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Abstract

The performance of fermentation under sub-lethghhpressure (HP) is a strategy for
stimulation of microbial growth and/or improvemehtfermentation titers, rates and yields. The
present work intended to study the possibility pplging HP toParacoccus denitrificans
glycerol fermentation, considering that HP-ferméota usually involves some process
constrains, such as limited air volumes. Consedyethie work was divided in two main goals:
i) study the effects of air availability d denitrificans ii) assess if the strain is able to grow
and maintain metabolic activity under HP (10 — 3Bajl

Paracoccus denitrificangrowth and metabolism were highly affected by aaiailability.
Samples under higher air availability showed cagrsitle cell growth, but no production of
ethanol or organic acids. On the other hand, sanplthout air had lower cell growth, but
active metabolic activity (with the production dghanol and organic acids). Regarding the HP
experimentsP. denitrificanswas able to grow at 10, 25 and 35 MPa, but towaetcextent
compared to atmospheric pressure. Application opkitnoted modifications in the production
of ethanol, acetate and succinate, and the fermnemtarofile varied according to the pressure
level. Overall, the present work demonstrated nestabolic features oP. denitrificansat
atmospheric pressure and HP conditions. It alsoeg¢he way for further studies regardihg
denitrificansfermentation under HP, as well as utilization lié ttechnology for other glycerol

fermentations, in particular in the case of higiuieements of air availability.

Keywords: Fermentation, glycerol, stress, high pressure.
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1. Introduction

Biodiesel is a fuel originated from biomass, prastlfrom vegetable oils and animal fats,
and represents one of the most promising alterestiv fossil fuels (da Silva et al., 2009). The
increasing biodiesel production is raising conagahat may compromise the sustainability of
the process, and one of the major problems cornelsptm the formation of crude glycerol as a
reaction by-product (da Silva et al., 2009; Kolesaret al., 2011). In order to maintain the
viability of biofuel economy, it became necessaryévelop new and sustainable applications
for glycerol, such as the use as substrate forahial fermentation processes, resulting in the
production of different value-added products, sastorganic acids, alcohols, polymers, among
others (Mattam et al., 2013). For example, the siéll viability of glycerol fermentation for
ethanol production was assessed by Yazdani and aBamz2007), who also compared the
fermentative approach with the traditional ethapobduction pathway (from corn) and
observed that the use of glycerol was the mosteffsttive approach, as both feedstock and
operational costs were lower. Another example & ghoduction of 1,3-propanediol, a very
interesting compound in synthetic chemical reastiomamely for the production
polytrimethylene terephthalate (Varrone et al., DZ0INevertheless, the use of fermentative
approaches for glycerol valorization remains alehge due to the limit number of strains able
to use it as substrate, as usually other chemaralgpresent in crude glycerol that will inhibit
microbial metabolism.

Paracoccus denitrificangs a Gram-negative microorganism able to growlyceyol, as
well as in many other carbon sources, includinghaxesl, ethanol, 1-butanol, and 1-pentanol
(Ueda et al., 1992; Yamane et al., 1996b, 199@#.first strain oP. denitrificanswas isolated
from soil more than one century ago by Beijerinckl Minkman (1910) and was previously
termedMicrococcus denitrificansBeij. It exhibits metabolic versatility, and it washown to
grow both aerobically and anaerobically, performoamnplete or partial denitrification. Air
availability is a critical parameter B. denitrificansgrowth and fermentation. It affects not only
cell growth, but also some other relevant metabf@latures. Kalaiyezhini and Ramachandran
(2015) observed th&. denitrificansspecific growth rates increased with the increasexygen
transfer rate, while moderate oxygen transfer ratemoted poly(3-hydroxybutyrate)
production. In aerobic bioprocesses, oxygen is v ddbstrate, and must be continuously
supplied (Garcia-Ochoa and Gomez, 2009). HoweWés,dependence on oxygen availability
may be a limitation to some fermentation procesgeasticularly for high-scale industrial
processes. The requirement for high oxygen avéithalalso presents a limitation for the
performance of fermentation under high pressure) (¢tditions since, currently, many HP
equipment are not adapted to allow continuouswply. Therefore, in some specific cases, it

might be necessary to perform aerobic microbiat@sses under limited-air conditions.
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The interest in exposing microbial cells to HRdfated to growth stimulation and/or
improvement of fermentation (Mota et al., 2018)isTapproach involves the use of sub-lethal
HP levels that affect cell growth and metabolismt Wwithout compromising cell viability. In
some cases, these modifications can representdevable improvements, such as increased
yields, productivities and fermentation rates, lowaccumulation of by-products and/or
production of different compounds. For instance;aRl et al. (2007) accelerated alcoholic
fermentation and increased ethanol yields Saccharomyces cerevisiaky performing
fermentation at 5 and 10 MPa. Later on, Bravimle{2012) observed that pre-treatmentSof
cerevisiae with HP led to an increase in ethanol content upemmentation. A global
transcriptional analysis revealed the over-expoessif several genes related to cell recovery
and stress tolerance induced by HP. The most relecase was the gene SYM1, which was
related to enhancement of ethanol production ancte@ise of stress tolerance upon
fermentation.

HP was also tested to change the metabolic sdtgctiff fermentative strains: application of
pressures of 7 and 17 MPa during fermentatiorChpstridium thermocellumedirected the
metabolism from the production of by-products (sashacetic acid) to ethanol, compared to
fermentation at atmospheric pressure (Bothun g2@04). Another example is the use of HP to
modify the properties of biopolymers produced dgrfermentation. Production of bacterial
cellulose byGluconacetobacter xylinuander HP (30, 60 and 100 MPa) showed profound
differences in morphological properties of the pody depending on the applied pressure
conditions. The cellulose produced under HP hagafeantly higher density compared with
the cellulose produced at atmospheric pressureo(kt al., 2007). Regarding polymer
production, Follonier et al. (2012) applied a lowegsure level (0.7 MPa) tBseudomonas
putida KT2440 and enhanced productivity of medium-chaimgth polyhydroxyalkanoate
production, although with a significant decreasspacific growth rates. The effects of HP have
also been evaluated in the context of food fermmmtaon lactic acid fermentation, for
production of probiotic yogurt (Mota et al., 2015nd in the beginning of malolactic
fermentation byOenococcus oer{iNeto et al., 2016). In the first case, HP wastbto reduce
the fermentation rate, but it was still possibletoduce yogurt under pressure by extension of
the fermentation time (Mota et al., 2015). The jpwtb yogurt produced at 5 MPa showed
different biochemical composition (unpublished feu and possibly different organoleptic
properties. In the study witld. oeni(microorganism used by the wine industry to perfor
malolactic fermentation), the strain was able tofggen fermentation during and after HP-
stresses of 50 and 100 MPa, with some metaboliogdsa For instance, the HP-stress of 100
MPa stimulated the production of the D-lactic aisimimer, relative to the L-isomer. In addition
to HP-assisted fermentation processes, these soesaitable to be assisted by pulsed electric
fields (Al Daccache et al., 2020a, 2020c) and lyagbunds (Al Daccache et al., 2020b).
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There is still a great potential to explore in tfiedd, with the studies conducted so far
showing promising results, not only regarding féeanentations, but also for biotechnological
processesParacoccus denitrificanATCC 17741 was selected to perform this study dugst
metabolic versatility, as well as high biotechnatad) potential and applicability. There are
some interesting but preliminary results regardthg behavior of this microorganism in
response to HP stress (Deguchi et al., 2011), atdig ability to grow at 30 MPa, but complete
inhibition at 40 MPa. Considering that HP can heseful tool for improving the glycerol-based
fermentation processes, and since there is limtedmation about the effects of pressureFon
denitrificanscells, we intended to perform a preliminary studythe subject. The aim of this
work was to obtain general information about thte@$ of HP and air availability oR.
denitrificansgrowth, and how the combination of both factoraldde applied to re-direct cell
metabolism. As a result, the present work was diith two main goals) to evaluate how
different conditions of air availability could affeP. denitrificansgrowth and metabolisnii) to
assess iP. denitrificansis able to grow and maintain metabolic activitydanHP (10, 25 and

35 MPa), even with limitations in terms of voluntaaair supply.

2. Material and methods

2.1. Microorganism and culture media

A lyophilized culture ofParacoccus denitrifican®SM 413 (ATCC 17741), obtained from
DeutschéSammlungon Mikroorganismerund Zellkulturen(DSMZ, BraunschweigGermany),
was used in this study. The strain was reconstitite nutrient broth according to the
manufacturer’s instructions. The strain was sultacetl on nutrient agar plates and incubated at
30 °C for 24 h, and then preserved at 4 °C for@mam period of 1 month.

Rich Medium reported by Hori et al. (1994) was ugkadinoculum preparation. It included
polypeptone (10 g 1), yeast extract (10 g'1), meat extract (5 g't) and (NH),SO, (5 g LY.
Mineral Medium reported by Mothes et al. (2007) waed for the fermentation experiments.
The medium contained glycerol (20 §)lyeast extract (4.5 g¥), K.HPO, (5 g L), KH.PO,
(0.5 g L), CaCl+2H,0 (20 mg L), MgSQe7H,0 (1 g LY, and trace elements solution (2 mL
L. The composition of trace elements solution ifo#lews: FeS@7H,0 (4.98 g ['), ZnCh
(0.44 g LY, CuSQe5H,0 (0.78 g '), NaM0oO,+2H,0 (0.24 g [*), MnSQe4H,0 (0.81 g L),

dissolved in 1 N HCI solution.

2.2. Inoculum preparation and inoculation

A single colony was seeded into 100 mL of rich mediand incubated at 35 °C for 16 — 20
h, in a rotary incubator (160 rpm). Mineral mediwas inoculated with 5 % (v/v) of standard
inoculum, in an aseptic environment, in a lamidawfcabinet (BioSafety Cabinet Telstar Bio

Il Advance, Terrassa, Spain), to avoid contamimatio
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2.3.Fermentation experiments: Effect of air availability

For these experiments, three different types ofpsasnwvere prepared: samples “with air”,
which performed fermentation in shake-flasks, watadium:air volume ratio (Medium V air ratio)
of 1:5, and agitation speed of 135 rpi); samples “without air”, which fermented in
polyethylene bags, sealed with no ai); samples “24 h with air + 48 h without air”, which
fermented in shake-flasks (with air availabilityjrohg the first 24 h, and then were transferred
to polyethylene bags (with no air), where they reved during the following 48 h of
fermentation. All samples were then fermented at@5at atmospheric pressure (0.1 MPa), for
72 h. Fermentation samples were collected over itmtiplicate and all the analyses were also
performed in duplicate.

In a subsequent study, fermentation was performgubliyethylene bags with air, under two
slightly different VpeqiumVair ratios (1.0:1.8 and 1.0:2.2), to test the mogtbie conditions for
fermentation under pressure, considering volumeitdiions of the pressure vessel.
Fermentation was carried out at 35 °C, at atmogpheressure (0.1 MPa), for 24 h.
Fermentation samples were collected over time iplicate and all the analyses were also

performed in duplicate.

2.4. Fermentation experiments: Effect of high pressure

Fermentation was carried out in polyethylene baggh controlled ViegiumVar ratio
(1.0:2.2), at 35 °C under different HP conditiod®,(25, and 35 MPa), for 72 h. The
experiments were conducted in a Hydrostatic pré€8G{100, Stanstead Fluid Power,
Stanstead, United Kingdom), with a pressure vesdl00 mm inner diameter and 250 mm
height surrounded by an external jacket to corttr@ltemperature, using a mixture of propylene
glycol and water (40:60 v/v) as pressurizing fluidparallel, a control sample (at atmospheric
pressure, 0.1 MPa) was also performed, maintaitiiegexact same conditions of the HP-
samples. Fermentation samples were collected awerih duplicate and all the analyses were

also performed in duplicate.

2.5. Analytical methods

2.5.1. Biomassconcentration

Biomass concentration of the samples was deternbigeabtical density measurement at
600 nm, with a Multiskan GO Microplate Spectropméer (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). Cell dry weight (CDW§s routinely determined using a

standard curve relatir@. denitrificansoptical density and cell dry weight (CDW).

2.5.2. Glycerol concentration
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Glycerol measurement was performed in the samplgsernatants using the Glycerol GK
Assay Kit (Megazyme, Ireland), according to the ofanturer’s instructions for use in 96-well
microplates. The absorbance was measured with askah GO Microplate Spectrophotometer
(Thermo Fisher Scientific Inc., USA). The resultsrevfurther confirmed by analysis with high
performance liquid chromatography (HPLC) couplethwefractive index detector (HPLC-RI),

by the method described in the following section.

25.3. Characterization of the extracellular medium

Culture samples were centrifuged at 10,000 rpm 48€ for 10 min and the collected
supernatants were filtered through a 022 filter membrane. Analysis by HPLC was
performed using a HPLC Knauer system equipped Withhuer K-2301 RI detector and a
Aminex HPX-87H cation exchange column (300 x 7.8)n{Bio-Rad Laboratories Pty Ltd,
Hercules, CA, USA). The mobile phase was 13 mp8®j, delivered at a flow rate of 0.6 mL
min® and the column maintained at 65 °C. Peaks wengtifiéel by their retention times and

quantified using calibration curves prepared wih tespective standards.

254. Statistical analysis

The results obtained for the previously indicatadameters were tested at a 0.05 level of
significance and the effect of pressure was test@d a one-way analysis of variance
(ANOVA), followed by a multiple comparisons’ tesiukey HSD) to identify the differences

between samples.

3. Results
3.1.Effect of air availability on P. denitrificans growth and fermentation at
atmospheric pressure

The results for variation of biomass and glycemiaentrations are shown kgure 1. In
samples “without air”, cell growth={gur e 1a) was nearly inexistent and substrate consumption
was low, with glycerol concentrationBigure 1b) varying from 18.95 g L in the beginning of
fermentation to 17.90 glafter 72 h. This indicates thBt denitrificanswas inhibited by the
absence of aeration/agitation and confirms thagerywas required for cell growth, at least
when using this culture medium and conditions. He present work, the selected culture
medium and conditions did not seem suitable fomgnounder low oxygen environments. In
fact, higher air availability and agitation condits were more suitable fd?. denitrificans
growth, since the samples “with air” showed proremehcell growth and substrate consumption
over time. In the “24 h with air + 48 h without "aisamples, cell growth and glycerol
consumption were similar to samples “with air” dgyithe first 24 h, as expected, since the

fermentation was performed at the same conditiaming that period. Afterwards, when

7
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fermentation was carried out without air, cell aytgcerol concentrations remained stable over
time, possibly due to inhibition of metabolic adfv

The effects of air availability were also evaluataderms of production of extracellular
compounds byP. denitrificansduring fermentation. This is a rather unusual apph, since
typically only P. denitrificans intracellular products are analyzed, in attempt fitod
biopolymers (Kalaiyezhini and Ramachandran, 2016thés et al., 2007). However, since that
was not the purpose of the present work, only tkteaeellular products were analyzed, in
particular alcohols and organic acids. As a resilhanol, acetic and succinic acids were
identified for each fermentative batch. The vaoiatof these compounds over fermentation time
is represented ifFigure 2, while the respective yield¥ (g ¢g') are indicated imable 1. The
formation of the extracellular products was profdlynaffected by air availability. It is
interesting to point out that the conditions “withia@ir”, which highly inhibited cell growth and
glycerol uptake, were the ones that promoted thmdition of extracellular products. While all
these compounds were formed in samples fermentiitpdut air’, none of them was detected
in samples with high air availability. In the mixedmples, ethanol and acetic adiig(re 2a,
b) were both produced, but only during the periodfesmentation without air (24-72 h). It
would be expected that the higher cell density aedated in mixed samples during the first 24
h would result in increased production of extradal compounds, compared to samples
“without air”. However, acetic acid concentratiorasviower in mixed samples, and succinic
acid Figure 2c) was not produced, which suggests that both sampéveloped different
mechanisms to survive under low oxygen availabitipnditions. In addition, the absence of
succinic acid may indicate that this compound waslpced by different metabolic pathways,
which were differently affected by air availabilityelative to ethanol and acetic acid. In
addition, in the present work, there was high ethanoduction during fermentation with low
aeration Figure 2 andTable 1), which resulted in a concentration of 1.00 §and a yield of
0.95 g ¢, both considerably higher than the values obtafoedcetic acid (0.15 g'Land 0.14
g g") after the same time.

Glucose concentration showed low variation oveetiimom 1.07 g tatOh,to1.03-1.66
g L™ after 72 h. In contrast, maltose initially presemthe medium (0.26 g'1) was entirely
consumed after 48 h of fermentation. These resudiicate that ethanol, acetic and succinic
acids may also be produced from maltose, and ndusixely from glycerol. To understand
which substrate is used for the production of eemimpound, and which are the metabolic
pathways used for that purpose, the metabolic Iprofi P. denitrificansshould be studied in
detail, using specific and suitable metabolomicdsto

In samples “without air"P. denitrificansshowed metabolic activity, with the production of
ethanol, acetic and succinic acids, but no celvtjicover time. In contrast, samples “with air”

showed considerable cell growth, but no productifnethanol, acetic or succinic acids.

8
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Samples “24 h with air + 48 h without air” were altb accumulate biomass during the first 24
h, and to produce ethanol and acetic acid duriegpriod without air. However, it did not

achieve the concentrations produced without att,succinic acid was not even detected.

3.2. Effect of high pressureon P. denitrificans growth and fermentation

Similar cell growth profilesKigure 3a) were observed at 10 and 25 MPa, with similar
biomass concentrationg0.05) reached after 72 h of fermentation (2.52 amp g L7,
respectively). In both cases, biomass concentratias significantly lowerfd<0.05) compared
to the obtained at 0.1 MPa (3.01 g)LAt 35 MPa, inhibition of cell growth was even rao
pronounced, showing only slight variation over timehich resulted in a final biomass
concentration of only 1.14 g L In a study concerning microbial growth under
hyperaccelerations (in centrifuges), Deguchi et(2011) tested the effects of HP (where the
pressure was generated by hyperacceleration.omenitrificansproliferation, and observed
that the strain was able to grow at 30 MPa, but @aaspletely inhibited at 40 MPa (at 30 °C, in
LB agar). This negative effect of HP on cell growtlas previously reported for other
microorganisms such asStreptococcus thermophilusLactobacillus bulgaricus and
Bifidobacterium lactisat 5 and 100 MPa (Mota et al., 2015); G&luconacetobacter xylinuat
100 MPa (Kato et al., 2007) and folostridium thermocellumat 7 and 17.3 MPa (Bothun et al.,
2004).

Glycerol consumptionHigure 3b) seemed to be less affected by HP, at least andi®5
MPa: in those cases, glycerol consumption afterhd®as slightly but significantly lower
(p<0.05) compared to 0.1 MPa, but reached similacentnations §>0.05) after 72 h (in the
range of 9.04 and 9.26 g')L. In contrast, biomass concentration at these sprassure
conditions was always lowep<£0.05) compared to 0.1 MPa. This discrepancy betvtbe
pressure effects on growth and substrate consumptimy be related to the development of
stress response mechanisms to ensure cell survival.

As indicated in the previous section, glucose amattore can both be found in the culture
medium, and their presence (and consumption) mase @ impact onP. denitrificans
metabolism. Therefore, the concentrations of thesgars were analyzed throughout the
fermentation time, at the end of each fermentatiomdition. In all cases, maltose showed the
same behavior, with 0.31 g'Lof maltose, initially present in the medium, beitmmpletely
consumed, regardless of the pressure applied (datahown). On the other hand, glucose
consumption was highly affected by pressure, agated inFigure 4. After 48 h, glucose
concentrations were similap¥0.05) at 0.1, 10 and 25 MPa& (1.38 g %), but changed
considerably at 72 h) at 0.1 MPa, the concentration remained as 1.38;gi)Lat 10 MPa, it
decreased to 0.76 g'Landiii) at 25 MPa, it decreased to 0.97 ¢ [This suggests that HP

stimulates glucose consumption during fermentatipossibly due to the higher need of

9



309 substrate and energy to ensure cell survival, dételopment of general and/or specific stress
310 responses. Interestingly, glucose concentratior35atiPa were significantly loweip€0.05)
311 that for all other conditions, after 48 and 72 88and 0.20 g L, respectively), showing an
312 opposite behavior relative to glycerol consumptibinerefore, fermentation at 35 MPa seems to
313 stimulate glucose consumption, while the same effexs not observed for glycerol. These
314 results suggest specific metabolic changes atpitgissure level, which affected differeniy
315 denitrificansgrowth and fermentation compared to the lowerqneslevels.

316 Application of HP onP. denitrificanswas also evaluated in terms of ethanol, acetic and
317 succinic acids productiorfFi{gure 5). Different pressure levels showed different effean the
318 formation of these compounds. Ethanol productieiyyre 5a) was observed for all pressure
319 conditions, with a general increasing trend for fingt 48 h of fermentation, and decreasing
320 thereafter. The highest ethanol concentration washed after 48 h at 0.1 MPa (1.92°Y, lbut
321 this compound was not detected after 72 h at tlissoire. Similarly, ethanol concentrations of
322 1.34 and 1.50 gt were observed after 48 h at 10 and 25 MPa, réspigtbut these values
323 decreased to 0.43 and 0.40§at 72 h of fermentation.

324 Succinic acid productior={gure 5b) was also detected during fermentation at 0.1arid
325 25 MPa, but not at 35 MPa. After 72 h of fermewtatisuccinic acid concentrations were
326 significantly different p<0.05) for all pressures tested: the highest siceicid concentration
327 was achieved for samples at 10 MPa (0.28"g followed by those at 0.1 MPa (0.21 g)land,
328 finally, at 25 MPa (0.13 g ). Stimulation of succinic acid production at 10 &8ould be an
329 interesting outcome dP. denitrificansfermentation under HP, since this compound is lyide
330 used as a precursor of many industrially importaampounds in food, chemical, and
331 pharmaceutical industries (Jiang et al., 2017). él@w, the concentrations produced By
332 denitrificans are considerably low compared to other microorgrasi typically used for that
333 purpose, such asActinobacillus succinogengesMannheimia succiniciproducens or
334  Anaerobiospirillum succiniciproducens For these microbial strains, succinic acid
335 concentrations in the range f10 — 83 g [' are usually reported in literature (Jiang et al.,
336 2017). However, further optimization is highly llixeto be possible, and could increase the
337 succinic acid production bly. denitrificans possibly resulting in titers and yields more $ami
338 tothe ones reported for other microorganisms.

339 As observed for other results in this section, famtation at 35 MPa exhibited a different
340 metabolic profile compared to other pressure camdht with low ethanol production (max.
341 0.17 g LY, and no detected production of acetic and sucagids. This suggests that HP is
342 inhibiting the formation of these compounds, areeffthat was also observed at lower extent
343 for fermentation at 10 and 25 MPa. To clarify timbkibitory effect of pressure, the yieldg, @
344 gY) of biomass, ethanol, acetic acid, and succinig¢ ao glycerol were estimated at the end of

345 fermentation (72 h) and are indicatedTiable 2. In the cases of biomass and acetate, the yields
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followed a decreasing trend with the increase efgure, suggesting a negative impact on these
features. Ethanol yields were only estimated fommtation at 10 and 25 MPa, as this
compound was not detected after 72 h at the otheditons. Due to the high variation of
ethanol concentrations over time, the yields atetie of fermentation did not allow a pertinent
evaluation of the HP effects on ethanol formationcontrast, succinic acid yields reflected the
behavior observed for concentrations over timehwlite yield at 10 MPa (0.29 g'gbeing
slightly higher than at 0.1 MPa (0.22 §)g

4. Discussion

4.1. Effect of air availability on P. denitrificans growth and fermentation at

atmospheric pressure

In the first part of this workP. denitrificansmetabolism was evaluated under different
conditions of air availability and agitation, inder to understand how they affected growth and
fermentation. For that purpose, three differentrapphes were tested: (1) in the absence of air
(or, at least, minimizing the air availability) amithout agitation, i.e. samples “without air”; (2)
in the presence of air (\qumVair ratio of 1:5) and with agitation, i.eamples “with air”; and
(3) in a mixed process, which corresponded to fatat®n with air in the first 24 h, and
without air in the remaining time, i.eamples “24 h with air + 48 h without air” (withtcadding
fresh culture medium). We intended to asse$3. iflenitrificanswas able to maintain growth
and activity under all these conditions, and tolyaeapotential metabolic differences between
them.

In literature,P. denitrificansstrains are reported to grow both aerobically anaerobically
(Beijerinck and Minkman, 1910), but with specifequirements of culture medium composition
and culture conditions at each one of these enwiemts (Hahnke et al., 2014; Nokhal and
Schlegel, 1983).

Since the extracellular products were only formedamples “without air”, or during the
equivalent period in mixed samples, it is possibde conclude that these products are
characteristic ofP. denitrificans metabolism under lower oxygen availability. A dami
behavior was reported for a recombin&ntcoli strain (de Almeida et al., 2010). In that case,
two different agitation speeds were used to provdifierent levels of oxygen availability and
resulted in variations in the pattern of productnfation. In cultures grown with strong
agitation, i.e. with higher oxygen availability etle was low production of metabolic products
(ethanol, and acetic, formic and lactic acids) &rdhation of larger amounts of biomass. In
contrast, the reduction in oxygen availability czdis redirection of carbon flow towards the
production of acids and ethanol. The authors alseved that this enhancement effect was

particularly noteworthy for ethanol production, quaned to the formation of organic acids.
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The high value obtained for ethanol yield on glgteaised the possibility of production of
this compound (as well as other extracellular cammgg) from carbon sources other than
glycerol. In fact, the experiments were performsthg complex culture medium, since some
ingredients had unspecified chemical compositiog, geast or meat extracts. Therefore, it
would be possible to have different carbon soupresent in the media. In order to address this
issue, the presence of alternative carbon souressewaluated, and glucose and maltose were
detected in the initial samples (0 h), as indicatebable S1 (supplementary material).

Overall, the results in this section showed thatlenitrificansgrowth and metabolism were
highly affected by air availability. It is also imngant to consider that the low cell growth under
low air availability can represent a serious lifi@a to achieve reasonable concentrations of
fermentation products, due to the reduced numbeeld. Therefore, the use of moderate air
availability conditions would possibly favor theopess, balancing the formation of biomass
and the fermentative activity. In addition, theseuld be the most suitable conditions to
perform fermentation under HP, due to volume litivtas of the HP vessel used at the present
work, which does not easily allow high air volun@sagitation. Considering these constrains,
two different Vineqium Vair ratios (1.0:1.8 and 1.0:2.2) were selected artddderP. denitrificans
growth and fermentation during 24 h. As indicatedrable 3, specific growth rates (u,*h
final biomass concentrations and glycerol consummpgiercentages were all slightly higher for
the 1.0:2.2 ratio, correspondent to higher air labdity. It is certain that high air availability
and high specific growth rates do not only alwayslate in higher product formation (de
Almeida et al., 2010; Kalaiyezhini and Ramachandf&15). However, since the study under
HP would be limited by other factors, such as #uk lof agitation, and the stress induced by the
pressure itself, the highest ratio (1.0:2.2) wakected to proceed the studies with

denitrificansat HP conditions.

4.2. Effect of high pressureon P. denitrificans growth and fermentation

The previously discussed experiments provided aglevinformation about the
fermentation process and how it depends on aifadobily. In the second stage of the work, HP
(at 10, 25 and 35 MPa) was applied during the &2 85 °C ofP. denitrificansfermentation.
Fermentation was also tested at atmospheric peeg8ur MPa), to use as control. The pressure
effects on cell growth and glycerol consumptidiigire 3) showed a clear inhibitory effect,
which was more accentuated with the increase afspre level.

The inhibitory effect of pressure on cell growth ymeesult from a wide variety of
damaging effects. Generally, low pressure levalshsas the ones used in this work, may be
enough to impair several cellular processes, sschmatility, cell division, nutrient uptake or
membrane protein function. A pressure of 50 MPainhibit protein synthesis and reduce the

number of functional ribosomes (due to subunitatigzion), while 100 MPa can induce partial
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protein denaturation (Abe, 2007; Huang et al., 20Hbwever, it is important to take into
account that pressure effects on microbial growth laghly variable depending on several
factors, such as the organisms’ degree of piezatode, the growth stage, the extent and
duration of pressure treatment, as well as otheir@mmental parameters (such as temperature,
pH, and medium composition) (Mota et al., 2013).

With the increasing pressure, relevant cell stmestuand functions are successively
compromised until it turns impossible to withstatie stress and survive at these hostile
conditions (Mota et al., 2013). In terms of celusture, different organelles show different
sensitivity to HP. For instance, lipid membranes particularly pressure sensitive, because of
its high compressible potential. Thus, changes smbrane composition and fluidity are
observed under HP, as well as weakening of impbgastein-lipid interactions (Winter and
Jeworrek, 2009). HP treatments may also affecsthecture of DNA, ribosomes and proteins
(Abe, 2007; Macgregor, 2002; Niven et al., 1999kgioly leading to inhibition of cell
processes (such as replication, transcription esmshiation) and metabolic reactions essential
for cell maintenance. Additional information regagl genetic regulation for pressure-induced
stress can be found in Mota et al. (2013).

Under stress conditions, cell growth is usuallyretigrded, in order to favor other
processes more relevant to their survival, i.el gglintenance processes. Cell maintenance
refers to the fraction of substrate consumed tcegea energy for functions other than the
production of new cell material (Pirt, 1965). TheBenctions include energy costs of
osmoregulation, cell motility, turnover of macromollar compounds, as well as defense
mechanisms (Van Bodegom, 2007). In short, whenretiergy is used for these maintenance
processes, bacterial growth is reduced, even stgatle consumption is maintained. Therefore,
it is expectable that under stressful conditionghsas HP, biomass production will be more
affected than substrate consumption. However, dfiext was not observed at 35 MPa, which
showed low glycerol consumption during the entirecpss, possibly indicating metabolic
activity inhibition at this pressure.

The results of the present work for the formatidnewtracellular products suggest that
ethanol is produced during the first hours of femtadon, and was then converted into other
metabolic products. An option for the ethanol ddgtion pathway is the oxidation into
acetaldehyde, which can be followed by oxidatioto incetate. In fact, Felux et al. (2013)
indicated thaP. denitrificansPd1222 (a derivative of DSM 413) has the genetichinery to
perform these metabolic reactions: a gene thatdmscan alcohol dehydrogenase (locus tag
Pden_2367) able to convert ethanol into acetaldehgdd a gene that encodes an NAD
dependent aldehyde dehydrogenase (locus tag Pd&g) that oxidizes acetaldehyde to acetate.
This is also supported by the production of acatid Figure 5¢) during the period between 48
and 72 h, with the highest concentration at 0.1 NP9 g L), followed by significantly lower
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concentrationspk0.05) at 10 and 25 MPa (0.16 and 0.177y lespectively). However, these
acetic acid concentrations are too low relativeh® concentration of ethanol consumed. If
ethanol was entirely converted into acetic agi@,5 g L'* would be obtained at 0.1 MPa, which
is quite higher than the concentration actualledetd (0.69 g £). There may be two possible
explanations for this discrepancy: acetaldehyde (obtained from ethanol) was not @tir
converted into acetic acid and accumulated in #tie which is unlikely due to the high toxicity
of this compoundii) acetate obtained from this pathway was furthervedrd into acetyl-CoA
by an acetyl-CoA synthetase, possibly enteringwce variety of metabolic pathways, such as
the tricarboxylic acid cycle (TCA cycle) or fattgid synthesis.

Overall, HP was found to affeBt denitrificanscell growth and metabolism, with different
effects on substrate consumption, as well as odyateon of ethanol, acetic and succinic acids.
These effects varied according to the pressurd, lewth the lower pressures (10 and 25 MPa)
showing a behavior approximate to 0.1 MPa, whike ltighest pressure (35 MPa) presented a
more extensive impact oR. denitrificans metabolism. As previously reported for other
microorganisms (Mota et al., 2018), the applicatidrpressure stresses resulted in particular
and interesting effects dd. denitrificansgrowth and metabolism. These results open the way
for application of HP to other glycerol fermentatiprocesses, in particular to the ones with
high requirements of air availability. Most infortiwn in literature concerning cell growth and
fermentation under pressure is regarding anaerabi@acultative anaerobic microbial strains
(thus with low oxygen requirements), since thesg@sses are easier and simpler to perform
with most of the HP equipment. It is certain thaterobic processes, there are more limitations
that demand a more complex development and opfilmizebut the results obtained so far for
P. denitrificansconfirm that it is possible to perform aerobionfientation under these lower air
availability conditions.

In this preliminary study, the experiments werefgraned in a lab-scale HP equipment,
designed for pasteurization and food technologp@ses; such equipment can also be used for
a broader range of applications, including extaactihyperbaric storage or microbial growth,
but with inherent limitations. In the case of migia growth and fermentation processes under
pressure, the main constrains are related to volliméitations, absence of agitation
mechanisms, as well as unpractical oxygen suppheréfore, it may be worth to perform
equipment and process optimization, in order tdoper further studies in more suitable and
tailor-made systems, able to meet the specificatarthese microbial processes. In fact, such
type of pressure equipment is now becoming moreelyidvailable, making it possible to
evaluate the full potential of fermentation undezgsure. It should be highlighted that, in this
context, this technology is highly versatile, siitean be applied intermittently, as pressure
stresses, but can also be maintained during thdéewleamentation time, without serious cell

loss and no heating effect. Since there is nogefation requirement (because the continuous
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application of pressure does not generate heat)enlergetic costs of the fermentation process
are lower, and the application of HP to these m®ee is simpler. Additionally, it is only
necessary to provide energy to generate the peegsod not to maintain it), and so application
of HP stress during the whole fermentation prodess minimal energetic costs, which would
have a small impact on the integration of HP orugtdal fermentative processes. Also, as the
pressure levels used in these processes are quie than those used for food processing, the
required equipment could be designed to withstameit pressures, thus being cheaper than the
commercial alternatives currently on the marketer€fore, HP technology can offer a high

variety of process possibilities to perform micadlgrowth and fermentation under pressure.

5. Conclusions

The present work intended to study the possibitityapplying HP toP. denitrificans
glycerol fermentation, to stimulate cell growth &rdimprove fermentation. However, it was
necessary to consider that some of the HP systaahsniay be used for these purposes currently
comprise some limitations to aerobic processes) aacthe absence of continuous air supply or
agitation. To understand if it was possible to perfP. denitrificansgrowth and fermentation
under limited-air conditions, the effects of airadability on this process were evaluated. The
results showed that growth and metabolism were bigthly affected by air availability. With
higher air availability, considerable cell growttasvobserved over time, but no production of
ethanol, acetic or succinic acids. In contrasthaut air availability,P. denitrificansshowed
active metabolic activity (with the production dhanol, acetic and succinic acids), but no cell
growth over time. Therefore, these products seenbeocharacteristic oP. denitrificans
metabolism under lower oxygen availability.

To avoid inhibition of both cell growth and formai of extracellular products,
fermentation at HP conditions was tested under madeleir availability conditions (Mgium V air
ratio of 1.0:2.2) Paracoccus denitrificansells were able to grow under HP, even if to adow
extent compared to atmospheric pressure. At 1&ndPa, biomass concentrations were still
similar to 0.1 MPa, while a more extensive inhibteffect was observed at 35 MPa. In fact,
this pressure may be enough to impair several laelforocesses, resulting in decreased cell
growth under these conditions. Application of HPsvedso found to promote modifications in
terms of substrate consumption, and formation bamtl, acetic and succinic acids, with the
fermentative profile varying according to the presslevel. Generally, it was similar at 10 and
25 MPa, but once again, considerably different @tVBPa, possibly as a result of metabolic
shifts, or even metabolic activity inhibition. THermation of these compounds under HP
showed interesting patterns and confirm that HP ihteresting effects on living systems,
offering great biotechnological potential (suchex@ample are microorganisms thriving in deep-

sea). Therefore, it would be interesting to proctexdstudies o. denitrificansunder HP, to
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further optimize the fermentation process at themaditions, and to improve the titers and
yields. As future work, it would also be relevantstudy the pressure effects on the production
of different compounds, such as the intracelluiapblymers polyhydroxyalkanoates. It would
also be important to evaluate the physiologic, genand metabolic effects of HP dp.
denitrificanscells, using genomics and proteomics tools, atagetell imaging techniques that
allow the analysis of cell structure - with partanunterest for the cell membrane.

Overall, the implications of the pressure-promotednges irP. denitrificansgrowth and
fermentation process are still not completely ustberd, but the results obtained in this work
unveil new metabolic features of this bacteriahistrand provide useful information for further
studies regardind®. denitrificansunder pressure. Although there is no immediate dirett
practical application of the study to the industwe consider that these results show great
relevance in the field, since they also open thg fea application of this technology to other
glycerol fermentation processes, in particular be nes with high requirements of air

availability.
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Figure captions:

Figure 1. Concentrations of biomass (a) and glycerol (b)ughmut fermentation, for different
air availability conditions: without air during thentire processe(); with air during the
first 24 h, and without air during the remaining 4§ A); or with air during the entire

process ).

Figure 2. Concentrations of ethanol (a), acetic (b) and succacids (c) throughout
fermentation, for different air availability conaibs: without air during the entire process
(®); with air during the first 24 h, and without air during the remaining 48 h (A); or with

air during the entire process)(

Figure 3. Concentrations of biomass (a) and glycerol (b)ubhwut fermentation at different
HP conditions: 10 MPak), 25 MPa ¢), or 35 MPa ). Control samples (0.1 MPa) are

also represented (*).

Figure 4. Glucose concentrations throughout fermentationifegrdnt HP conditions: 10 MPa
(A), 25 MPa ¢), or 35 MPa &). Control samples (0.1 MPa) are also represerijed (

Figure 5. Concentrations of ethanol (a), acetic (b) and siccacids (c) throughout
fermentation at different HP conditions: 10 MRR)( 25 MPa ¢), or 35 MPa%). Control

samples (0.1 MPa) are also represented (*).
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Table 1.Yields of biomass¥Yxss), ethanol Yeon/s), acetic ¥aceys), and succinic acid§y.c9 on

glycerol, for fermentation under different air dadility conditions.

Samples Ywis (9 G%) Yewoms (9 GY) Yacevs (9 g% Ysucers(9 G

Without air 0.061 £ 0.019 0.945 + 0.005 0.140 £308.0 0.106 £ 0.018

24h with air + 48h

: . 0.492 + 0.005 0.095 + 0.002 0.028 £ 0.001 n.d.
without air

With air 0.221 +£0.008 n.d. n.d. n.d.

Yields were calculated from a single time-pointresponding to the end of the experiment (72 h)u&slreported in the table
represent the mean + SD of two independent bicddgeplicates, analyzed in duplicated. N.d. indisaton-detected production of

the compound.



Table 2. Yields of biomass Yxs), ethanol Yeons), acetic acid Yaceys, and succinic acid

(Ysuceray) 0N glycerol, for fermentation under different ggare conditions.

Pressure ] B N i
Yys (9 g Yeons (9 G Yacevs (9 g% Ysucers(@ g%
(MPa)
0.1 0.221 + 0.008 n.d. 0.070 £ 0.006 0.022 + 0.003
10 0.170 +£0.012 0.043 + 0.007 0.016 + 0.003 0HPD05
25 0.163 +0.010 0.041 +0.011 0.017 +£0.001 0004005
35 0.121 + 0.056 n.d. n.d. n.d.

Yields were calculated from a single time-pointresponding to the end of the experiment (72 h)u&salreported in the table
represent the mean + SD of two independent bicdbgieplicates, and analyzed in duplicated. N.d.icatgs non-detected

production of the compound.



Table 3. Specific growth rates (W), final biomass conceitdret and percentages of glycerol

consumed, after 24 h of fermentation, for mediunratios of 1.0:1.8 and 1.0:2.2.

Final biomass

-1
Samples p(h™) concentration (g L) Glycerol consumed (%)
1.0:1.¢ 0.098 +0.01 2.65 +0.1¢ 28.34 +3.1
0.1 MPa
1.0:2.: 0.104 +0.01 2.99 + 0.1 33.54+0.9

Values reported in the table represent the meab af$wo independent biological replicates, anatyzeduplicated.
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Figure 5:
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