnetic Resonance (NMR) Spectroscopy.
The purity and structure of the polymer were evaluated using nuclear
magnetic resonance (NMR) spectroscopy. One-dimensional proton
(1H) NMR experiments were performed for each sample on a Bruker
AV III 600 MHz spectrometer equipped with a 24-sample cooled
loader (Sample Case Standard). Approximately 4 mg of the extracted
polymer was dissolved in 200 uL of deuterated chloroform (CDCl;)
and transferred to a S mm NMR tube. After ensuring complete
dissolution, the tube was sealed and loaded into the magnet. All
experiments were conducted at 298 K (25 °C). For the 'H NMR
analysis, the parameters included a spectral width of 12 ppm, a time

domain of 32,768 points, and 16 scans per sample. The *C-spectra
were acquired with the default pulse sequence zgpg30 (power-gated
30 © pulse) with a spectral width of 309 ppm, 20480 points, 6400
scans, and 6.5 s relaxation delay. The HSQC spectra were acquired
with a spectral width of 10 ppm and 200 ppm for proton and “*C,
respectively. The spectra were obtained in standard acquisition mode
with 2048 points for proton and 128 points for carbon. Data were
processed and analyzed using TopSpin 4.1 (Bruker Biospin,
Rheinstetten, Germany) and MestreNova v15.1.0 software. Chemical
shifts are reported in ppm, with tetramethylsilane (TMS) as the
internal standard.

2.12. 16S rRNA Gene Amplicon Sequencing and Analysis.
The composition of the bacterial community was analyzed using 16S
rRNA gene amplicon sequencing. Aliquots of 10 mL were centrifuged
at 9,000 X g and 4 °C for 10 min. The supernatant was discarded, and
the pellet was washed three times with 0.9% (w v™') NaCl. Genomic
DNA was extracted using the GeneJET DNA Purification Kit
(Thermo Fisher Scientific, Waltham, MA, USA). DNA integrity and
concentration were evaluated by 1% agarose gel electrophoresis and
by measuring the OD 260/280 ratio. The DNA samples were
subsequently sent to the Dalhousie University Integrated Microbiome
Resource (IMR; imr.bio) for 16S rRNA amplicon sequencing of the
V4-VS5 region. Amplicons were generated using modified primers as
described elsewhere”® and following the protocol described by
Comeau et al.*’ Sequencing was performed using 300 + 300-bp
paired-end (PE) v3 chemistry on an Illumina MiSeq platform.

Sequence data were processed using amplicon sequence variants
(ASVs) with DADA?2 v1.8.%° The filtering parameters for 16S rRNA
gene sequences were set as follows: maxN = 0, maxEE = ¢(2,2), and
truncQ_ = 2, with trimming parameters at truncLen = c(220,150).
Error rate learning, dereplication, denoising, and merging were
conducted according to the DADA?2 Pipeline Tutorial (v1.16).

2.13. Strain Confirmation by 16S rRNA Amplicon (Sanger)
Sequencing. At the end of the fermentation, 1 mL of culture was
serially diluted in sterile phosphate-buffered saline (PBS) and spread
onto LB agar plates supplemented with 25 g L™ NaCl. After 24 h of
incubation at 30 °C, four colonies were randomly picked, and
genomic DNA was extracted using the GeneJET Genomic DNA
Purification Kit (Thermo Fisher Scientific). The 16S rRNA gene was
PCR-amplified, and amplicons were Sanger sequenced (Macrogen,
USA) with universal primers 27F(5’-AGAGTTTGATCCTGGCT-
CAG-3’) and 1492R (S-TACGGYTACCTTGTTACGACTT-3').
Resulting sequences were compared against reference databases using
BLASTn on the NCBI Web site.

2.14. Statistical Analysis. All shake flask experiments were
performed in triplicate, and the results are presented as mean values
with error bars representing the standard deviation of the replicates.
Bioreactor experiments were conducted in triplicates. Statistical
analysis was performed using GraphPad Prism 5.0 (GraphPad
Software, Inc,, San Diego, CA, USA). Group comparisons were
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Figure 2. Total biomass and PHA production of various Pseudomonas strains under different salt concentrations after 72 h of cultivation. (A) Total
biomass and (B) PHA concentrations of P. putida KT2440, P. putida H, and P. frigusceleri MPC6 cultivated on 30 g L™" glycerol in shake flask
experiments. Values represent the mean and standard deviation from three independent biological replicates.

made using one-way analysis of variance (ANOVA), with differences
considered statistically significant at a pvalue of < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Inhibitory Effect of Sodium Chloride on Growth
Rates and Biomass Yields of Different Pseudomonas
Strains. We first evaluated the impact of increasing salt
concentrations on important cell physiological parameters such
as the maximum specific growth rate (i,,,,) and biomass yield
of well-reported PHA producers, including Pseudomonas putida
KT2440", P. putida H, and P. frigusceleri MPC6 growing with
4 ¢ L™ glycerol in axenic shake-flask cultivations. Remarkably,
P. putida H maintained a specific growth rate of 0.19 h™'
despite the upshift on the salt concentration—from 0.5 to 35 g
L™ (Figure 1A). The model strain P. putida KT2440 was more
sensitive to the imposed osmotic conditions showing a
negative correlation between p ., and the salt concentration
in the growth medium. However, the Antarctic P. frigusceleri
MPC6 retained a growth rate of 0.13 h™" even in the presence
of 40 ¢ L™ NaCl while the growth rate of P. putida KT2440
and H showed a 4-fold decrease (Figure 1A). In addition,
increasing salt concentrations significantly reduced biomass
yield coefficients for all tested Pseudomonas strains, being the
MPC6 cells with the highest yield recorded under high
osmolarity (Figure 1B). In this context, environmental bacteria
commonly adjust the intracellular osmotic state by expending
energy, in the form of ATP, and overexpressing membrane
proteins and osmoprotectant metabolites.”’ This energetic
process results in heat dissipation which can activate key
metabolic reactions enabling cell propagation at a high rate at
the expense of biomass formation.”” This rate-yield tradeoff is
crucial when selecting an appropriate PHA producer under
osmotic stress as low growth rates particularly impact the
specific volumetric productivity or reduced biomass results in
less PHA titers as the biopolymer accumulates intracellularly.

3.2. PHA Synthesis with Different NaCl Amounts in
Batch Cultures. To evaluate PHA and biomass formation in
batch cultures, we increased the glycerol concentration from 4
to 30 g L™' to trigger nitrogen limitation and quantify
biopolymer yields after 72 h of cultivation. NaCl concen-
trations ranging from 10 to 40 g L™" caused a reduction in the
cell dry weight (total biomass) and PHA by nearly 50% and
80%, respectively, in P. putida KT2440 (Figure 2). P. putida H
endured the salt upshifts, from 0.5 to 10 g L™}, while the CDW
and PHA declined from 5.28 and 1.66 g L™" to 3.43 and 1.20 g

L', respectively. For the rest of the experiments, there was a
considerable decrease in biomass (~60%) and cells accumu-
lated nearly 0.2 gPHA i Notably, P. frigusceleri MPC6
showed a different trend from the other P. putida strains as the
bacterium produced more biomass and biopolymers in
experiments supplied with 20 and 10 g L™' NaCl (Figure 2),
with the latter salt concentration showing the best PHA titer
(2.76 g L™', 98% increase). P. frigusceleri cells producing PHA
(1.4 g L™") in broth cultures containing 30 g L™" of NaCl were
similar to that obtained at 0.5 g NaCl L™ (control) and
declined more than 90% for the other experiments (Figure 2).

Augmented salt levels have been shown to be beneficial for
PHB synthesis in the industrial biopolymer producer C.
necator, which accumulated 30% more PHB when grown with
9 g NaCl L™! on acetate.”® As reported here, moderate salt
concentrations can inhibit mcl-PHA as shown by other
microorganisms producing PHB synthesis.”>* In another
study, Vibrio proteolyticus retained the accumulated PHB at
more than 50% of the cell mass when cultivated in up to 50 g
L™ of NaCL*® Beyond this concentration, PHB and biomass
production declined under nonsterile conditions. It is clear that
the capacity to accumulate PHAs in halotolerant micro-
organisms is dependent on the niche from which they were
isolated.’® Based on our results none of the P. putida strains
displayed better PHA production performance under hyper-
tonic conditions except for the Antarctic P. frigusceleri MPC6.
We showed recently that this bacterium propagates at a high
rate at low temperature (4 °C) and synthesized similar biomass
and PHA amounts to those obtained in bioreactors run at 30
°C.*° Psychrotolerant bacteria share many molecular systems
to encounter osmotic stress and cold environments like
proline, trehalose, and polysaccharide overproduction, a
boost in protein levels involved in maintaining membrane
fluidity, fighting oxidative stress, and assuring DNA replication,
translation, and cofactor synthesis.”' As the MPC6 strain was
isolated from the Antarctic Deception Island,® it might also
confront fluctuations in salt concentrations in addition to
temperature. We recently reported that this bacterium can
intracellularly bioreduce selenite into selenium nanoparticles
while progagating in natural seawater supplemented with crude
glycerol.” Analysis of the genome of MPC6 reveals that it
harbors more than 20 glutathione-related proteins, trehalose
synthesis and transport, and stabilizing DNA proteins.”' These
molecular traits might partly support good growth at both cold
temperatures and high osmolarity.
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Table 1. Monomer Composition of the Biosynthesized PHA by P. putida KT2440, P. putida H and P. Frigusceleri MPC6 Grown
on Glycerol (30 G L") in Shake Flask Experiments After 72 h of Cultivation®

NaCl
strain (gL™) 3HB 3HH
P. putida 0.5 ND.“ 3.7
KT2440 S ND. 3.3
10 ND. 4.1
20 ND. 4.2
30 ND. 4.5
35 ND. 43
40 ND. 4.4
P. putida H 0.5 ND. 4
S ND. 34
10 ND. 3.7
20 ND. 4.8
30 ND. 4.7
35 ND. 3.5
40 ND. 54
P. frigusceleri 0.5 89.4 1.8
MPC6 S 87.3 1.3
10 86.1 1.5
20 85.7 1.6
30 86.5 1.8
35 86.3 1.7
40 86.8 1.3

- b
monomer composition (%)~

3HO 3HD 3HCI12:1 3HDD 3HT
20.7 72.1 12 2.3 0.9
24.1 64.3 4.7 3.6 ND.
24.6 63.4 4.8 3.1 ND.
28.8 59.8 4.7 2.5 ND.
27.7 60.3 4.6 2.9 ND.
27.3 60.8 44 3.2 ND.
24.7 63.3 5.1 2.5 ND.
27.9 62.2 0.3 5.6 ND.
24.1 64.2 3.6 4.7 ND.
25 64.1 4.4 2.8 ND.
23.5 61.2 5.7 4.8 ND.
24 61.3 6.0 4.0 ND.
25.1 61.7 5.7 4.0 ND.
23.5 62.3 5.8 3.8 ND.
3.3 4.4 ND. 1.1 ND.
4.1 5.5 ND. 1.8 ND.
4.6 6.9 ND. 0.9 ND.
42 6.8 ND. 1.7 ND.
3.9 6.5 ND. 13 ND.
4.7 6.3 ND. 1.0 ND.
S.1 5.9 ND. 0.9 ND.

“ND. Not detected. “3HB: 3-hydroxybutyrate, 3HH: 3-hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-hydroxydecanoate, 3HDD: 3-
hydroxydodecanoate, 3HC12:1: 3-hydroxy-5-cis-dodecanoate, 3HT: 3-hydroxytetradecanoate. “Data reflect mean values from three replicates.

We also analyzed the monomer composition of the
biosynthesized PHA by the Pseudomonas strains via GC-MS
(Table 1). P. putida KT2440 and H synthesized the distinctive
mcl-PHA with 3-hydroxydecanoate (3HD) as the major
monomer of the polyester under standard growth conditions.
Salt upshifts resulted in an enrichment of unsaturated
monomers (3HC12:1), increasing from 1% to ~ 6% of the
relative polymeric content along with the absence of 3-
hydroxydodecanoate (3HT) in the formed mcl-PHA for both
P. putida strains. On the other hand, glycerol-grown MPC6
cells produced short- and medium-chain length PHAs having 3-
hydroxybutyrate (C4, > 85%) as the dominant monomer,
followed by 3-hydroxydecanoate (C10, > 5%). Besides, high
osmolarity has no significant effect in the monomer
composition of the synthesized PHA by P. frigusceleri MPCG6,
presenting only saturated monomers within the polymeric
chain (Table 1).

3.3. Kinetics of PHA Production on Pure and Crude
Glycerol in Nonsterile Batch Bioreactors. We next
evaluated growth and PHA formation kinetics of P. frigusceleri
MPC6 with 20 g L™' NaCl and 30 g L™" of pure and crude
glycerol for comparison in batch bioreactors. Although this salt
content promotes an enhanced PHA synthesis in shake-flask
experiments (Figure 2), it did not prevent contamination in
the fermenter (data not shown). We therefore increased the
salt content to 25 g L™". In this setting using pure glycerol, P.
frigusceleri depleted the available ammonium within the first 24
h, reaching a CDW of 3 g L™" and accumulating some amount
of PHA within the cell (Figure 3B). At 72 h of cultivation,
glycerol remained within the culture broth and PHA
represented 42% of the CDW. Conversely, under axenic
conditions, glycerol was completely consumed after 72 h

(Figure 3A), and P. frigusceleri produced similar PHA titers to
those observed in the nonsterile bioreactors (Figure 3A, B).
Within axenic bioreactors fed with crude glycerol, CDW was
the highest among the tested conditions, achieving 6.5 g L' at
the end of the process (Figure 4A). The produced PHA did
not significantly vary compared to the use of pure glycerol
(Figure 4A, 3A). Further, salt-supplemented batch bioreactors
running with crude glycerol also produced 0.03 g L' h™' PHA
and formed 5.5 g L™ of CDW (Figure 4B), which represents
15% less CDW compared to sterile bioreactors (Figure 4A, B).

To investigate the presence of other bacteria growing with P.
frigusceleri in open batch bioreactors, we used 16S rRNA
amplicon sequencing to determine microbial composition on
samples taken at the end of the fermentation period. P.
frigusceleri represented more than 92% and 98% of the
bacterial abundance for cells grown with pure and crude
glycerol at the genus level, respectively (Figure 3B, 4A). In
pure glycerol, bacteria belonging to the genera Candida
(4.2%), Paracoccus (0.6%), and Nitrosomonas (0.3%) propa-
gated together with Pseudomonas (Figure 3B).

However, in nonsterile batch bioreactors converting crude
glycerol to PHA, Klebsiella (1.6%) was the only bacterium
growing along with Pseudomonas (Figure 4A). These results
confirm that using NaCl favored the prevalence of strain
MPC6 when producing PHA on glycerol, with industrial crude
glycerol imposing a more restrictive environment. Although P.
frigusceleri MPC6 is phylogenetically distinct from typical
mesophilic Pseudomonas strains prevalent in the American
continent,”” ~ 300 bp 16S rRNA amplicon reads are too short
to resolve Pseudomonas at the species level. Thus, we obtained
CFU counts at the end of the PHA production process on LB
plates supplemented with 25 g L™ NaCl to visualize colony
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Figure 3. Time course of glycerol and ammonium consumption, total biomass formation, and PHA production by P. frigusceleri MPC6. 16S rRNA
amplicon sequencing analysis was conducted at 72 h of cultivation. (A) axenic bioreactor containing 30 g L™" pure glycerol and no salt addition and
(B) open batch bioreactor containing 30 g L™" pure glycerol and 25 g L™' NaCl. Values represent the mean and standard deviation from three

independent bioreactor experiments.

morphology. The CFU values were 4.1—5.6 X 10" CFU mL™".
In the serial dilutions used for counting, we observed only P.
frigusceleri-like colonies, which showed mucoid, spreading
growth (Supporting Information). Sanger sequencing of 16S
rRNA genes from representative colonies using universal
primers showed > 99.6% identity to P. frigusceleri MPC6
(Supporting Information). This indicates that higher-resolu-
tion, long-read sequencing (e.g, Nanopore or PacBio) is
needed to resolve Pseudomonas to the species level in mixed
cultures. Taken together, we confirmed that P. frigusceleri was
responsible for PHA biosynthesis in nonsterile batch
bioreactors. Biodiesel-derived crude glycerol exerts a toxic
effect on many bacteria as it contains ashes, metals, and
methanol.® It appears that bacteria growing together with P.
frigusceleri in pure glycerol are more sensitive to compounds
comprising crude glycerol as they were not present in the open

batch bioreactor (Figure 4A). Besides, Klebsiella strains are
robust bacterial workhorses capable of converting crude
glycerol into 1,3-propanediol and 3-hydroxypropionate and a
suitable bacterium to emerge in this environment sponta-
neously.***” More importantly, the recorded abundance of
Klebsiella spp. was low (1.6%) in the fermenter, which did not
affect the total PHA yield (Table 2).

To capture possible morphological changes in P. frigusceleri
cells grown with different kinds of glycerol and high
osmolarity, we sampled the bioreactors when PHA formed at
the maximum level and fixed the cells further to carry out
transmission electron microscopy (TEM). P. frigusceleri MPC6
exhibited a thick membrane and accumulated irregular PHA
granules for both conditions (Figure SA, B). The cells were
significantly smaller (p-value < 0.05) in open batch bioreactors
containing pure glycerol compared to crude glycerol (Figure
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Figure 4. Time course of glycerol and ammonium consumption, total biomass formation, and PHA production by P. frigusceleri MPC6. 16S rRNA
amplicon sequencing analysis was conducted at 72 h of cultivation. (A) axenic bioreactor containing 30 g L™" crude glycerol and no salt addition
and (B) open batch bioreactor containing 30 g L™" crude glycerol and 25 g L' NaCl. Values represent the mean and standard deviation from three

independent bioreactor experiments.

SC). The same phenomenon has been previously reported for
MPC6 cells producing PHA at 4 °C>. Certain bacteria can
reduce their cell body size to retain the protein synthesis rate,
which in turn maintains growth rates under adverse
conditions.”” Besides temperature, osmolarity appears to be
another factor that brings about the formation of smaller
MPC6 cells."" Moreover, given the prominent cell membrane
thickness visualized in the micrographs, we characterized the
lipid membrane composition of P. frigusceleri as the alteration
of fatty acids is a widespread survival mechanism in bacteria to
retain membrane homeostasis and fluidity.*>*> Whereas the
primary membrane fatty acids were C16 and C16:11, increased
NaCl had no significant impact on the types and proportions
of fatty acids comprising the cell membrane of P. frigusceleri
(Table 2). Besides the modulation of the ratio of trans to cis
unsaturated fatty acids,"* psychrotolerant Pseudomonas strains
also increase the cyclic fatty acids content by activating a
cyclopropane phospholipid synthase enzyme (Cfa) at low
temperature, ~ whereas the total saturated fatty acid content,

particularly the C17:0 cyclopropane fraction, increased when
P. putida mt-2 was challenged with hypertonic conditions in
planktonic cultures.*®

3.4. Thermal properties, Mw, and PDI of PHA
Produced in Batch Bioreactors. Differential scanning
calorimetry measurements were obtained to decipher key
thermal features of the biosynthesized PHAs. We observed
differences between melting temperature (Tm), but not for
glass (Tg), and transition (Tc) temperatures of biopolymers
derived from pure and crude glycerol (Table 3). The addition
of NaCl to P. frigusceleri bioreactors growing on pure glycerol
decreased the melting temperature of the produced PHA
compared to the control, while the use of crude glycerol
enhanced the Tm values toward 179 °C. The average-
molecular weights (Mw) of purified PHAs derived from
crude glycerol, regardless of the presence of NaCl, were in the
range of 460—640 kDa, which are relatively similar to the PHA
produced on pure glycerol (490 kDa, Table 3). This was not
the case for the polyester biosynthesized under hypertonic
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Table 2. Cellular Membrane and Monomer Composition of the Biosynthesized PHA in P. frigusceleri MPC6 Cultured on 30 g
L™ Glycerol in Bioreactors After 72 h [NaCl Concentration 25 (g L™")]

condition CDW PHA monomer composition (%)<
(gL™) (gL™) 3HB 3HH 3HO 3HD 3HDD 3HC12:1
glycerol 548 + 0.2 2.60 + 0.1 89.5 + 1.2 1.8 +£ 0.1 33+ 0.1 44 £ 03 1.1 £ 0.0 ND.?
glycerol (NaCl) 534 £ 02 2.05 + 0.1 87.1 £33 1.7 £ 0.1 52 +0.7 43 + 0.1 1.7 £ 0.1 ND.
crude glycerol 623 + 0.1 2.19 £ 0.1 84.1 £ 2.1 1.6 £ 0.2 6.5 £ 0.1 5.7 £ 04 2.1 +02 ND.
crude glycerol (NaCl) 5.76 + 0.3 241 +£02 83.7 +£ 5.0 1.3 + 0.1 62 + 09 53 +0.1 3.6 +03 ND.
membrane composition (%)<

condition Cl12 Cl4 Cl16:11 C16 C17:10 C18:11
glycerol 73+ 02 29+ 00 26.7 + 2.7 42.6 + 0.4 13.8 £ 0.1 12.1 £ 0.2
glycerol (NaCl) 53 +0.1 2.5+ 0.0 23.6 + 0.5 46.1 + 0.7 13.5+ 0.2 59 +02
crude glycerol 5.8+0.1 1.8 £ 0.0 25.5+ 0.2 43.1 £ 0.5 1.1 £ 02 92 +02
crude glycerol (NaCl) 57 +£02 2.1 +£0.0 27.7 £ 0.1 46.6 + 0.8 83+ 0.1 6.9 + 0.1

“The data reflect mean values and deviation from three independent bioreactors. PND. Not detected “3HB: 3-hydroxybutyrate, 3HH: 3-
hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-hydroxydecanoate, 3HDD: 3-hydroxydodecanoate, 3HC12:1: 3-hydroxy-5-cis-dodecanoate,
3HT: 3-hydroxytetradecanoate. 9C12; dodecanoic acid, C14; tetradecanoic acid, C16:11; 11-cis palmitic acid, C16; palmitic acid, C17:10; 10 cis-

heptadecanoic acid; C18:11; 11 cis-stearic acid.
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Figure S. Transmission electron microscopy (TEM) of P. frigusceleri
cells producing PHA in unsterile open batch bioreactors after 72 h of
cultivation. (A) TEM micrographs of cells cultured on pure glycerol,
(B) TEM micrographs of cells cultured on raw glycerol, and (C) cell
size distribution of P. frigusceleri MPC6; *p value < 0.05 indicates
statistical significance.

conditions with pure glycerol, as its Mw was significantly
higher (almost two times) compared to the PHA obtained
with salt addition (Table 3.) More importantly, the PDI values
were significantly reduced when raw glycerol and the addition
of NaCl were employed for biopolymer production in
bioreactors, displaying PDI values from 1.6 to 2.4. These
results indicate that the use of crude glycerol alongside the
addition of NaCl led to narrow weight distributions of purified
PHAs, an important feature for thermoforming and industrial

extrusion of polymers. The incorporation of monomers other
than 3HB, at more than 20 mol% as blends or copolymers in
the resulting PHAs has been widely reported to increase PDI
values.*” " The ratio M, /M, of PHAs is governed by several
factors, with the activities of the PhaC synthase enzyme during
the polymerization process and the counteraction of the PhaZ
depolymerase reported as key players.***°

3.5. PHA Fed-Batch Production and Biopolymer
Properties in Unsterile Bioreactors. We then conducted
a fed-batch process using crude glycerol as the only C-substrate
during the entire process. The system had three stages: i) a
batch phase, ii) an exponential phase for biomass formation,
and iii) a nitrogen limiting phase where crude glycerol was fed
to the bioreactor pulse-wise (DO-stat) for PHA production.
Within the batch phase, biomass reached ~ 9 g L™" after 18 h
(Figure 6A). Then, the exponential feeding of glycerol began,
during which compressed air was enriched with pure oxygen
(1:10, O,:air) to avoid oxygen limitation as stirring the
bioreactor at 1,200 rpm could not maintain the DO value
above 20% when only air was supplied. Glycerol was
completely metabolized throughout this stage and after 26 h
of cultivation, the culture reached 30 g L™" of total biomass; no
PHA was observed because ammonium was still present within
the culture broth (Figure 6A).

At this point, we stopped the addition of external
ammonium and fed crude glycerol following a DO response
by providing pulses. This approach led to a nitrogen limiting
regime while P. frigusceleri began to synthesize PHA. During
the DO-stat feeding strategy (phase iii) and nitrogen
limitation, the pure-oxygen supply was discontinued and only
compressed air was provided to the fed-batch bioreactor to
obtain a better and faster DO response of the culture’s oxygen
demand.”’ PHA boosted within the cells between 26 and 46 h.
The PHA titer peaked at 46 h (21.4 gPHA L™'), and this
concentration was maintained until the end of the process
despite feeding more crude glycerol to the bioreactor (Figure
6A). No metabolic byproducts like acetic acid were detected
(data not shown). Overall, P. frigusceleri had a total PHA yield
on glycerol of 0.19 gPHA gGly™' and a specific PHA
volumetric productivity of 0.47 g L™" h™' under nonsterile
conditions. We also examined the proportion of micro-
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Table 3. Monomer Composition, Average Molecular Weights, Polydispersity Index, and Thermal Properties of PHA Produced
from Glycerol by P. frigusceleri MPC6 under Different Fermentation Conditions and Salt Concentrations®

condition fermentation mode T, (°C)’ T (°C) T, (°C) Mw (kDa) Mn (kDa) PDI reference
glycerol batch 163.5 2.3 45.9 490 118 4.1 20
glycerol (NaCl)* batch 1503 + 1.1 1.9+ 0.1 553 + 0.1 965 603 1.6 this study
crude glycerol batch 179.2 + 04 2.7 £03 56.1 £0.3 462 193 2.4 this study
crude glycerol (NaCl) batch 176.5 + 0.2 29+03 52.0 + 0.4 515 245 2.1 this study
crude glycerol (NaCl) fed-batch (46 h) 174.7 + 0.3 3.1+ 04 55.7 £ 0.3 633 330 1.9 this study
crude glycerol (NaCl) fed-batch (52 h) 173.3 £ 04 35+02 579 + 0.5 348 175 2.0 this study

3HB 3HH 3HO 3HD 3HDD 3HCI12:1

crude glycerol (NaCl) fed-batch (46 h) 87.1 + 0.5 0.3 + 0.0 54 +0.1 72+ 03 ND. ND. this study
crude glycerol (NaCl) fed-batch (52 h) 88.3 + 0.3 0.7 + 0.1 41+02 6.9 + 0.1 ND. ND. this study

“Values represent the mean and standard deviation from three independent bioreactor experiments. *NaCl (25 g L™"). T,,, melting temperature;
Ty glass transition temperature; T, crystallization phase transition temperature; Mw, average molecular weight; Mn, molecular mass distribution;
and PDI, polydispersity index. ND. Not detected. 3HB: 3-hydroxybutyrate, 3HH: 3-hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-
hydroxydecanoate, 3HDD: 3-hydroxydodecanoate, 3HC12:1: 3-hydroxy-5-cis-dodecanoate, 3HT: 3-hydroxytetradecanoate. °T,, T, and T, values
were obtained from the second heating curves of the DSC analysis.
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Figure 6. Open fed-batch PHA production using P. frigusceleri cultured on crude glycerol as the sole carbon substrate and 25 g L'NaCl. The
fermentation process consisted of multiple feeding stages: (I) batch culture, initial crude glycerol concentration of 15 g L™!, (II) exponential
feeding (ps = 0.12 h™'), and (III) DO-stat crude glycerol feeding. (A) Substrate and product profiles of P. frigusceleri and 16S rRNA amplicon
sequencing for microbial abundance and (B) time-course of crude glycerol consumption used during the fed-batch. Yellow panels indicate nitrogen
limitation. Values represent the mean and standard deviation from two independent bioreactor experiments.
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organisms at the end of the fed-batch process, where
Pseudomonas accounted for more than 99.5% of the reads,
with the remained assigned to the genus Klebsiella. The high-
cell-density achieved by the MPC6 strain together with the
pulse-wise crude glycerol feeding likely conferred a competitive
advantage to the Antarctic strain (Figure 6A), rendering the
fed-batch environment more restrictive to competitor than in
the open batch bioreactors, which showed a slightly higher
proportion of Klebsiella spp. (Figure 4B).

Few studies have explored the use of industrial crude
glycerol as the sole carbon substrate for PHAs production in
Pseudomonas species. Recently, an engineered P. putida strain
overexpressing the phaC2 and phaG genes along with deleting
the phaC1ZC2 operon was reported to produce 49.5 g L™" of
mcl-PHA in a fed-batch bioreactor over 180 h, resulting in a
PHA productivity of 028 g L™ h™.'® In this regard, the
maximum PHA productivity obtained in our study surpasses
that of previously reported engineered P. putida strains under
axenic conditions by nearly 2-fold.''®** This points to the
importance of selecting the most appropriate feeding strategy
for producing an intracellular polymer, particularly when the
target product is not directly coupled to bacterial growth.”

Beyond performance, nonsterile NaCl-selective bioprocesses
bring several advantages. They eliminate sterilization-in-place
(SIP) of media and vessels, allowing operations without air
filtration, which in turn reduces steam, water, filtration
consumables, and electricity. These parameters can account
for a substantial fraction (20—40%) of the energy costs of
microbial chemical production.”>® It also shortens the runs
between cycles because the vessels and bioreactors are simple
washed rather than sterilized. Our findings that feeding
nonsterile crude glycerol in an open bioreactor creates a
more favorable environment for PHA synthesis by P.
frigusceleri (Figure 4, S), outlines a practical path to lower
OPEX and CAPEX. Although oxygen-enriched air was used for
10 h during the exponential-feeding phase, this oxygen demand
is a limitation that should be mitigated. One option is to
reduce the imposed i, which decreases the feeding rate along
with the cellular oxygen demand. There is a tradeoft between
longer runs and a decrease in PHA productivity, with a direct
impact on process economics. Modeling an optimization of the
feed rate and oxygen uptake rate (OUR) can identify operating
points that preserve the economic advantages of nonsterile
operation.

The monomer composition of the purified PHA biopro-
duced by P. frigusceleri was analyzed by GC-MS at 46 and 52 h
cultivation from the fed-batch bioreactor for comparison. The
biopolymers exhibited nearly identical monomeric signatures
with 3HB being the main monomer in the polymeric chain
(accounting for more than 87%), while the other monomers
corresponded to mcl-PHAs (Table 3). NMR analysis was also
conducted to confirm the findings obtained from GC-MS
analysis. We also conducted NMR analyses (Supporting
Information), which revealed that a predominantly PHB
composition (~89%) along with a minor fraction (~11%) of
mcl-PHA. The *C NMR spectrum confirms the presence of 3-
hydroxydecanoate as the main mcl-PHA monomer. Addition-
ally, smaller peaks are observed in the *C NMR spectrum
within the 20—35 ppm region, indicating the presence of other
shorter monomers in lower proportions than 3-hydroxydeca-
noate.” >’

The melting temperatures and the crystallization and glass
transition temperatures of purified PHAs obtained after 46 and

52 h of cultivation in the fed-batch bioreactors, were relatively
similar (Table 3). The biosynthesized PHA displayed a distinct
glass transition temperature of 3.1 °C and a unique
crystallization temperature of $5.1 °C (Table 3, Supporting
Information), a common pattern of a mixture of PHB and mcl-
PHAs. Interestingly, the average-molecular weight of PHAs
decreased from 633 kDa at 46 h to 348 kDa at 52 h. However,
the PDI values of PHAs remained nearly constant over time
(Table 3). These results suggest that the Mw of the
biosynthesized PHA can change once the maximum
biopolymer accumulation capacity of P. frigusceleri MPC6 is
reached. Consistent with our observations, previous studies
have reported fluctuations in molecular weights and PDI values
of homopolymers and copolymers of short- and medium-chain
length PHA over time.””*° Such variations can affect the
processing of biodegradable PHAs,”” but the PHA produced
by P. frigusceleri maintained a PDI close to 2 (Table 3), an
advantage for polymer extrusion processes.”®

B CONCLUSIONS

This study demonstrates that the extremophile P. frigusceleri
MPC6 exhibits high adaptability to grow under saline
conditions while efficiently metabolizing crude glycerol
without losing its ability to synthesize PHA. Compared to
other Pseudomonas strains, P. frigusceleri maintained higher
biomass yields and PHA production under increasing NaCl
concentrations, with optimal accumulation occurring at 20 g
L™' NaCl. In nonsterile batch bioreactors, P. frigusceleri
remained the dominant bacterial member of the community
(>98% abundance) after 72 h of cultivation, achieving a PHA
productivity of 0.03 g L™' h™" from crude glycerol. Moreover, a
PHA volumetric productivity of 0.47 ¢ L™" h™' was attained
over 46 h by implementing a DO-stat feeding strategy in open
fed-batch bioreactors. The PHA produced by P. frigusceleri was
identified as a mixture of PHB (87—89%) and mcl-PHA (13—
11%), as confirmed by GC-MS and NMR analyses. When PHA
production peaked at 46 h within the fed-batch process, the
biopolymer displayed a melting point of 175 °C, an average
molecular weight of 633 kDa, and a PDI of 1.9. Extending the
cultivation time to 52 h did not enhance PHA accumulation
and reduced the Mw to 348 kDa, while the PDI value (2.0)
remained relatively unchanged. A limitation of the present
work is the use of pure oxygen during the exponential feeding
phase to prevent oxygen limitation, which adds cost and
operational complexity. Future efforts should focus on
eliminating this requirement by operating at lower fractions
of U, that could reduce the oxygen-uptake rate over time.
This study reinforces the potential of novel halotolerant
bacteria for cost-competitive, biodegradable PHA production
while valorizing crude glycerol as a biobased chemical
feedstock. It further shows that nonsterile bioprocessing is
not limited to strict halophiles; halotolerant hosts can be
cultivated in mildly saline media that eliminate the need for
sterilization and are far less aggressive to stainless-steel vessels
and piping than high-salt systems.
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