Extremophiles (2023) 27:30
https://doi.org/10.1007/500792-023-01313-3

ORIGINAL PAPER q

Check for
updates

Production of poly (3-hydroxybutyrate) and extracellular polymeric
substances from glycerol by the acidophile Acidiphilium cryptum

Ernesto Gonzalez'?® . Camila Zuleta' - Guiselle Zamora' - Nataly Maturana’ - Belén Ponce’ -
Maria Virginia Rivero®* - Alberto Rodriguez®* - Juan Pablo Soto® - Felipe Scott® - Alvaro Diaz-Barrera’

Received: 20 April 2023 / Accepted: 26 September 2023
© The Author(s), under exclusive licence to Springer Nature Japan KK, part of Springer Nature 2023

Abstract

Acidiphilium cryptum is an acidophilic, heterotrophic, and metallotolerant bacteria able to use dissolved oxygen or Fe(III)
as an electron sink. The ability of this extremophile to accumulate poly(3-hydroxybutyrate) (PHB) and secrete extracellular
polymeric substances (EPS) has also been reported. Hence, the aim of this work is to characterize the production of PHB
and EPS by the wild strain DSM2389 using glycerol in shaken flasks and bioreactor. Results showed that maximum PHB
accumulation (37-42% w/w) was obtained using glycerol concentrations of 9 and 15 g L™!, where maximum dry cell weight
titers reached 3.6 and 3.9 g L', respectively. The culture in the bioreactor showed that PHB accumulation takes place under
oxygen limitation, while the redox potential of the culture medium could be used for online monitoring of the PHB produc-
tion. Recovered EPS was analyzed by Fourier-transform infrared spectroscopy and subjected to gas chromatography—mass
spectrometry after cleavage and derivatization steps. These analyses showed the presence of sugars which were identified as
mannose, rhamnose and glucose, in a proportion near to 3.2:2.3:1, respectively. Since glycerol had not been used in previous
works, these findings suggest the potential of A. cryptum to produce biopolymers from this compound at a large scale with
a low risk of microbial contamination due to the low pH of the fermentation process.
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Introduction

Prokaryotic life, through a long evolutionary history, has
become ubiquitous in all environmental niches pushing the
boundary of habitable conditions. Microorganisms living in
these environments, collectively known as extremophiles,
are categorized according to the conditions under which they
grow, being possible to identify thermophiles/hyperthermo-
philes, psychrophiles, barophiles, acidophiles, alkalophiles,
halophiles, xerophiles and metallophiles, among others
(Chettri et al. 2021). The application of extremophiles has
been focused on the isolation of extremozymes, industrial
catalysis of processes under extreme conditions (e.g. biomin-
ing), and the production of valuable molecules or nanoparti-
cles (Beeler and Singh 2016; Coker 2016). However, some
microorganisms, such as acidophiles, alkalophiles and halo-
philes, are interesting subjects of basic and applied research
for the production of compounds in fermentation processes
due to the self-protected nature of the fermentations. The
advantages of these processes include savings in media steri-
lization, simpler equipment design, and reduced chances of
losing a batch of product due to culture contamination (Chen
and Jiang 2018; Koller 2017).

Microorganisms belonging to the genus Acidiphilium,
mainly A. cryptum strains, stand out among acidophiles
for their ability to carry out reductive biomining opera-
tions (Gonzélez et al. 2015, 2018) but they can also accu-
mulate the biopolymer poly(3-hydroxybutyrate) (PHB),
the most common type of polyhydroxyalkanoate (PHA)
(Xu et al. 2013, 2010). Acidiphilium cryptum is a hetero-
trophic bacterium able to use several substrates, although
some authors have reported a meager growth in chemically
defined medium and inhibition by organic acids and high
concentrations of organic compounds (Harrison 1981; Kishi-
moto et al. 1990). Since its bacterial activity is maintained
in the presence of heavy metals such as chromium, zinc,
aluminum, and manganese (Cummings et al. 2006; Fischer
et al. 2002Zhou et al. 2014), it can also be classified as a
metallotolerant bacteria.

Biopolymers such as PHA/PHB have been widely stud-
ied because they are biodegradable polymers that can be
obtained from renewable sources (Palmeiro-Sanchez et al.
2022). Nevertheless, their production has not reached

@ Springer

a large scale due to the lack of cost-effectiveness, where
the carbon source contributes to approximately 50% of the
total cost (Sirohi et al. 2020). Glycerol has been explored
as an alternative carbon source, instead of sucrose or glu-
cose, for PHB production in neutrophilic bacteria (Sriyapai
et al. 2022; Wen et al. 2020) because crude glycerol (80%
purity) can be obtained at low cost from the biodiesel indus-
try (0.09-0.20 USD kg~!), while the price of pure glycerol
is almost five-folds higher (0.60-0.91 USD kg~') (Mon-
teiro et al. 2018). Despite A. cryptum can use of glycerol
as a carbon and energy source (Harrison 1981; Kiisel et al.
1999), and the affordable price of this feedstock, there are
no reports about the utilization of this compound to produce
PHB.

On the other hand, a price comparable to petroleum-based
plastics is not a goal for medical applications of bioplas-
tics where other characteristics, such as biocompatibility,
good mechanical properties and high purity, are desir-
able too (Luef et al. 2015). In particular, the production of
biopolymers for medical purposes must accomplish good
manufacturing practice (GMP) standards, where chemi-
cally defined media are usually preferred. These media are
typically employed in research to increase the reproducibil-
ity and to study the effect of individual compounds (Link
and Weuster-Botz 2011), although Zhang and Greasham
(1999) and Posch et al. (2012) have also encouraged their
employment in industrial processes. The reported advan-
tages include (1) enhanced process consistency, (2) better
control and monitoring, (3) improved process scale-up and
(4) simplified product recovery, having (5) equal or higher
fermentation productivities.

In addition to the ability of certain microorganisms to
accumulate PHA/PHB, others also secrete extracellular
polymeric substances (EPS), mixtures of polysaccharides,
proteins and DNA (Costa et al. 2018). In bacteria with
geomicrobiological relevance, the production of EPS has
been related to biosorption, biomineralization, particle
trapping/aggregation, redox cycling, metals complexation,
mineral dissolution, bioleaching and corrosion (Tourney and
Ngwenya 2014). Despite several subfractions of EPS can
be isolated, two major fractions involve bound and soluble
EPS (Shi et al. 2017). As far as we know there are no reports
about production of soluble EPS for strains belonging to
the genus Acidiphilium, while Tapia et al. (2009) reported
the protein and carbohydrate content found in bound EPS
obtained from Acidiphilium 3.2Sup(5) by different methods.
The bound EPS of this strain was then subsequently used to
study the adsorption of Fe(III) and Fe(IT) from a mechanistic
point of view (Tapia et al. 2016, 2011).

Hence, this work focuses on characterizing the produc-
tion of PHB and EPS by the acidophilic and metallotolerant
wild strain Acidiphilium cryptum DSM2389 using glycerol.
The cultures were performed in shaken flasks and bioreactor
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using complex and defined culture media supplemented with
this compound as carbon and energy source. This study
shows an opportunity to exploit the metabolic potential
of extremophiles to improve the fermentation process for
addressing the current needs of biodegradable polymers in
the context of bioeconomy (Antranikian and Streit 2022).

Materials and methods
Microbial strain and culture media

The strain A. cryptum DSM2389 was maintained in flasks
at 35 °C and 150 rpm using basal E medium (BEM) sup-
plemented with glucose or glycerol. The BEM, formulated
based on E medium from Gonzalez et al. (2015), contained:
(NH,),S0,2.0 g L7!, KC1 0.1 g L', K,HPO, 0.5 g L™,
MgSO,-7H,0 0.5 g L' and yeast extract 0.3 g L™\, A
basal defined medium (BDM) was formulated as follows:
(NH,),SO0, 4.0 gL"', KCl1 0.4 gL™!, K,HPO, 0,5 g L™,
MgSO,-7H,0 0.2 g L™!, CaCl,-2H,0 0.1 g L™, ferric cit-
rate (CAS: 3522-50-7) 0.1 g L=, trace element solution
10 mL L™! and vitamin solution 5 mL L~'. The trace ele-
ment solution had the composition shown by the DSMZ
(German Collection of Microorganisms and Cell Cultures)
for the medium 141 (methanogenium medium), while the
MEM (Minimum Essential Medium) vitamin solution 100X
(Gibco, 11,120,052) was used to supply required vitamins.
The BDM was also supplemented with glycerol.

Experimental conditions

Experiments in flasks were performed to evaluate (1)
the microbial growth using unbuffered and buffered
(NaH,PO,-2H,0 7.5 g L™! and H;PO, 0.23 g L") defined
medium at glycerol or glucose concentrations of 3 g L™},
and (2) the effect of glycerol as carbon and energy source
at different levels (3,9 and 15 g L_l) in buffered medium.
The medium used for pre-cultures was the same employed
for actual cultures but using 3 g L™! of glycerol or glucose,
depending on the carbon source used in the experiment. Cul-
tures were carried out in 1000 mL flasks with 300 mL of
culture medium inoculated with 30 mL of a pre-grown broth.
The cultures were performed in an orbital incubator (New
Brunswick Scientific, Innova 4000) at 35 °C and 150 rpm.
The culture using the basal defined medium amended
with 15 g L™! glycerol was scaled from flasks to a 3 L biore-
actor (Applikon Ez-Control). The bioreactor was equipped
with a polarographic oxygen electrode, combined redox
electrode and a pH control system. The culture was per-
formed with 2 L of broth at 35 °C, 340 rpm and 0.1 vvm,
controlling the pH above 3.0 by the addition of NaOH.
Samples were periodically withdrawn to measure biomass,

glycerol and the PHB content (as a percentage of the total
dry cell weight). At the end of the culture, the biomass was
removed by centrifugation and the spent medium was mixed
(1:3 v/v, 30 min) with cold ethanol 96% (v/v) to precipitate
soluble EPS. All cultures were performed in duplicate.

Analytical methods

Fresh samples were separated into two aliquots. The first
aliquot was used to measure the optical density at 600 nm
(ODg(), which was employed to obtain the dry cell weight
using a previously made calibration curve. The second
aliquot was centrifuged (Thermo Scientific, SL16R) at
10,000 rpm and 4 °C for 10 min to pellet the biomass. The
supernatant was stored at — 20 °C to measure the concen-
tration of glycerol or glucose while the biomass pellet was
washed twice and dried at 105 °C. The dried biomass pellet
was used to measure the PHB content or to obtain a direct
quantification of dry biomass weight.

Glycerol and glucose were measured by HPLC (high-
performance liquid chromatography) using the column Bio-
Rad Aminex HPX-87H (300 mm X 7.8 mm) at 50 °C, H,SO,
5 mmol L' as eluent (0.6 mL min~") and a refractive index
(RI) detector. The PHB in dried biomass was measured by
means of the crotonic acid method coupled with HPLC
(Karr et al. 1983). Hence, 2.5-3.5 mg of dried pellet was
weighted into a 2 mL microtube and treated with 1 mL of
H,SO, 95-98% at 90 °C and 700 rpm during 1 h (Thermo-
Shaker TS-100, SC-20N, 20 2.0 mL) for transforming PHB
intro crotonic acid. The reaction mix was cold-down, diluted
with milliQ water, filtered (polyvinylidene fluoride mem-
brane and 0.22 pm pore size) and measured in HPLC under
similar conditions as those described previously for glycerol
using an ultraviolet—visible (UV-Vis) detector at 210 nm
(Diaz-Barrera et al. 2016).

Samples of EPS were analyzed by Fourier-transform
infrared spectroscopy (FTIR) using a Thermo Nicolet iS5
FTIR spectrometer (Thermo Electronic Inc. USA) having
a resolution of 4 cm™! with DTGS (deuterated triglycine
sulfate) detector and with the OMNIC 9.2 software in the
400-4000 cm™! region. For this analysis, the sample was
ground with KBr powder (spectroscopic grade) and pressed
into a 1 mm pellet. Samples were also subjected to pyrolysis
by heating at 900 °C using purified nitrogen as a carrier gas
to remove gaseous and condensable products while provid-
ing an inert atmosphere.

The EPS was assayed to determine the monosaccharide
composition. Hence, samples were treated to cleave the oli-
gosaccharide into their components, while two derivatiza-
tion methods were used after the glycosidic bond cleavage
to detect the highest number of polysaccharides: formation
of alditol acetates and oxime-trimethylsilylates. For analy-
sis of sugars, the polysaccharides (between 1-2 mg) were
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hydrolyzed with 3 mol L™! trifluoroacetic acid (121 °C,
90 min). On the one hand, the neutral monosaccharides
were converted into their corresponding alditol acetates by
reduction with NaBH, and subsequent acetylation (Notara-
rigo et al. 2013). The second method applied to derivatize
the samples after the hydrolysis step involved the formation
of oxime-trimethylsilylation (TMS) derivatives. Firstly, the
formation of the oxime derivative was carried out with a
solution of hydroxylamine hydrochloride 2.5% in pyridine
(70 °C, 30 min). Then, TMS reagent [N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA): trimethylchlorosilane (TMCS)]
was added to the solution and the mixture was heated at
80 °C for 20 min. In both cases, the identification and quan-
tification were performed by gas chromatography (GC)
mass spectrometry (MS) on a gas chromatograph coupled
to a quadrupole mass detector 7980A-5975C (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with a DB-5HT
((5%-Phenyl)-methylpolysiloxane) column (Agilent, Santa
Clara, CA, USA; 30 mx 0.25 mm internal diameter; 0.10 um
film thickness). The detector condition was 70 eV, while the
temperatures used were 150 °C for the MS Quad, 230 °C
for the MS Source, and 280 °C for the transfer line. All
sugars were quantified in TIC (total ion current) mode using
calibration curves of each monosaccharide with inositol as
the internal standard. For alditol acetates the oven program
started at 175 °C for 1 min, increasing at 2.5 °C min~! until
204 °C, and the ion source of the mass spectrometer (elec-
tronic impact) was set at 250 °C. For oxime-trimethylsi-
lylates the oven program started at 160 °C for 2 min, increas-
ing at 2 °C min~! until 185 °C and the ion source of the
mass spectrometer (electronic impact) was set at 275 °C. The
carrier gas was helium (1 mL min~") in both cases.

Results

Figure 1 shows the dry cell weight and carbon sources titers,
pH and PHB accumulation quantified along the batch cul-
tures of A. cryptum in basal E medium (BEM) and basal
defined medium (BDM) supplemented with glucose and
glycerol. In unbuffered media, the dry cell weight achieved
similar maximum values in the range of 1.07-1.34 g L™!
while glucose and glycerol decreased to reach low or negli-
gible values and the pH decreased 1.1-1.4 units achieving
a value near 2.4. The incorporation of phosphate was effec-
tive in limiting the pH change to 0.6 units without affecting
microbial growth. The maximum value for PHB content was
recorded at 24 h, which was followed by a decrease in this
parameter.

Figure 2 shows the profiles for dry cell weight, glyc-
erol, PHB accumulation and pH obtained for the culture of
A. cryptum in buffered BDM supplemented with 3, 9 and
15 g L7! of glycerol. The maximum dry cell weight titer
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Fig. 1 Profiles for dry cell weight a, substrate b and pH ¢ recorded
during the culture of Acidiphilium cryptum in flasks at 35 °C and
150 rpm using basal E medium (BEM, dashed line) supplemented
with 3 g L of glucose (M) and glycerol (@), and basal defined
medium (BDM, solid line) supplemented with 3 g L™! of glycerol
without (A) and with (V) phosphate buffer. Panel d shows the PHB
content at different times: 24 h (dark grey), 48 h (light grey) and 96 h
(white). Mean + standard deviation
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Fig.2 Profiles for dry cell weight a, glycerol b, PHB accumulation
c and pH d recorded during the culture of Acidiphilium cryptum in
flasks at 35 °C and 150 rpm using the buffered basal defined medium
(BDM) supplemented with 3 g L™' (W), 9 ¢ L' (@) and 15 g L™!
(A) of glycerol. Mean + standard deviation

potential (@, as rH and pE+pH) ¢ recorded during the culture of
Acidiphilium cryptum in a bioreactor at 35 °C, 340 rpm and 0.1 vvm
using the basal defined medium (BDM) supplemented with 15 g L™!
of glycerol. Mean + standard deviation while the profile for dissolved
oxygen is presented for one culture

increased threefold when the concentration of glycerol in the
medium was raised from3to 9 g L~!, but a further increase
in glycerol concentration did not yield significantly more
biomass. PHB accumulation profiles recorded using 9 and
15 g L™! of glycerol showed a different trend to that obtained
using 3 g L™! of glycerol because the PHB content decreased
to achieve a 9.5% in the culture performed in a medium
supplemented with 3 g L™! of glycerol while this parameter
reached 37-42% in the cultures with higher initial concentra-
tions of glycerol.

Profiles for dry cell weight, PHB accumulation, glyc-
erol, redox potential and dissolved oxygen recorded for the
culture of A. cryptum in a bioreactor using BDM medium
supplemented with glycerol are presented in Fig. 3. The
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dry cell weight and PHB accumulation achieved in this
fermentation process were slightly lower than those
obtained in shaken flasks using the same medium. The
microbial growth finished at 96 h obtaining a yield equal
to 0.35+0.03 g of dry cells per gram of consumed glyc-
erol. After that time the dry cell weight remained constant
while glycerol concentration decreased. The culture was
then ceased, and the soluble EPS was freeze-dried after the
recovery step with cold ethanol obtaining 0.71 g of EPS
per liter of spent medium. A similar mass of soluble EPS
was also obtained from the fermentation of A. cryptum
using BEM supplemented with glycerol 15 g L™}, although
the culture time was 30% longer (Online Resource
Fig. S1). The comparison between measured dry biomass
weight and dry cell weight calculated from ODg,, showed

Fig.4 FTIR spectra of EPS

recovered from the culture of a
Acidiphilium cryptum in bio-

reactor using basal E medium

(BEM) supplemented with glyc-

erol 15 g L™! a and its inorganic

residue after pyrolysis b

a good correspondence, although calculated values were
13 +2% higher than measured ones (Online Resource Fig.
S2).

The pyrolysis test showed that the inorganic fraction
in EPS recovered from cultures in the bioreactor was
near 80% and 30% (w/w) for those samples obtained
using glycerol-supplemented BDM and BEM, respec-
tively. Fig. 4 (Table 1, and Online Resource Fig. S3 and
Table S1) shows the FTIR spectrum for EPS samples while
Fig. 5 (Table 2, and Online Resource Fig. S4) shows that
mannose, rhamnose and glucose are the main constitu-
ents of the exopolysaccharide while traces of mannitol,
sorbitol, fructose, galactose and galacturonic acid were
also detected.
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Table 1 Table of peaks in FTIR spectrum shown in Fig. 4a

N° Wavenumber (cm™") ~ %T Intensity
1 617.59 35.280 S
2 1113.21 18.926 VS
3 1184.32 35.412 S
4 1384.40 64.106 M
5 1540.36 66.836 M
6 1651.01 43.625 S
7 1725.25 62.329 M
8 2859.68 72.380 M
9 2927.65 54.287 M
10 2949.59 56.696 M
11 3413.15 23.349 VS
Discussion

Growth using a defined culture medium
with glycerol

Different fermentation times were registered in Fig. 1 for
cultures in unbuffered media: 65 h for BEM + Glucose,
48 h for BEM + Glycerol and 24 h for BDM + Glycerol.
Hence, replacing glucose by glycerol was effective in
reducing the length of microbial culture, also showing that
A. cryptum grows well in a chemically defined medium.
Bhattacharyya et al. (1991) reported that glycerol would
be a better substrate than glucose to grow A. cryptum, a
fact here observed in a lower fermentation time. Harrison
(1981) described a scant growth of A. cryptum in chemi-
cally defined medium but the change of BEM to BDM was
positive in this research. The tendency to decrease the pH
was opposite to that previously observed for A. cryptum
JF-5 grown anoxically in the presence of magnetite and
jarosite (Gonzalez et al. 2015), which was explained by
protons consumed for the dissolution of ferric compounds.
Since the final pH were near the lower limit reported for
A. cryptum type strain (Harrison 1981) and JF-5 strain
(Kiisel et al. 1999), a buffer was included to avoid restric-
tions caused by this variable in subsequent cultures aimed
at reaching a higher biomass. The buffer did not affect
the fermentation time and caused a slight increase in the
PHB accumulation measured at 48 h and 96 h. This slight
positive effect may be related to the mechanisms used by
acidophiles for maintaining a near-neutral intracellular pH.
Since the flow of electrons through the electron transport
chain is usually associated with proton translocation from
the cytoplasm to the periplasmic space (Bird et al. 2011),
the accumulated PHB can be degraded to maintain the
electron transport chain operating when glycerol has been
depleted. Thus, the energy generated in this process may
be used for cell maintenance and to drive potassium pumps

required to maintain a reverse membrane potential which
inhibits the entry of protons into the cell (Sharma et al.
2016).

Effect of glycerol concentration

Figure 2 shows that the culture performed in BDM supple-
mented with 15 g L™! of glycerol did not reach glycerol
depletion, which agrees with the fact that the maximum dry
cell weight titer did not increase when glycerol was raised
from 9 to 15 g L™'. Since phosphate buffer remained effec-
tive in limiting the decrease in pH caused by the improved
growth, this culture was probably limited by another nutri-
ent. The dry cell weight followed a linear growth from 24 h
onwards for those cultures performed in a medium sup-
plemented with 9 and 15 g L™! of glycerol. This behavior,
similar to that obtained by Carvalho et al. (2010) for Bacil-
lus subtilis, is typical for a culture kinetically controlled by
oxygen. Production of PHB may take place under nutrient
limitation or continuously throughout microbial growth.
Azotobacter vinelandii accumulate this biopolymer under
oxygen limitation (Diaz-Barrera et al. 2019) and Cupriavi-
dus necator accumulates PHB when the culture is limited by
oxygen, nitrogen or phosphorous (Batt 2014), although PHB
is a growth-associated product in Azohydromonas lata (Scott
et al. 2021). Thus, data in Fig. 2 suggest that A. cyptum
can grow to accumulate PHB when the culture is limited by
oxygen. The maximum values for PHB content in Fig. 2c are
in the range of 28% to 64% shown by Naranjo et al. (2013)
for PHB accumulation using agro-industrial wastes and are
significantly higher than those depicted in Fig. 1d.

Culture in bioreactor

Figure 3 proves the feasibility of translating the process one
order of magnitude from 300 mL in flasks to 2 L in a biore-
actor. The profile for PHB accumulation in Fig. 3b allowed
us to identify three phases. The first one was characterized
by a decrease in the PHB accumulation during the early
10 h, which was followed by a significant increase until the
80" hour of culture, followed by a slight decrease until the
end of the fermentation. Interestingly, the decrease in PHB
content in the first phase coincided with exponential bio-
mass growth and a decrease in the dissolved oxygen content.
These observations are consistent with a reduced or nil PHB
accumulation during this period, producing a dilution of the
already accumulated PHB in the newly formed biomass.
This is characteristic of the so-called non-growth associ-
ated PHB producers, such as Cupriavidus necator, where
the fraction of PHB accumulated and the growth rate are
inversely correlated (Henderson and Jones 1997).

Figure 3¢ shows that the second phase takes place
when dissolved oxygen is low or negligible, supporting
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basal E medium (BEM) supplemented with glycerol 15 g L™, Derivatization to alditol acetates a and oxime-trimethylsilylates b

the premise that PHB accumulation in A. cryptum occurs
under oxygen limitation in microaerobic conditions. As
expected from Liu et al. (2017), the profile recorded for
redox potential showed a similar pattern to that obtained
for the dissolved oxygen. The average minimum value
(8.19+£0.09 for pE + pH) was maintained until 80 h, coin-
ciding this time with the maximum accumulation of PHB.
From that point on, the redox potential tended to increase
while the accumulation of PHB gradually decreased.

@ Springer

Hence, this variable could be used for online monitoring
the PHB production under microaerobic conditions (Liu
et al. 2013). Recent reports have shown the convenience of
using the redox potential to monitor the xylose fermenta-
tion with Spathaspora passalidarum (Bonan et al. 2020)
and to guide the expression and harvesting of a recom-
binant protein in Escherichia coli (Guo et al. 2021). The
discrepancy between measured dry biomass weight and
calculated dry cell weight may be attributed to the loss
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Table2 Composition (mass percentage) of EPS recovered from the
culture of Acidiphilium cryptum in bioreactor using basal E medium
(BEM) and basal defined medium (BDM) supplemented with glyc-
erol 15 g L™!. The range for two measurements is shown in brackets

Sugar BEM BDM
Alditol acetates Oxime-tri- Alditol
method methylsilylates  acetates

method method

Mannose 13.90 [1.48] 7.33 [0.54] 2.48[0.14]

Rhamnose 10.02 [0.08] 7.23[0.93] 1.72 [0.27]

Glucose 4.01 [0.76] 2.60 [0.41] 0.83 [0.01]

Xylose ND <0.1 ND

Mannitol ND <0.1 ND

Sorbitol ND <0.1 ND

Fructose ND <0.1 ND

Galactose ND <0.1 ND

Galacturonic acid ND <0.1 ND

ND Non-detected

of bound EPS during biomass washing before the drying
process.

EPS analysis

The strong absorption band from 3600 to 3100 cm™' in
Fig. 4a represents hydroxyl (OH) stretching, and a medium
band at 2949 cm™! corresponds to C-H stretching from the
aliphatic methylene group. Further, stretching at 1725 cm™"
corresponds to the carbonyl group of aldehydes while the
intensive band at around 1651 cm™! was attributed to the
anion carbohydrate group (Vinoth et al. 2021). The band
characteristic of polysaccharides around 1384—113 cm™!
corresponds to the vibration of sugar skeletal (Kavita et al.
2011). The FTIR spectrum for the EPS obtained using BDM
showed similar peaks (Online Resource Fig. S3), while the
spectrum of the inorganic residue (Fig. 4b) also showed the
presence of sulphate ion.

The identification of glycosyl residues composing oli-
gosaccharides and polysaccharides has been previously
addressed by means of gas chromatography (e.g. coupled
to detectors for mass spectrometry) after derivatization to
their volatile forms such as oxime-trimethylsilyl ether and
alditol-acetate derivatives (Wang and Fang 2004). In this
study, the oxime-trimethylsilyl and alditol-acetate methods
were successfully used for the derivatization and identifi-
cation of the monosaccharides that were released from the
EPS by the hydrolysis method. The repeated application of
both methods allowed us to quantify the abundance of the
most abundant compounds as shown in Table 2 showing a
proportion near to 3.2:2.3:1 for mannose:rhamnose:glucose
(calculated from alditol acetates measurements).

The synthesis of EPS has been pointed to be a key fac-
tor in achieve an effective microbial adhesion to ores in
natural environments (Costa et al. 2018) or electrodes in
bioelectrochemical systems (Verma et al. 2023). Despite
rhamnose being a rare sugar (Roca et al. 2015), Acineto-
bacter calcoaceticus (Bryan et al. 1986) and Pseudomonas
Sfluorescens (Fett et al. 1989) also produce EPS composed
of rhamnose, mannose and glucose residues; derived from
UDP-glucose (Li et al. 2020). As far as we know, this is the
first report where A. cryptum has been cultured in a bioreac-
tor, the poly(3-hydroxybutyrate) content has been consist-
ently measured and the exopolymer has been analyzed for
identification and quantification of glycosyl residues. Addi-
tionally, glycerol had not been used to produce biopolymers
with Acidiphilium strains. Obtained findings may be used to
improve the fermentation process using this or more produc-
tive strains, such as the native A. cryptum DX1-1 (Xu et al.
2013) or engineered strains, to develop industrial processes
performed at low pH with low risk of culture contamination.
Hence, this fermentation process may take part in a glyc-
erol-based biorefinery to generate biodegradable polymers,
derived from PHB and EPS, for substitution of petroleum-
based plastics, dust suppression, metal chelation and food
industry, among other applications.
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