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Abstract: The global production of fossil-based plastics has reached critical levels, and their sub-
stitution with bio-based polymers is an urgent requirement. Poly(3-hydroxybutyrate) (PHB) is a
biopolymer that can be produced via microbial cultivation, but efficient microorganisms and low-cost
substrates are required. Halomonas boliviensis LC1, a moderately halophilic bacterium, is an effective
PHB producer, and hydrolysates of the residual stalks of quinoa (Chenopodium quinoa Willd.) can
be considered a cheap source of sugars for microbial fermentation processes in quinoa-producing
countries. In this study, H. boliviensis LC1 was adapted to a cellulosic hydrolysate of quinoa stalks
obtained via acid-catalyzed hydrothermal pretreatment and enzymatic saccharification. The adapted
strain was cultivated in hydrolysates and synthetic media, each of them with two different initial
concentrations of glucose. Cell growth, glucose consumption, and PHB formation during cultiva-
tion were assessed. The cultivation results showed an initial lag in microbial growth and glucose
consumption in the quinoa hydrolysates compared to cultivation in synthetic medium, but after
33 h, the values were comparable for all media. Cultivation in hydrolysates with an initial glucose
concentration of 15 g/L resulted in a higher glucose consumption rate (0.15 g/(L h) vs. 0.14 g/(L h))
and volumetric productivity of PHB (14.02 mg/(L h) vs. 10.89 mg/(L h)) than cultivation in hy-
drolysates with 20 g/L as the initial glucose concentration. During most of the cultivation time, the
PHB yield on initial glucose was higher for cultivation in synthetic medium than in hydrolysates. The
produced PHBs were characterized using advanced analytical techniques, such as high-performance
size-exclusion chromatography (HPSEC), Fourier transform infrared (FTIR) spectroscopy, 1H nuclear
magnetic resonance (NMR) spectroscopy, scanning electron microscopy (SEM), X-ray diffraction
(XRD), and thermogravimetric analysis (TGA). HPSEC revealed that the molecular weight of PHB
produced in the cellulosic hydrolysate was lower than that of PHB produced in synthetic medium.
TGA showed higher thermal stability for PHB produced in synthetic medium than for that produced
in the hydrolysate. The results of the other characterization techniques displayed comparable features
for both PHB samples. The presented results show the feasibility of producing PHB from quinoa
stalks with H. boliviensis.

Keywords: polyhydroxybutyrate; agricultural residues; lignocellulosic materials; quinoa; Halomonas
boliviensis; halophilic bacteria; biopolymers; adaptation
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1. Introduction

The exponential growth of industry during the last century has turned plastics into
an indispensable everyday resource. The current global production of plastics exceeds
390 million tons per year [1], and a large amount of used plastic ends up as waste. The
weight of plastic waste generated in 2020, more than 580 million tons [2], is more than the
weight of the human population on Earth. Most of the currently used plastics are polymers
produced from fossil resources, mainly from the petrochemical industry [3]. The high
demand for plastics is due to their physical and mechanical properties. These properties
also make most plastics non-biodegradable and extremely difficult to remediate, which
makes them a significant environmental problem [4,5].

Microbial biopolymers, which are produced by different microorganisms, could be
used as an alternative to reduce the use of fossil-based plastics. Microbial biopolymers
include biological macromolecules, such as polysaccharides, polyamides, and polyesters [6,7].
Polyhydroxyalkanoates (PHAs), which are polyesters, are among the most widely studied
microbial biopolymers [8].

Poly(3-hydroxybutyrate) (PHB) is a PHA that has steadily attracted considerable
attention in recent years. It is produced by certain bacteria, and it is used as a reserve
material. PHB accumulates intracellularly and is used either as energy storage in excess
of carbon or as a protective agent under stress conditions [9]. PHB is fully biodegradable,
biocompatible, and thermoplastic, which makes it suitable for replacing fossil-based plastics
in various valuable applications. It can be used in bone tissue engineering [10], surgical
sutures [11], and other plastic-requiring applications [8].

The production of microbial biopolymers is a rather straightforward process, but the
feasibility of large-scale cultivation using pure sugars as substrates is restricted by high
production costs [12]. Therefore, the use of inexpensive raw materials, such as agricultural
and agro-industrial residues, for cultivating biopolymer-producing microorganisms is
desirable to make their production economically viable [13,14]. The identification of
microorganisms able to efficiently produce biopolymers by growing on substrates based on
lignocellulosic materials is crucial for this purpose. Halomonas boliviensis is an extremophilic
bacterium that was isolated from the Bolivian Altiplano, a habitat with high salinity and
UV radiation in which most other microorganisms cannot survive. H. boliviensis has been
identified as an effective producer of PHB [15,16].

Quinoa (Chenopodium quinoa), with a global production of more than 175,000 ton per
year [17], is an important crop in many countries, especially in the Andean region, where
Peru and Bolivia are the top global producers. Quinoa stalks, along with seed coats, are
major residues generated during quinoa harvest. Although the use of quinoa stalks for
energy generation has been considered [18], no high-value-added application has so far
been implemented.

Quinoa stalks have a high polysaccharide content that makes them a relevant source of
fermentable sugars, which can be released via pretreatment and enzymatic saccharification
and used in biorefining [19–21]. Pretreatment liquids [22] and enzymatic hydrolysates [23]
of quinoa stalks have previously been shown to be suitable for producing biopolymers,
namely exopolysaccharides, through cultivation of the halotolerant bacterium Bacillus
atrophaeus. It is of high scientific interest to investigate whether quinoa stalk hydrolysates
are an appropriate substrate for producing other biopolymers, for instance, PHB, using
H. boliviensis.

In this study, PHB production through the cultivation of H. boliviensis in cellulosic
hydrolysates from quinoa stalks is reported for the first time. Cultivation in synthetic
media was performed as a reference. Thorough characterization of the PHB produced from
hydrolysates and synthetic media was performed using advanced analytical techniques,
such as 1H nuclear magnetic resonance (NMR) spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, high-performance size-exclusion chromatography (HPSEC), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric analysis
(TGA).
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2. Materials and Methods
2.1. Microorganism

Halomonas boliviensis LC1 (NCBI:txid1072583), a moderately halophilic bacterial strain
isolated from the Bolivian Andes [16], was used. The strain was maintained on modified
tryptic soy agar (TSA) medium containing (in % (w/v)) NaCl (5.0), agar (1.5), tryptone (1.5),
and soy peptone (0.5). The pH of the medium was adjusted to 7.5 with a 2 M aqueous
solution of NaOH.

2.2. Raw Material

Stalks of royal quinoa (Chenopodium quinoa Willd.), collected from the Bolivian Alti-
plano, were used as a raw material for producing cellulosic hydrolysates. The stalks were
milled and sieved to a particle size between 1 and 1.7 mm and subjected to the extraction
of saponins. Extraction was performed according to a protocol previously described by
Carrasco et al. [20].

2.3. Preparation of the Cellulosic Hydrolysate
2.3.1. Sulfuric Acid-Catalyzed Hydrothermal Pretreatment

Pretreatment was carried out in a 1 L pressurized benchtop reactor (Parr Instrument
Co., Moline, IL, USA). Fifty grams (dry weight, DW) of saponin-free quinoa stalks were
placed in the reactor vessel and mixed with a solution of dilute sulfuric acid at a loading of
0.2 g H2SO4 per 100 g of dry biomass. The liquid-to-solid ratio (LSR) was 9:1, and the total
loading of the reactor was 500 g of the mixture. The pretreatment reaction was performed at
200 ◦C for 5 min. At the end of the pretreatment, the resulting slurry was vacuum filtered,
thoroughly washed with deionized water until neutral pH, and stored at 4 ◦C until further
use. Two pretreatment batches were run.

2.3.2. Enzymatic Saccharification

Two saccharification batches were prepared. In each batch, 30 g (DW) of pretreated
stalks were suspended in 50 mM sodium citrate buffer (pH 5) at a 10% (w/w) solid content.
The suspension was placed in an orbital incubator (INFORS HT Ecotron, Bottmingen,
Switzerland) at 45 ◦C and 170 rpm for one hour. Then, the enzyme blend Cellic CTec2
(obtained from Sigma-Aldrich, Steinheim, Germany) was added at a load of 200 CMCase
units/g biomass, as in previous related research [23], and the mixture was incubated for
72 h under the same conditions. At the end of the saccharification process, the slurry was
separated via vacuum filtration. The cellulosic hydrolysates, i.e., the liquid recovered from
both saccharification experiments, were combined and stored at 4 ◦C for compositional
analysis and subsequent use as culture media.

2.4. Media

If not stated otherwise, all chemicals used for the media were acquired from Sigma-
Aldrich. Before use, the pH of all media was adjusted to 7.5 using a 5 M aqueous solution
of NaOH.

Two synthetic media were used: a modified TSB (Tryptic Soy Broth) medium (SM-
TSB), which was used for normal bacterial growth, and SM-PHB medium, which was
used for PHB production. The SM-TSB medium contained (% (w/v)): NaCl (5.0), tryptone
(1.5), soy peptone (0.5), and glucose (2.0). The SM-PHB medium contained (% (w/v)):
NaCl (5.0), monosodium glutamate (0.2), K2HPO4 (0.35), NH4Cl (0.4), MgSO4· 7 H2O
(0.0038), Fe2SO4·7 H2O (0.00167), and glucose (either 1.0 or 1.5). The synthetic media were
sterilized via autoclaving at 121 ◦C for 15 min, except for the solutions of MgSO4·7 H2O and
Fe2SO4·7 H2O, which were filter-sterilized using 0.20 µm Acrodisc syringe filters (Pall, Ann
Arbor, MI, USA), and then, added to the autoclaved SM-PHB medium after cooling.
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Cellulosic hydrolysate (CH) medium, prepared via dilution of the hydrolysates with
ultrapure water, was used in the adaptation (CH-TSB medium, Section 2.5) and in PHB
production (CH-PHB medium, Section 2.6). The carbon source in the CH-TSB medium
was glucose (20 g/L), either as reagent-grade synthetic glucose or as part of a cellulosic
hydrolysate that was gradually added during the adaptation. In the final adaptation stage,
the carbon source of CH-TSB was exclusively the glucose of the hydrolysate. The cH-PHB
medium used for PHB production contained the same salts in the same concentrations as
those in the SM-PHB medium. The carbon source in the CH-PHB medium was glucose
(either 15 or 20 g/L) from the cellulosic hydrolysate. CH-TSB and CH-PHB media were
filter-sterilized using 0.20 µm rapid-flow disposable filter units with polyethersulfone (PES)
membranes (Thermo Scientific, Tijuana, Mexico).

2.5. Adaptation

An initial experiment was conducted to test the tolerance of H. boliviensis LC1 to
increasing concentrations of CH (5, 7.5, 10, 12.5, and 15% (v/v)). All media were supple-
mented with the nutrients used in the SM-PHB medium, and glucose was added so that
the initial concentration was always 20 g/L, and the C/N ratio was maintained at 16.5.
Cultivation was performed with shaking at 35 ◦C. Determination of the optical density
(OD) at 600 nm was used to assess microbial growth.

After the initial test of the tolerance, adaptation was initiated using CH-TSB medium
with 7.5% (v/v) hydrolysate in shake flasks at 35 ◦C. When vigorous growth was observed
(OD ≥ 5), a portion of the culture was taken and inoculated into the medium containing
10% (v/v) hydrolysate using a 1:10 (v/v) inoculum-to-medium ratio. The operation was
repeated consecutively with media containing increasing concentrations of hydrolysate.
As the share of hydrolysate in the medium increased, the addition of synthetic glucose
decreased, so that the initial glucose concentration always remained at 20 g/L.

After cultivation in media with two successive hydrolysate concentrations, for instance,
7.5% (v/v) and 10% (v/v), a portion of the culture was withdrawn, plated on solid TSA
medium (described in 2.1), and incubated at 35 ◦C for 24 h. Then, a preculture was
developed from a single colony, and the adaptation process was resumed (Figure 1a). The
increase in the hydrolysate concentration during the whole adaptation sequence is shown in
Figure 1b. When vigorous growth was observed in CH-TSB medium containing 40% (v/v)
hydrolysate, a portion of the culture was transferred into CH-PHB medium containing
40% (v/v) of the hydrolysate and cultivated at 35 ◦C for 24 h. A portion of the resulting
culture was withdrawn, plated on TSA medium, and incubated at 35 ◦C for 24 h. Single
colonies of the plated culture, hereafter referred to as the adapted strain, were used in
further cultivation experiments.

2.6. Bacterial Cultivation

The dynamics of bacterial growth and PHB formation were investigated in a first
cultivation experiment. The cultivations were performed in 250 mL baffled flasks using
100 mL of either SM-PHB or CH-PHB medium. The glucose concentration in the SM-PHB
medium was 15 g/L. The hydrolysate concentrations (17 and 33% (v/v)) in the CH-PHB
media were within the range that the bacterial strain was adapted to (Section 2.5). This
corresponded to glucose concentrations of 15 and 20 g/L. Pre-cultures of the adapted strain,
inoculated from TSA agar plates, were grown at 35 ◦C and 200 rpm for 18 h in 1 L flasks
with 250 mL of CH-TSB medium. The hydrolysate concentration in the preculture was
10% (v/v) to ensure vigorous pre-inoculum development. An OD600 of 5, corresponding
to a bacterial biomass load of 1.7 g/L, was reached in the preculture, which was then
inoculated into the cultivation medium at a 1:10 ratio. All the cultivations were performed
in triplicate. Cultivation was carried out under the same conditions as previously described
for 48 h. Microbial growth was monitored via OD measurements at 600 nm.
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Figure 1. Adaptation of H. boliviensis LC1 to cellulosic hydrolysates of quinoa stalks. (a) Overview of
the adaptation operations. (b) Hydrolysate concentration (% (v/v)) during the adaptation process.
The continuous lines show cultivation in CH-TSB medium. Red segments indicate cultivation periods
of 24 h. Blue segments indicate cultivation periods longer than 24 h. The dotted lines represent
periods of growth in solid medium and preculture development before a subsequent increase in
hydrolysate concentration.

A second cultivation experiment, which aimed to produce enough PHB for a thorough
characterization, was also performed. Two different cultivations were performed: one in
SM-PHB, and one in CH-PHB. A preculture of the adapted bacterial strain was inoculated
into SM-PHB and CH-PHB media, both with a glucose concentration of 10 g/L. The
cultivation was performed at 35 ◦C and 200 rpm for 22 h.

2.7. Isolation, Purification, and Quantification of the PHB

Bacterial biomass was collected via centrifugation at 5000× g for 15 min at room
temperature. Differential digestion of the non-PHB cellular materials was carried out by
adding 5 mL of sodium hypochlorite (44 g/L active chlorine) to 5 mL of culture medium.
Digestion was performed at 37 ◦C for 30 min, and the PHB was collected via centrifugation
at 8000× g for 15 min. The PHB was thoroughly washed with ultrapure water to avoid the
degrading effect of sodium hypochlorite, which could lead to a decrease in the molecular
weight of the PHB. Finally, the PHB was freeze-dried and stored at 4 ◦C for further analysis.

PHB was quantified using the Law and Slepecky method [24], which is based on the
acid hydrolysis of poly(3-hydroxybutyrate) to crotonic acid as described by Quillaguamán
et al. [25]. Dry bacterial biomass was digested with 10 mL of 97% (v/v) H2SO4 at 100 ◦C
for 1 h. The solution was cooled to room temperature and the absorbance was measured
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at 235 nm using H2SO4 as a blank. Pure H. boliviensis PHB was used as the calibration
standard.

2.8. Analysis of the Hydrolysates and Cultivation Samples

Glucose in the hydrolysates was analyzed using a Thermo Scientific Ultimate 3000
HPLC system (Dionex Softron GmbH, Germering, Germany) equipped with a refractive
index detector. An Aminex HPX-87H column (Bio-Rad Laboratories AB, Solna, Sweden)
was used for separation. The content of acetic acid was determined via high-performance
anion-exchange chromatography (HPAEC) with conductivity detection (CD). A Dionex
ICS-6000 system (Sunnyvale, CA, USA) equipped with a 4 × 250 mm separation column
(Dionex AS15) and a 4 × 50 mm guard column (Dionex AG15) was used. Elution was
performed with a flow rate of 1 mL/min and an isocratic gradient of 5% 200 mM NaOH
for 23 min, and the temperature was kept at 30 ◦C. Prior to each injection, the system was
washed with 200 mM NaOH for 4 min to remove contaminations, and then, it was allowed
to equilibrate for 16 min. An ADRS 600 (4 mm) RFIC self-regenerating suppressor (Dionex)
used in internal regeneration mode, with a current of 300 mA prior to the CD, was part of
the system. The CD temperature was set to 35 ◦C.

To investigate the dynamics of bacterial growth and PHB formation, 1 mL culture
samples were withdrawn every 3 h during the first 24 h, after 33 h, and at the end of the
cultivation period at 48 h. OD measurements were performed at 600 nm using a UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan) for all the time points to monitor growth.
Additionally, a 5 mL sample was collected for the determination of cell dry weight (CDW)
after 9, 18, 24, 33, and 48 h. The PHB mass was deducted from the measured CDW. The
samples were collected via centrifugation at 2500× g for 15 min, washed with ultrapure
water, and dried at 75 ◦C for 24 h. Finally, the CDW was measured gravimetrically. Glucose
in the cultivation samples was determined via HPLC using the same conditions described
above for the hydrolysates.

2.9. Calculations

The glucose consumption rate was calculated by dividing the glucose consumption up
to 24 h (in g/L) by 24, i.e., the number of hours up to that point. The PHB yield, in grams,
of initial glucose (YIG) was calculated by dividing the PHB formed up to the 24 h time point
(in g/L) by the initial glucose concentration (in g/L). Yield, in consumed glucose (YCG),
was calculated by dividing the PHB formed up to 24 h (in g/L) by the glucose consumed up
to that time point (in g/L). The volumetric productivity of PHB was calculated by dividing
PHB formation up to the 33 h time point by the number of hours (33).

2.10. Characterization of PHB
2.10.1. High-Performance Size-Exclusion Chromatography (HPSEC)

The molecular weight distribution (MWD) of the PHBs was determined via high-
performance size-exclusion chromatography (HPSEC). The HPSEC system consisted of
an HP 1100 high-pressure pump (Hewlett Packard, Palo Alto, CA, USA) and two T6000M
(Malvern Panalytical, Malvern, UK) columns in series. PHB was detected via a refractive
index and light scattering (LS) using detectors acquired from Malvern Panalytical. For
LS, two-angle detection (at 90◦ and 7◦) was used. The temperature in the autosampler,
columns, and detectors was 30 ◦C. The mobile phase was CHCl3, which was eluted at
a flow rate of 1 mL/min. The samples for HPSEC were prepared by dissolving 3.5 mg
of each PHB preparation in 1 mL chloroform and filtering the solutions through 0.20 µm
filters before injection. The temperature was 30 ◦C. Each sample was injected three times,
and the injection volume was 100 µL. The detectors were calibrated with polystyrene
standards dissolved in CHCl3 at 3 mg/mL. The data were processed using OMISEC 11.37
software from Malvern Panalytical, which was also used for calculating the weight-average
molecular weights (Mw) from the MWDs.
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2.10.2. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed to confirm the presence of specific PHB functional
groups. Around 20 mg of each PHB sample was mixed with approximately 380 mg of
potassium bromide (IR spectroscopy grade, Merck, Darmstadt, Germany). An agate mortar
was used to finely grind the mixture before taking measurements. The FTIR spectra were
recorded under vacuum (4 mbar), using a Bruker IFS 66v/S spectrometer (Bruker Optik
GmbH, Ettlingen, Germany), which was equipped with a diffuse reflectance 16-sample
holder carousel accessory (Harrick Scientific Products, Pleasantville, NY, USA). Pure potas-
sium bromide was used as a background, recorded in the same carousel round and using
the same parameters. The FTIR spectra were collected via 128 scans at a resolution of
4 cm−1 in the region 400–5200 cm−1. The spectra were converted to data point tables using
OPUS software (version 5.5, Bruker Optik GmbH, Ettlingen, Germany) and processed using
the free, Matlab-based, open-source GUI available from the Vibrational Spectroscopy Core
Facility (https://www.umu.se/en/research/infrastructure/visp/downloads/, accessed
on 20 April, 2023). Baseline correction was performed via asymmetrical least squares (AsLS)
fitting, where the parameters λ and p were set to 106 and 10−3, respectively. The total area
of the spectra was normalized over a spectral range 470–1870 cm−1.

2.10.3. 1H nuclear Magnetic Resonance (NMR) Spectroscopy

A total of 20 mg of each PHB sample was dissolved in 600 µL CDCl3 and transferred
to 5 mm NMR tubes. 1H and 2D 1H-13C HSQC spectra were recorded at 298 K on a
Bruker 600 MHz Avance III HD spectrometer (Bruker, Rheinstetten, Germany) equipped
with a BBO cryo-probe. The residual CHCl3 signal was used as an internal reference
(d 1H 7.27 ppm and d 13C 77.2 ppm). 13C chemical shifts were taken from the HSQC
spectrum, and thus, the carbonyl carbon was not included. The spectra were processed
and visualized using TopSpin 3.6 (Bruker Biospin, Rheinstetten, Germany).

2.10.4. Scanning Electron Microscopy (SEM)

The surface morphology of PHBs was observed using scanning electron microscopy
(SEM) at an accelerating voltage of 5 kV. The samples were dispersed onto carbon adhesive
tape, mounted on an aluminum stub, and coated with a thin platinum layer (2 nm).
Images were obtained at UCEM (Umeå Centre for Electron Microscopy, Umeå, Sweden)
using a field-emission scanning electron microscope (FESEM, Carl Zeiss Merlin GmbH,
Oberkochen, Germany) equipped with an in-chamber (ETD) secondary electron detector.

2.10.5. X-ray Diffraction (XRD)

Powder X-ray diffraction was performed using a Bruker AXS D8 Advance diffrac-
tometer with a Våntec-1 detector, using CuKα radiation and a Ni-filter on the detector side,
operated in 2θ mode. The PHB sample produced with SM-PHB medium was mounted
on a standard plastic sample holder, and the sample produced from CH-PHB medium
was mounted on a Si single-crystal low-background sample holder and set to rotation
mode during data collection. Continuous scans were applied within a 2θ angle range of
10–70 degrees. The data collection time for each sample was at least 5 h.

2.10.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of the two investigated PHB preparations was performed
using a TGA Q5000IR analyzer (TA Instruments, New Castle, DE, USA). Calibration using
the 5-point method based on Curie point standard calibration materials was applied.
Around ten milligrams of each PHB sample was loaded into a platinum pan and heated
to 920 ◦C under a nitrogen atmosphere. The heating rate was 10 ◦C/min. The obtained
TGA and DTG (negative time derivate of the mass loss) curves were used for analyzing the
decomposition characteristics of the PHB samples.

https://www.umu.se/en/research/infrastructure/visp/downloads/
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3. Results and Discussion
3.1. Adaptation of H. boliviensis LC1 to Cellulosic Hydrolysate

Quinoa stalks are highly available in the Andean region, where quinoa farming plays
a major role in local agriculture. Therefore, quinoa stalks are substrates of interest for
biorefinery processes. The saccharification of quinoa stalks produces sugars that can be
used for producing biopolymers via microbial fermentation. In this study, a cellulosic
hydrolysate of quinoa stalks was chosen as the substrate for the cultivation of the halophilic
bacterial strain H. boliviensis LC1 to produce poly(3-hydroxybutyrate). The hydrolysate was
prepared via sulfuric-acid-catalyzed hydrothermal pretreatment followed by enzymatic
saccharification using the approach previously developed by Carrasco et al. [20]. The
hydrolysate contained glucose (60 g/L), acetic acid (3.6 g/L), and traces of xylose.

The tolerance of the halophilic strain H. boliviensis LC1 to cellulosic hydrolysates was
tested in an initial screening using CH-TSB media with hydrolysate concentrations between
5 and 15% (v/v). In the CH-TSB media containing up to 7.5% (v/v) of the hydrolysate,
no visible growth limitations were detected, but at 10% (v/v) hydrolysate, the bacterial
viability was already affected, and the growth was completely abolished in media with
hydrolysate concentrations above 10% (v/v). The lack of growth might be attributed to
toxic effects exerted by acetic acid, a known microbial inhibitor [26] that was present in the
cellulosic hydrolysate.

To overcome inhibition, H. boliviensis LC1 was adapted to quinoa hydrolysates. The
goal was to reach good growth in cellulosic hydrolysates diluted to 30–40% (v/v) of their
initial concentration, which correlates to 18–24 g/L of glucose. This would mean that no
commercial glucose has to be added to the cultivation media. Based on the results of the
initial screening, an adaptation strategy, where CH-TSB medium with 7.5% and 10% (v/v)
hydrolysate serve as the starting points, was generated. Successive passes and repeated-
batch cultivations in media with increasing hydrolysate concentrations were applied. To
ensure cell viability, after reaching certain milestones, the culture samples were plated, and
the next adaptation round could continue from that isolate (Figure 1a).

In the early adaptation steps, the bacterium quickly adapted to the increasing hy-
drolysate content, and relatively good cell growth was achieved rather early in the culti-
vation. However, from 15% (v/v), the lag phase was prolonged, and it took around 30 h
to reach an optical density that allowed for a successful transfer to a medium with higher
hydrolysate content (Figure 1b). The repeated-batch cultivation process continued until
the bacterium had been adapted to a 40% (v/v) hydrolysate medium. At that point, the
bacterium was considered adapted because it was able to grow in media with hydrolysate
concentrations that inhibited growth before the adaptation. The good growth (OD600 ≥ 5)
observed in the medium containing 40% (v/v) indicates that the chosen adaptation strategy
was effective for H. boliviensis LC1. The differences between the growth of the adapted iso-
late and that of the non-adapted strain during their cultivation in the 40% (v/v) hydrolysate
under the same conditions are displayed in Figure 2. Adaptation to higher hydrolysate
concentrations was not attempted because this would have no practical implications for
producing PHB using H. boliviensis LC1 [25]. The adapted isolate was used in consecutive
experiments. Similar adaptation strategies have been reported before for other microor-
ganisms, such as Zymonomas mobilis and Saccharomyces cerevisiae [27]. No other studies on
adapting H. boliviensis to cellulosic hydrolysates have so far been reported.
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3.2. Cultivation of the Adapted H. boliviensis LC1 in Synthetic Media and Cellulosic Hydrolysates
3.2.1. Comparison of Bacterial Growth and PHB Formation in Synthetic- and
Hydrolysate-Based Media

The dynamics of bacterial growth and PHB formation were investigated in small-scale
cultivations in a synthetic medium (SM-PHB) and in a cellulosic hydrolysate-based medium
(CH-PHB). Both media had an initial glucose concentration of 15 g/L. Comparisons of
glucose consumption and cell density revealed shorter lag phases for SM-PHB than for
CH-PHB (Figure 3a). At 24 h, around 60% of the initial glucose had been consumed in
the SM-PHB medium, whereas only 27% of the initial glucose had been consumed at
that point in the hydrolysate. In the synthetic medium, growth was observed from the
very beginning, whereas in the hydrolysate, it took around 12 h for growth to become
evident (Figure 3a). The highest OD600 value in the synthetic medium was reached at 33 h,
while in the hydrolysate, it was reached after 48 h. It is apparent that even if the adapted
strain can grow in the hydrolysate, it requires some time to acclimatate to the inhibitors
before it starts growing. The microbial growth achieved in the synthetic medium was
lower than previously reported values for non-adapted H. boliviensis LC1 under the same
conditions [28]. This might be related to alterations in the metabolic activity of the bacterial
strain during the adaptation process.

Spectrophotometric measurement of crotonic acid was the chosen method of moni-
toring the PHB production capacity of the adapted strain, because it has previously been
shown to provide accurate quantification of PHB production by different bacteria [29].
The PHB yield on initial glucose (YIG) was higher for the synthetic medium than for the
hydrolysate-based medium along different time points of the cultivation (Figure 3b). In the
SM-PHB, PHB formation was detected after 9 h of cultivation, whereas in the hydrolysate,
PHB quantification was possible only after 18 h. This agrees well with the prolonged lag
phase observed for the hydrolysate (Figure 3a). PHB formation in the SM-PHB medium
remained higher than in the hydrolysate during most of the cultivation time.
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Figure 3. Growth and PHB production during cultivation of adapted H. boliviensis LC1 in a synthetic
medium and in a hydrolysate. (a) Cell growth (triangles) and glucose consumption (circles) during
cultivation; (b) PHB yield on initial glucose (YIG) at different time points; (c) PHB content in cell
biomass; (d) volumetric productivity of PHB. The growth is based on CDW measurements and
correction for PHB mass. Red color is used for synthetic medium and blue color for hydrolysate-
based medium. The graphs show means of triplicate experiments. The error bars show the standard
deviation.

For SM-PHB medium, PHB accumulation reached a maximum at 33 h of cultivation,
and then, it started to decrease (Figure 3b). A similar decrease was previously reported
for H. boliviensis in synthetic medium [30], and it can be attributed to PHB consumption
by the microorganism. In the hydrolysate-based medium, PHB accumulation continued
to increase during the cultivation. After 48 h in CH-PHB, YIG became comparable with
the yield in synthetic medium. This disagrees with a previous report on H. boliviensis
LC1 cultivated in hydrolysates of wheat bran and potato waste [31]. In that report, the
cultivation displayed comparable growth dynamics to those in the current study, except
that PHB accumulation dropped after around 20 h.

The PHB content in the bacterial biomass at 18 h was around 30% of the total cell dry
weight (CDW) for both the synthetic medium and the hydrolysate (Figure 3c), while the
cell biomass was higher for the synthetic medium than for the hydrolysate (Figure 3a).
For the cultivation in the synthetic medium, the highest PHB percentage in the cells was
observed at 24 h, whereas for the hydrolysate, the maximum was observed for samples
taken at 18 h. The volumetric productivity over time was always higher in the synthetic
media (Figure 3d).
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3.2.2. Bacterial Growth and PHB Formation in Hydrolysate-Based Media with Different
Glucose Concentrations

The effect of different glucose concentrations on bacterial growth and PHB formation
was evaluated in cultivations in hydrolysate-based media with 15 g/L (CH-PHB-15) and
20 g/L (CH-PHB-20) glucose. The glucose consumption rate was slightly higher for the
cultivations with the lower initial glucose concentrations (CH-PHB-15) (Table 1). Overall
glucose consumption after 48 h was 100% in CH-PHB-15, while in the more concentrated
hydrolysate (CH-PHB-20) some glucose remained unused, and the overall consumption
was 93% of the initial concentration. Higher bacterial growth was observed in CH-PHB-20
than in CH-PHB-15, which is a consequence of the different initial glucose concentrations
in the media.

Table 1. PHB production parameters and glucose consumption rate in cultivations of H. boliviensis
LC1 in hydrolysates with initial glucose concentrations of 15 g/L (CH-PHB-15) and 20 g/L (CH-PHB-
20). Mean of triplicate experiments. The standard deviations are shown in parentheses. Cell biomass
is based on cell dry weight after deducting PHB mass.

CH-PHB-15 CH-PHB-20

Glucose consumption rate, g/(L h) 0.15 (0.04) 0.14 (0.03)
Overall glucose consumption, % of initial amount 99.75 (0.04) 92.84 (3.64)
PHB yield on consumed glucose (YCG), g/g 0.10 (0.03) 0.08 (0.03)
Volumetric productivity of PHB, mg/(L h) 14.02 (1.17) 10.89 (1.16)
Cell biomass, g/L 1.38 (0.22) 1.18 (0.24)

PHB yield on consumed glucose (YCG) (calculated at 24 h, the time point at which
the PHB cellular content was the highest for the synthetic medium (Figure 3c)) was higher
for CH-PHB-15 medium than for CH-PHB-20 medium (Table 1). In any case, the achieved
yield was lower than the maximum PHB yield from glucose reported for H. boliviensis
(0.12 g/g) [25] and the theoretical yield reported for Escherichia coli (0.48 g/g) [32]. The
volumetric productivity of PHB was also higher for cultivations with low initial glucose
concentration.

3.2.3. PHB Production and Isolation for Characterization

Larger-scale cultivations using a hydrolysate-based medium and a synthetic medium
were performed, with the aim of producing a sufficient amount of PHB for thorough char-
acterization. The concentration of glucose in both media was set at 10 g/L, considering that
the small-scale experiments described above (Section 3.2.2) revealed that cultivations of the
adapted strain in hydrolysates with low glucose concentration are effective for consum-
ing the available glucose, and for achieving high PHB yield and volumetric productivity
(Table 1). The produced PHB was recovered from the bacterial biomass, isolated, and
freeze-dried. The refined PHB samples were then characterized by different advanced
techniques that have previously been used for the characterization of PHB produced by
other bacteria [33–36].

3.3. PHB Characterization
3.3.1. High-Performance Size-Exclusion Chromatography (HPSEC)

HPSEC was used for determining the average molecular weight (Mw) of the produced
PHB. Identifying the Mw of biopolymers is important for determining their suitability for
industrial applications.

The MDW of the PHB samples revealed that the molecular weight average of the PHB
produced via cultivation in a synthetic medium (Mw = 1560 ± 6 kg/mol) was two times
higher than that of the sample produced in the hydrolysate (690 ± 2 kg/mol) (Figure 4). The
Mws of the PHB produced in this study are well above 50 kg/mol, which is the minimum
value required for most PHB uses [33], but still below 3000 kg/mol, which is the lower limit
to be considered an ultra-high-molecular-weight PHB [34]. There are not many reports on



Fermentation 2023, 9, 556 12 of 19

the Mw of PHB produced in hydrolysates. One of the few published studies, which was on
PHB production by Cupriavidus necator in hydrolysates of alligator weed [35], reported a
Mw of 185 kg/mol, which is considerably lower than the values reported in the present
work.
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3.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of the two PHB samples (one PHB preparation produced via bacterial
cultivation in synthetic media and one produced via cultivation in a cellulosic hydrolysate)
are shown in Figure 5. The assignment and interpretation of the bands were based on [37].
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The FTIR spectra of both samples exhibited a sharp, distinctive peak at 1730 cm−1

(Figure 5). This signal corresponds to the carbonyl bond stretching vibration of the ester
group, which is characteristic of polyhydroxyalkanoates and other polyesters. The peak
was slightly more intense for the PHB produced in the synthetic medium than for that
produced in the cellulosic hydrolysate. The intensity differences in the carbonyl bond
signal in PHB have previously been correlated with crystallinity features. In a study on the
characterization of different PHB samples produced by Paraburkholderia xenovorans, strong
signals at 1720 cm−1 were associated with higher-order crystalline formations, while weaker
signals were related to samples with a higher proportion of amorphous structures [36].
However, the crystallinity pattern revealed by the X-ray diffractograms in this study was
similar for both PHB samples (Section 3.3.5).

The peaks corresponding to the asymmetric C-H stretching vibration of methyl and
methylene groups (at 2933 and 2875 cm−1) were visible for both samples. Similar peaks
have previously been reported for spectra of PHB produced by other organisms, such as
P. xenovorans LB400 [36,38]. In the current study, the intensity of these peaks was higher
for the PHB produced in the cellulosic hydrolysate than for that produced in the synthetic
medium. Furthermore, the peak at 2848 cm−1, which can be attributed to symmetric
CH2 stretching vibrations, was visible only for the spectrum of the PHB produced in the
hydrolysate. This discrepancy can be related to differences in crystallinity [39].

The spectra of both samples also displayed other peaks that are typically reported
for PHB. These include peaks at 1454 and 1381 cm−1, attributed to aliphatic methylene
and methyl groups, respectively [40,41], as well as bands around 1290, 1282, 1184, and
1132 cm−1, which are typical features of vibrations of the -C-O, -C-C-O, and C-O-C bonds
in esters [41,42].

The peaks at 1282 and 1184 cm−1 were more intense for the PHB produced in the
synthetic medium than for that produced in the cellulosic hydrolysate. This variation can
be attributed to small differences in the physical state of both polymers [43], as the PHB
produced from the hydrolysate was slightly more amorphous than that from the synthetic
medium. In general, the FTIR spectra of both PHB samples displayed a rather comparable
pattern with no major differences in the detected peaks or in signal intensity, regardless
of the substrate used. Comparable FTIR spectra were reported for C. necator and Bacillus
megaterium [44].

3.3.3. 1H Nuclear Magnetic Resonance (NMR) Spectroscopy
1H NMR spectroscopy is a powerful tool for determining the structure of polymers,

and in this work, it was used to verify the structure of the produced PHB. Both PHB
samples had similar spectra, displaying three clearly defined signals that are typical of
PHB homopolymers [45]. Peaks at chemical shifts (δ) of 5.26, 2.61, 2.48, and 1.28 ppm were
detected for both samples (Figure 6). The multiplet at δ = 5.26 ppm corresponds to the
methine (–CH) group, while the doublet of doublet peaks at δ = 2.61/2.48 ppm and the
doublet at 1.28 ppm correspond, respectively, to the methylene (–CH2) and methyl (–CH3)
groups. Since these signals have been found before in PHB standards [43], and they are
identical for both of our samples, it can be confirmed that the biopolymer synthesized by
H. boliviensis LC1 in both the synthetic medium and the cellulosic hydrolysate is a PHB.
This conclusion is further corroborated by the 13C chemical shifts derived from the 1H-13C
HSQC spectra, where the shift values were found to be 67.6 ppm (-CH), 40.8 ppm (-CH2),
and 19.8 ppm (-CH3). Comparable 1H and 13C chemical shifts have also been reported for
PHB produced by B. megaterium and C. necator [44].
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Figure 6. 1H NMR spectra of the PHB produced by cultivating H. boliviensis LC1 in a glucose-based
synthetic medium (red line) and in a cellulosic hydrolysate of quinoa stalks (blue line). The insert in
the top spectrum shows a magnification of the δ = 0.6–2.2 ppm area.

1H NMR indicated the presence of pure PHB in both samples, especially that pro-
duced in a synthetic medium (Figure 6). The PHB produced via cultivation in a cellulosic
hydrolysate contained some minor impurities, which can be detected if the spectra are
zoomed in. Magnification of the chemical shift area between δ = 0.6 and 2.2 ppm shows
a relatively small peak at δ = 0.9 ppm and some weaker peaks at δ = 1.6 and 2.1 ppm for
the PHB produced in the hydrolysate. A signal at δ = 0.9 ppm in the 1H NMR spectrum
of PHB from C. necator has previously been attributed to impurities [33], and the peak at
1.6 ppm most likely originates from trace amounts of H2O in the solvent [46,47]. The weak
signal at 2.1 ppm might also be attributed to impurities, and they were not visible in the
spectrum of the PHB produced in the synthetic medium.

3.3.4. Scanning Electron Microscopy (SEM)

SEM imaging revealed that both PHB samples displayed comparable morphological
features consisting of granules with mostly elliptical (or slightly spherical) shapes, and a
rather unsmooth surface (Figure 7), similar to those granules obtained from recombinant
E. coli and B. megaterium [48]. No porosity was evident from the granular features. Despite
the similarity in shape, the PHB granules produced via cultivation in a synthetic medium
had a slightly higher average diameter of (0.6–0.7 µm) than those produced via cultivation in
the cellulosic hydrolysate (< 0.5 µm). Furthermore, it is important to highlight that the PHB
granules from the synthetic medium were rather discrete and well-defined (Figure 7-top),
while those from the hydrolysate medium tended to bind to each other and rendered the
particle shape more indistinguishable (Figure 7-bottom). This morphological disparity
between the samples agrees with results obtained from other analyses, as NMR revealed
impurities in the sample from the hydrolysate but not in that from the synthetic medium,
as SEC revealed a larger molecular weight of the sample from the synthetic medium, and
as TGA revealed slightly more thermal stability of the sample from the synthetic medium
(see Section 3.3.6).
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3.3.5. X-ray Diffraction (XRD)

X-ray diffraction is commonly used to assess the amorphous and crystalline nature
of biopolymers [49]. The XRD patterns of the PHB samples are shown in Figure 8. Both
materials exhibited a good match with the structure reported by Yokouchi et al. [50]
(powder diffraction file number 00-068-1411). The diffractograms displayed five intense
peaks, where the two at 13.5◦ and 16.9◦ are sharp and come from the planes (0 2 0) and
(1 0 1), indicating greater repeatability in those directions. The peak at around 22◦ is
an overlap arising from slightly broadened reflections in the planes (0 2 1), (1 0 1), and
(1 1 1) appearing as one. The blunt peak with a shoulder on its left side is likely to stem
from less repetition in these directions. The PHB produced via cultivation in synthetic
medium displayed a stronger peak at 26.8◦ and some additional peaks around 36◦, 40◦,
54◦, 56◦, and 67◦. These peaks belong to the displaced rutile (TiO2) from the sample holder,
together with a non-crystalline contribution with a maximum of around 20◦. At 26.8◦, a
rutile peak coincided with the PHB (0 4 0) reflection, giving the appearance of a large peak
at this position. The low attenuation of X-rays in the sample led to penetration and the
generation of signals from the sample holder, with a slight displacement towards higher
angles because of the height difference between the sample and the holder. The amount of
PHB sample produced from cellulosic hydrolysate that was available for XRD required the
use of a low-background Si holder to obtain the diffractograms. This sample holder did not
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produce as much background as the standard holder did. Considering this, the crystalline
characteristics of the two samples were very similar. Rather similar diffractograms have
been reported for PHB produced by B. megaterium, C. necator [44], and P. xenovorans [36].
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Figure 8. X-ray diffraction pattern of PHB produced by cultivating H. boliviensis LC1 in glucose-based
synthetic medium (red line) and in a cellulosic hydrolysate of quinoa stalks (blue line). Main peaks
are annotated with corresponding Miller indices.

3.3.6. Thermogravimetric Analysis (TGA)

TGA analysis of the PHB preparations revealed that both samples had good thermal
stability up to around 200 ◦C (Figure 9). For both samples, distinct weight loss was
observed between 200 and 310 ◦C. After that, no major volatilization was observed, and
some material remained as a residue. More residual material was observed for the PHB
from cultivation in the synthetic medium (10.3% (w/w)) than for that from the hydrolysate
(7.1% (w/w)).
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(red lines) and in a cellulosic hydrolysate of quinoa stalks (blue lines).

For the PHB produced in the hydrolysate, the weight loss started at around 180 ◦C and
the maximum was reached at 288 ◦C (Figure 9). For the PHB from the synthetic medium,
the weight loss started later, at around at 210 ◦C, than for the sample from the hydrolysate,
but the maximum weight loss rate was reached at approximately the same temperature,
around 290 ◦C. The thermal degradation was very sharp for both samples. These values are
within the average range reported earlier for different for PHBs, which generally display
a maximum weight loss rate at temperatures between 225 and 295 ◦C [51–53]. The PHB
produced in the synthetic medium presented slightly higher thermal stability than the
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sample produced in the cellulosic hydrolysate. The slightly lower thermal stability of the
sample produced in the hydrolysate might be linked to the presence of acetic acid in the
production medium, or with its relatively lower molecular weight (see Section 3.3.1). It
has been reported that using acetic acid in PHB isolation can affect thermal stability by
inducing some decomposition of PHB into crotonic acid [54]. Previous studies have shown
that the thermal stability of PHAs is directly correlated with their molecular weight [52].
However, the difference in thermal stability between the PHB preparations in the present
study was not as striking as the difference in their average molecular weights. Both samples
showed similar thermostability compared with PHB from C. necator [44].

4. Conclusions

The moderately halophilic bacterium H. boliviensis LC1 was adapted to a cellulosic
hydrolysate of quinoa stalks, and the capacity of the adapted strain to produce PHB in
cellulosic hydrolysates was demonstrated. Cultivation of the adapted strain revealed
different dynamics in a glucose-based synthetic medium and in cellulosic hydrolysates, but
the produced PHB exhibited rather comparable properties.

Characterization using advanced techniques revealed that the PHB samples produced
from glucose-based synthetic media and cellulosic hydrolysate displayed similarities re-
garding FTIR and NMR spectra, and some other general features. Some differences in
molecular weight, thermal stability, particle size, and crystallinity were revealed via HPSEC,
SEM, XRD, and TGA. Although these differences could limit its applicability to an extent,
the produced PHB is expected to be suitable for different biomaterial uses, which will be
addressed in a further investigation. The results of this study demonstrate the feasibility of
using quinoa stalks to produce PHB with adapted H. boliviensis strains.
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