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Abstract

Fermentation at elevated hydrostatic pressure is a novel strategy targeting product

selectivity. However, the role of inoculum history and cross‐resistance, that is,

acquired tolerance from incubation under distinctive environmental stress, remains

unclear in high‐pressure operation. In our here presented work, we studied

fermentation and microbial community responses of halotolerant marine sediment

inoculum (MSI) and anaerobic digester inoculum (ADI), pre‐incubated in serum

bottles at different temperatures and subsequently exposed to mild hydrostatic

pressure (MHP; < 10MPa) in stainless steel reactors. Results showed that MHP

effects on microbial growth, activity, and community structure were strongly

temperature‐dependent. At moderate temperature (20°C), biomass yield and

fermentation were not limited by MHP; suggesting a cross‐resistance effect from

incubation temperature and halotolerance. Low temperatures (10°C) and MHP

imposed kinetic and bioenergetic limitations, constraining growth and product

formation. Fermentation remained favorable in MSI at 28°C and ADI at 37°C,

despite reduced biomass yield resulting from maintenance and decay proportionally

increasing with temperature. Microbial community structure was modified

by temperature during the enrichment, and slight differences observed after

MHP‐exposure did not compromise functionality. Results showed that the relation

incubation temperature—halotolerance proved to be a modifier of microbial

responses to MHP and could be potentially exploited in fermentations to modulate

product/biomass ratio.

K E YWORD S

anaerobic fermentation, halotolerance, mild hydrostatic pressure, piezotolerance,
psychrotolerance
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1 | INTRODUCTION

Operation at elevated hydrostatic pressure (HP) has been evaluated to

optimize fermentation processes and biopolymer production. HP

conditions induce the synthesis of stress metabolites with industrial

relevance, such as trehalose and glutathione (Dong & Jiang, 2016).

Elevated HP also steers the fermentation product spectrum towards

alternative value‐added products, for example, ethanol (Bothun et al.,

2004). Concerning biopolymer production, HP increases the intracellular

polymer content with adjusted density and composition (Mota et al.,

2019). Lowered biomass productivity and growth (Iwahashi et al., 2005;

Molina‐Höppner et al., 2003; Mota et al., 2015; Tholosan et al., 1999),

as well as increased microbial maintenance requirements (Mota et al.,

2018; Wemekamp‐Kamphuis et al., 2002) have been identified as

drawbacks but without detailed mechanistic explanations for their

occurrence. HP‐operation bottlenecks depend on the specific

response of the involved microorganisms to elevated HP, that is,

whether or not the biomass shows piezotolerance (Bothun et al., 2004),

which constitutes a defining feature to promote the usage of this

technology.

Piezotolerance refers to the ability of microorganisms to grow

when exposed to elevated HP and is widely spread in subsurface

ecosystems like the deep‐sea (Canganella & Wiegel, 2011; Tamburini

et al., 2013). It is also encountered in shallow surface waters and

coastal sediments (Jebbar et al., 2015; Marietou & Bartlett, 2014;

Vossmeyer et al., 2012), as well as in specific industrial strains

(Pavlovic et al., 2008; Vanlint et al., 2011). In particular, Lactobacillus

and Clostridium spp. have shown piezotolerance after short‐term

treatments with HP (7–50MPa), or it was attributed to developed

cross‐resistance (Mota et al., 2013).

Cross‐resistance refers to the microbial capacity to resist

negative impacts of environmental stress potentially resulting from

(a) pre‐incubation under other environmental stress conditions, for

example, low to high temperature variation, non‐neutral pH, water

activity, and salinity extremes; (b) differences in the growth stage of

microbial cells and (c) starvation effects (Abe, 2007; Gao et al., 2022;

Lanciotti et al., 1996; Scheyhing et al., 2004). In natural habitats, cross‐

resistance develops from the exposure to local‐scale environmental

gradients occurring due to tidal, seasonal, and depth variations

(Johnson et al., 2009; Tholosan et al., 1999). The stress‐response

associated with cross‐resistance effects comprises adaptations at the

cellular level such as accumulation of compatible solutes and salts,

protein synthesis, and reorganization of cell membrane lipids

(Kish et al., 2012). As well, it includes the modulation of metabolic

pathways and growth rates (Gao et al., 2022) and ultimately the

modification of microbial community functionality and composition

due to differences in stress tolerance, energy investment, and

exacerbated competition between microbial species (Rillig et al., 2015).

There is increasing evidence that microbial piezotolerance is

related to halotolerance and thermotolerance (Booker et al., 2019;

Harrison et al., 2013). Halotolerance adaptations at the physiological

level, namely membrane configuration and composition, synthesis of

compatible solutes (Martin et al., 2002), and cytoplasmic accumulation

of salts (Kish et al., 2012), have also been observed in piezotolerant

microorganisms. Changes in the central carbon metabolism and

production of extracellular polymeric substances (EPS) are also

interlinked with piezotolerance (Booker et al., 2017, 2019). Regarding

temperature, exposure to low temperatures (≤10°C) decreases the cell

membrane fluidity and may alter its lipid composition (Macdonald,

1984), which is similar to the effects of HP exposure. Conversely,

high‐temperature increases fluidity; hence, it might counteract the

effects of high HP on the cell membrane (Fichtel et al., 2015; Winter &

Jeworrek, 2009). Thermal stress triggers the synthesis of heat and cold

shock proteins, also further upregulated in the stress response under

HP (Wemekamp‐Kamphuis et al., 2002). The growth rate of

piezotolerant microorganisms can be affected by high HP and low

temperature due to physiological and kinetic constraints (Jebbar et al.,

2015). However, previous work shows that low growth rates observed

in Halomonas spp. after exposure to >35MPa at 2°C and 4% total salts

were enhanced when the total salt concentration of the medium was

adjusted to 11% in a parallel experiment (Kaye & Baross, 2004).

The observed phenomenon was attributed to opposing effects of

osmotic stress and HP in protein production and lipid saturation that

resulted in a modified membrane spatial configuration.

Significant changes in the microbial community structure were

observed when mesophilic oil‐degrading marine sediments were

exposed to 4°C and 22MPa (Fasca et al., 2018) or sinking fecal pellets

were incubated at 13°C and 40MPa (Tamburini et al., 2009). Other

studies have highlighted temperature as the predominant modifier of

taxonomic diversity in marine sediment degrading hydrocarbons at

30MPa and 5 or 20°C (Perez Calderon et al., 2019). Recent works also

indicate that specific phyla such as Proteobacteria, Bacteroidetes,

Actinobacteria, and Firmicutes became predominant at high HP

(Marietou & Bartlett, 2014; Perez Calderon et al., 2019).

In this study, we investigated whether the combination of

inoculum halotolerance—temperature adaptation can trigger cross‐

resistance mechanisms to mild HP (MHP; <10MPa), leading to

enhanced/sustained carboxylate production under environmental

stress. Fermentation experiments at MHP with two halotolerant

inocula adapted to different operational temperatures were conducted

to test our cross‐resistance hypothesis. In alignment with the

mentioned links between temperature and HP, adjusting operational

temperature might be a viable operational process strategy to improve

process performance under HP (Lopes et al., 2019). Metabolic energy

analysis was performed to identify energy limitations as part of the

explanatory mechanism for reduced biomass/product yields and

changes in product spectrum. Finally, these results are discussed

concerning their influence on process efficacy and resilience.

2 | MATERIALS AND METHODS

2.1 | Enrichment

Two anaerobic inocula without prior exposure to MHP were used in the

experiments. Marine sediment inoculum (MSI) was enriched from a
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manually homogenized mixture of three sediment samples obtained

from a subtidal mud accumulation site located approximately 5 km

offshore from Oostende (51°16.30N, 2°54.30E) at an average water

depth of 12m (HP of 0.12MPa; van de Velde et al., 2016). Mesophilic

anaerobic digestion inoculum (ADI) was enriched from a sample of a

full‐scale up‐flow anaerobic sludge blanket (UASB) reactor of 5.5m

height (HP of maximally 0.05MPa at the bottom of the reactor), treating

saline wastewater from a petrochemical industry. The physicochemical

characterization of both inocula is presented in Table S1.

The medium described in Table S2 with adjusted salinity and

glucose as substrate (2.45 g COD L−1) was used to enrich MSI and

ADI for 27 and 20 days, respectively, with enrichment cycles lasting

5–7 days. MSI enrichment experiments were carried out at 10 and

20°C (MSI‐10 and MSI‐20). These temperatures are comparable to

the seasonal environmental regime of the site of sediment collection.

An additional experiment was conducted at 28°C (MSI‐28),

a temperature close to the typical range for anaerobic carboxylates

production (Arslan et al., 2016; Infantes et al., 2011) and in the upper

range for growth of psychrotolerant marine bacteria (Groudieva et al.,

2003). ADI enrichment was carried out at the operational tempera-

ture of the UASB of origin, that is, 37°C (ADI‐37). Initial MSI

inoculation was done from re‐suspended sediment to final volatile

solids (VS) concentration of 1.4 mg VS ml−1 in serum bottles,

prepared according to Table S2. In parallel, ADI was first diluted

with marine medium to the same initial VS concentration as MSI and

added to prepared serum bottles. Effective volume reached 45ml

after inoculation and the liquid to gas ratio was kept at 1.7:1.0.

An in‐house developed flush system was used to exchange the

headspace of the serum bottles with a mixture of N2:CO2 (90:10).

On average, 20 cycles per bottle were applied to guarantee

anaerobic conditions after inoculation and set an initial over-

pressure of 0.005 ± 0.001MPa. Enrichment cycles were concluded

when recovered COD‐glucose into carboxylates corresponded to

≥70%. Afterward, 5 ml non‐pooled transfers (that is, replicates

were not combined) to fresh anaerobic saline medium were carried

out. All the experimental treatments were conducted out in

triplicates plus a negative control without substrate. Serum bottles

were shaken at 120 rpm in orbital shakers.

2.2 | MHP experiments

A non‐pooled transfer from each biological replicate and negative

control of the last cycle of the MSI and ADI enrichment was

performed to sterile 5 ml syringes, previously flushed with N2:CO2

(90:10; Figure 1). The same liquid to gas ratio as in the serum bottles

was kept. After inoculation and medium addition, syringes were

closed using two‐way valves and positioned inside six high‐pressure

stainless‐steel reactors (Parr) filled with deionized water. Due to

reactor availability, MHP experiments at different temperatures were

carried out in a sequential incubation. The increment of hydrostatic

pressure to 5 and 8MPa, to achieve CO2 partial pressures

comparable to our previous work (Ceron‐Chafla et al., 2020, 2021),

was done by pumping distilled water inside the reactors using a

manual hydraulic pump. One syringe from each replicate and

negative control of the enrichment was incubated in parallel under

atmospheric conditions (atmospheric controls; ACs) at a pressure of

0.1MPa (Figure 1). Experiments lasted between 8 and 12 days

depending on each pressure, temperature and inoculum tested.

On the final day, reactors were depressurized through liquid release.

Syringes were left to stabilize to atmospheric pressure (0.1MPa) for

30min. Afterward, total liquid content was recovered and distributed

as follows: (a) carboxylates determination, (b) DNA extraction from

biomass pellet to be stored at −20°C, and (c) flow cytometry

measurement (FCM) from samples fixed with 1% glutaraldehyde.

2.3 | Analyses

2.3.1 | Flow cytometry measurements

After pretreatment (Supporting Information Methods Section 1.2,

Figure S1), cells were counted using flow cytometry. Diluted samples

(×1000) were stained with SYBR Green I and incubated at 37°C for

13min following the protocol of van Nevel et al. (2013) and immediately

analyzed in an Accuri C6+ flow cytometer (BD Biosciences). The Accuri

C6+ was equipped with four fluorescence detectors (530/30, 585/40,

>670, and 675/25 nm), two scatter detectors, and a 20‐mW 488‐nm

laser, and was operated with Milli‐Q (Merck Millipore) as sheath fluid.

Statistical testing applied to FCM data is described in Supporting

Information Methods Section 1.2.

2.3.2 | Microbial community analysis

The DNA extraction was carried out according to the protocol of

Vilchez‐Vargas et al. (2013). Agarose gel electrophoresis and PCR

analysis were used to determine the quality of DNA extracts. The

PCR was carried out using the bacterial primers 341F and 785Rmod

following an in‐house PCR protocol (Boon et al., 2002). After quality

validation, DNA extracts were sent to LGC Genomics GmbH for

amplicon sequencing of the bacterial community through the 16S

rRNA gene V3–V4 hypervariable region on the Illumina MiSeq

platform. After processing the amplicon sequencing data (Supporting

Information Methods Section 1.3.1), a table was generated with the

relative abundances of the different operational taxonomic units

(OTUs) and their taxonomic assignment of each sample. Next,

absolute abundances were estimated based on the FCM data

according to Props et al. (2017) and statistically analyzed as described

in Supporting Information Methods Section 1.4.

2.3.3 | Chemical analyses

The chemical oxygen demand (COD), volatile solids (VS), pH, and

alkalinity were measured according to Standard Methods (American
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Public Health Association, 2017), whereby alkalinity measurements

used an automatic titration unit (Metrohm). Electroconductivity was

measured using an electroconductivity meter (C833 Consort).

Organic acids (lactate, formate, acetate, propionate, and butyrate)

were measured using ion chromatography (Metrohm 930 Compact IC

Flex) and a Metrosep Organic acid 250/7.8 column coupled to a

Metrosep Organic acids Guard/4.6 column using 0.001M H2SO4 as

eluent. The lower detection limit was 1mg L−1 for all the acids.

2.3.4 | Bioenergetics calculation

The catabolic Gibbs free energy change ( GΔ cat
01) is the amount of

Gibbs free energy from a redox reaction between an electron donor

and acceptor (Heijnen & Kleerebezem, 2010). We calculated GΔ cat
01

based on the final product spectrum of each temperature‐adapted

treatment at 5, 8MPa and AC (see Supporting Information Methods

Section 1.5 and Table S3). Based on each GΔ cat
01, (a) the energy

requirements for maintenance (m – J d−1) to sustain the initial

biomass in the inoculum and (b) the “theoretical” biomass (X) yield

(YX/S) on the substrate were estimated.

3 | RESULTS

3.1 | Effects of MHP exposure on cell density of
temperature adapted enrichments

As a proxy for biomass growth, cell density was monitored via FCM,

simultaneously with carboxylates production. The absolute change in

cell density in temperature incubations and AC (Figure 2) was

calculated by subtracting endogenous decay estimated from controls

without substrate. A decreasing trend in the final cell density is

observed in most cases except for condition MSI‐20, where the

absolute change is positive over time and higher than the absolute

maximum change observed during the enrichment (Figure 2b).

F IGURE 1 Experimental design applied for the inoculum enrichment at atmospheric pressure and the non‐pooled biomass transfer for the
glucose conversion experiments at mild hydrostatic pressure (MHP) of 5 and 8MPa. Experiments with marine sediment inoculum—MSI were
carried out at 10, 20, and 28°C, and the experiments with anaerobic digestion inoculum—ADI at 37°C. For all the experiments, triplicate
incubation syringes (biological replicates) plus a negative control without substrate were placed inside the pressure reactors. The time points
where samples from sacrificial pressure reactors were recovered are represented by t1, t2, and t3
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The most negative absolute change was assessed for MSI‐28

(Figure 2c) and in particular for ADI‐37 (Figure 2d).

Differences in the absolute cell density change were evaluated by

the nonparametric Kruskal–Wallis H‐test using temperature and MHP

as grouping variables. In experiments with MSI at 5, 8MPa and the AC,

significant differences in cell density absolute change were found

considering incubation temperature as determining parameter

(p = 0.0002). Differences evaluated with MHP as determining parame-

ter were nonsignificant (p = 0.09). Post hoc tests revealed that MSI‐20

was significantly different from MSI‐28 and MSI‐10 (p = 0.0002 and

0.005, respectively). There were no significant differences (p = 0.26)

ascribed to MHP exposure for the case of ADI‐37.

3.2 | Effects of MHP exposure on the final product
spectrum of temperature adapted enrichments

The product spectrum (expressed in mg COD L−1) in the glucose

conversion experiments at 5 and 8MPa using temperature‐adapted

halotolerant enrichments is presented in Figure 3. Measurements were

performed at three time points for pressurized incubations and the

endpoint for AC. Product spectrum in all incubations is consistent with

glucose primary fermentation to lactate and secondary fermentation to

propionate and acetate. A similar composition was observed during the

enrichment at different temperatures (see Appendix A). The statistical

analysis (Kruskal–Wallis) showed that there were significant differ-

ences in lactate (p = 0.001), as well as propionate and formate

concentrations (p < 0.001) of MSI incubations at the three different

temperatures. In addition, significant differences in acetate concentra-

tions were found when MSI incubations were analyzed in function of

temperature (p < 0.001) or applied MHP (p = 0.01).

Regarding carboxylates production for ADI‐37 incubated at

different MHPs, significant differences were only found for acetate

(p = 0.009) and to a lesser degree for propionate (p = 0.08). The fraction

of initial COD recovered as soluble products is presented in the

different subplots as dotted colored lines. For incubations, MSI‐10 and

MSI‐20 at 8MPa, a notable reduction in the percentage of COD

recovered as soluble products was observed compared to the AC

(Figure 3a,b). COD recovery was almost identical for all tested

conditions in MSI‐28 (Figure 3c). Similarly, just a slight decrease in

COD recovery was determined for ADI‐37 (Figure 3d).

3.3 | Effects at the community level: Taxonomic
diversity and community structure

The MSI inoculum replicates presented distinctive differences in

absolute and relative abundance of the top 13 OTUs (Figures 4 and S7)

F IGURE 2 Absolute change in the final cell concentration in the marine sediment inoculum (MSI) at 10 (a), 20 (b), and 28°C (c) and in the
anaerobic digester inoculum (ADI) at 37°C (d) along the incubation at MHP of 5 and 8MPa. The atmospheric control (0.1MPa) was measured
only at the end of the incubation. Bars represent the average of three biological replicates in pressure treatments and six replicates in the
atmospheric controls. Bars with striped pattern differentiate the final time point for each experiment. Error bars correspond to the standard
deviation. Dotted red line corresponds to the maximal absolute change in cell density measured during the enrichment before MHP
incubation. MHP, mild hydrostatic pressure
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F IGURE 3 Product spectrum (in mg COD L−1) at three selected time points during anaerobic glucose conversion by temperature‐adapted
halotolerant enrichments. The marine sediment inoculum (MSI) was evaluated at 10 (a), 20 (b), and 28°C (c) and the anaerobic digester inoculum
(ADI) at 37°C (d). The pressure of atmospheric controls was 0.1MPa (included in the subplots as reference) and the hydrostatic pressures were
5 and 8MPa. Bars represent the average of three biological replicates in pressure treatments and six replicates in the atmospheric controls.
Error bars correspond to the standard deviation. Dotted lines represent the average fraction of COD recovered with glucose as feed in the
atmospheric controls (red) and in the experiments at 5 (blue) and 8MPa (green). COD, chemical oxygen demand

F IGURE 4 Absolute abundances of bacterial top 13 OTUs in the different experimental treatments and calculated based on flow
cytometry data. Columns represent biological replicates for the atmospheric controls (0.1MPa) and the mild hydrostatic pressure (MHP)
experiments at 5 and 8MPa. (a) Marine sediment inoculum—MSI experiments for different temperature (10, 20, and 28°C)—MHP combinations.
(b) Anaerobic digester inoculum—ADI experiments at 37°C and different MHP. OTU, operational taxonomic unit
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despite the initial homogenization. Absolute abundances in MHP

treatments were impacted by the exposure to 5 and 8MPa. In MSI‐10,

the exposure to 5MPa resulted in a generalized, but statistically

nonsignificant decrease in the average absolute abundance of genera

such as Marinifiilum, Dethiosulfatibacter, and Psychromonas compared

to the AC. The abundance of fermentative bacteria was negatively

impacted by MHP of 8MPa, which led to the predominance of

Trichococcus. For MSI‐20, the exposure to 5MPa caused a distinct

increase in the average absolute abundance of genera Psychromonas,

Marinifillum, and a decrease in Trichococcus and Dethiosulfatibacter

(p = 0.05). At 8MPa, the average absolute abundance of identified

genera decreased except for Desulfomicrobium (Figure 4a). In MSI‐28,

the average absolute abundance of Trichococcus (p = 0.04) increased

after exposure to 5MPa. However, the absolute abundances of

sulfate‐reducing bacteria (SRB) genera, namely Dethiosulfatibacter and

Desulfomicrobium (p = 0.05) decreased. The exposure to 8MPa

decreased absolute abundances of predominant fermentative genera,

excluding Ilyobacter, which became the main fermenter (Figure 4a).

For ADI‐37, average absolute numbers of Ercella, Proteiniphilum,

Desulfomicrobium (p = 0.05), Halolactibacillus, and Dethiosulfovibrio also

decreased after exposure to 5 and 8MPa compared to AC (Figure 4b).

Significant differences in MSI richness (H0, p = 0.006) were found

in function of incubation temperature rather than MHP (Figure S2).

Conversely, when analyzed as a function of MHP‐exposure, H0 in the

ADI experiments was significantly different (p = 0.020). In terms of

β‐diversity, we found significant differences in community structure

when incubation temperature was the grouping variable (p = 0.001,

Figure 5). However, when grouped by MHP, differences were

nonsignificant (p = 0.84, Figure S3). Additionally, significant

differences in community structure were identified as a function of

formate (p = 0.0136), propionate (p = 0.0001) and butyrate (p = 0.013)

concentrations (Figure S4).

3.4 | Metabolic energy analysis

Figure 6a summarizes the GΔ cat
01 for each incubation condition at

MHP and its corresponding AC. The lowest values for GΔ cat
01 were

found for MSI‐10 and MSI‐20 at 8MPa. A low GΔ cat
01 indicates a low

ATP yield, considering an energy requirement of +31.8 kJ mol−1 ATP

based on the hydrolysis of acetyl coenzyme‐A (Thauer et al., 1977).

YX/S showed a decreasing trend with increasing MHP (Figure 6d),

particularly for MSI‐10 and MSI‐20. Notably, only for MSI‐10 at

8MPa, the calculated m was higher than the value for AC (Figure 6b).

Slight differences were observed in GΔ cat
01, m, and YX/S for

incubations MSI‐28 and ADI‐37 at 5 and 8MPa in reference to the

AC (Figure 6). However, following their dependency on temperature,

calculated values for maintenance coefficients (mG) were 6.0 and

13.4 kJ mol−1 × h−1 at 28°C and 37°C, respectively. At low (10°C) and

moderate (20°C) temperatures, mG decreased to 1.0 and 2.8 kJ

C‐mol−1 × h−1, respectively. Despite these differences, calculations

showed that maintaining initial cell density in all treatments for the

entire experiment duration would have required less than 3% of the

initially available glucose biochemical energy.

Results showed differences of three orders of magnitude in the

theoretical YX/S and those estimated from the conversion of cell

numbers to C‐mol biomass (Figure 6c,d). This large discrepancy is

attributed to using theoretical approximations for cell volume that

might not reflect HP effects on cell morphology (Molina‐Höppner

et al., 2003). Thus, the theoretical and estimated YX/S values are not

directly comparable but provide insight into the effects of tempera-

ture, the composition of the product spectrum, and MHP on YX/S.

4 | DISCUSSION

4.1 | Biomass yield and fermentative activity are
modulated by interaction effects of incubation
temperature and MHP

MSI‐20 was the only condition where growth, expressed as a positive

absolute change in cell density, occurred after MHP incubation

(Figure 2b). Therefore, we hypothesized that observed growth in

MSI‐20 at MHP could be attributed to a cross‐resistance effect

originating from adaptation to moderate temperature and salinity.

This hypothesis aligns with a previously reported analogous stress

response to low temperature and HP (Abe, 2007). However, this

cross‐resistance effect positively impacting cell densities was not

evident in conditions MSI‐10, MSI‐28, and ADI‐37 at 5 and 8MPa.

In MSI‐10 the incubation temperature was lower than the

presumed optimum for psychrotolerant growth (Topt≈ 20°C); thus,

declining growth rates (µ) were expected following the Arrhenius

F IGURE 5 Nonmetric distance scaling (NMDS) analysis of the
Bray–Curtis dissimilarity index of the bacterial community at OTU
level for the marine sediment inoculum at 10, 20, and 28°C and the
anaerobic digester inoculum at 37°C. OTU, operational
taxonomic unit

1798 | CERON‐CHAFLA ET AL.



equation (Infantes et al., 2012). Literature has revisited the relation-

ship between µ, maintenance (m), and YX/S, indicating that it is more

complex than suggested by previous models (“Herbert model,”

“Pirt model”; Wang & Post, 2012) and dependent on growth

conditions (Bonk et al., 2019; Lipson, 2015). In slow‐growing

microorganisms, for example, psychrotolerant/psychrophilic micro-

organisms, a “growth rate‐yield tradeoff” has been observed at

T < Topt, leading to high YX/S at low temperatures (Nedwell & Rutter,

1994). Holding onto this premise, an increase in cell density in

MSI‐10 could have been anticipated. However, the lowest GΔ cat
01

values were calculated for MSI‐10 (Figure 6a); thus, limited growth

might have resulted from energetic constraints. Furthermore, if

protective mechanisms linked to low temperature and piezotolerance

were upregulated, such as synthesis of cold shock proteins and EPS,

it would have come at a high energy cost, further limiting growth:

0.39mmol ATP/g protein and 12.8 mmol ATP/g polysaccharides

(Kim & Gadd, 2008). Thus, considering that some energy is also

dissipated during anabolism, the generated catabolic energy may only

have sufficed to produce cryoprotective structures such as EPS, but

not for the synthesis of complex cellular components enabling

growth (Nichols et al., 2005).

The hypothesis concerning EPS production aligns well with

some investigations in marine microorganisms (Decho &

Gutierrez, 2017). EPS synthesis is considered a survival strategy

to counteract low temperatures and/or saline conditions (Aslam

et al., 2012). Previous work indicates that at high glucose

concentrations (Decho, 1990), increased salinity, low/moderate

temperatures (15–25°C), and fluctuating nutrient availability,

bacterial EPS production is favored (Degeest et al., 2001). Also,

enhanced EPS production has been observed at temperatures

lower than Topt in both psychrophilic (Nichols et al., 2005) and

mesophilic organisms (Degeest et al., 2001). EPS formation cannot

be discarded in all the other treatments, since visual inspection of

the bottom of the syringes after reactor depressurization

indicated biomass agglomeration. However, it is recommended

to follow up our current work with future HP fermentation

experiments, using larger sample volumes that enable an in‐depth

quantification of EPS concentrations.

In terms of fermentative activity, in MSI‐10 and MSI‐20

incubations at 5 and 8MPa, differences were observed regarding

the COD recovered as measured soluble products compared to their

respective AC (Figure 3a,b). These differences might be partially

explained due to the effect of incubation temperature on

process kinetics exacerbated as MHP increased. According to the

Arrhenius equation, decreasing temperatures exponentially decrease

biochemical reaction rates and may compromise enzymatically driven

processes (Arnosti et al., 1998). Similar to temperature, also pressure

has an exponential relation to the reaction rate constant, in

co‐dependence of the reaction activation volume according to

Equation (1) (Morild, 1981; Somero, 1990):

∆
k k e= ,p 0

P V
RT

− ≠

(1)

F IGURE 6 (a) Gibbs free energy available to carry out catabolism ( GΔ cat
01) for each temperature incubation at 0.1MPa (atmospheric control

—AC) and mild hydrostatic pressure (MHP) of 5 and 8MPa. (b) Gibbs free energy requirements for maintenance (m) to sustain the initial biomass
density used to inoculate AC and the pressurized treatments. (c) Measured biomass yield (YX/S) based on cell numbers converted to units of
C‐mol biomass. (d) Theoretical biomass yield calculated based on proposed stoichiometries for the different incubations. Each subplot has a
different scale and units for visualization purposes. Data correspond to the marine sediment inoculum at 10, 20, and 28°C and the anaerobic
digester inoculum at 37°C
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where kp (h−1) is the rate constant at pressure P (atm), k0 is the rate

constant at atmospheric pressure (h−1), ΔV‡ is the activation volume,

R the universal gas constant (L atm K−1 mol−1) and T the reaction

temperature (K). Equation (1) follows that HP decreases the rate of

reactions with positive ΔV‡. Glycolytic enzymes such as

glyceraldehyde‐phosphate‐dehydrogenase (ΔV‡= +60 cm3mol−1),

pyruvate kinase (ΔV‡= +11 to +26 cm3mol−1) have positive ΔV‡;

thus, their activity could be compromised by MHP regardless of low‐

temperature adaptations (Morild, 1981). Consequently, they could

become a bottleneck for glucose conversion at low temperatures and

MHP, explaining the dissimilarities in the recovered COD between

MHP treatments and AC in MSI‐10 and MSI‐20.

We were not able to collect sufficient data points for adequate

calculation of production and consumption rates due to sampling

constraints associated with the reactor configuration. However,

evaluation of the individual metabolite concentration per cell over

time pinpointed a “slowing down” of intermediates consumption.

As an example, reduced lactate consumption in MSI‐10 at 8MPa is

noticeable and could have hindered subsequent fermentation

(Figures S5 and S6). This observation is in alignment with previous

enzymatic studies, which suggested that HP and low temperatures

significantly decrease lactate dehydrogenase activity, an enzyme that

reversibly catalyzes pyruvate to lactate conversion (Gillen, 1971).

Another limitation on substrate and intermediates conversion at

low temperatures, for example, in MSI‐10, might have come from

energy requirements in transmembrane transport. Rodríguez et al.

(2006) proposed that more energy is required for the active transport

of organic acids when extracellular concentrations increase, as

foreseen in batch fermentations (Table 1). Additionally, since

increased pressure enhances acid dissociation due to negative ΔV‡

(Low & Somero, 1975), more energy would have been required for

proton (H+) transport to keep homeostasis, further limiting energy

allocation to anabolic processes.

The combined effect of moderately high temperature and MHP

was detrimental for biomass yield in MSI‐28 and ADI‐37 incubations

at 5 and 8MPa (Figure 2b,c); however, it did not severely

compromise carboxylates production (Figure 3c,d). Hence, our

experimental observations suggest that limited growth with

conserved metabolic activity resulted from an increased susceptibility

to MHP due to prolonged exposure to moderately high temperatures.

Studies with pure cultures of psychrotolerant Listeria monocytogenes

and Yarrowia lipolytica incubated at high HP have shown that

increasing incubation temperature coincided with intensified pres-

sure susceptibility and ultimately reflected on higher microbial

inactivation (death) rates (Lanciotti et al., 1996). This observation

aligns well with the cell density results of incubations MSI‐28

(compared to MSI‐20 and MSI‐10) and ADI‐37 (Figure 2). The same

study reported that inactivation of mesophilic Escherichia coli was

comparable to psychrotolerant strains at 20°C but showed an

increasing trend in the interval 20–35°C (Lanciotti et al., 1996).

Consequently, literature suggests a relatively strong effect of MHP

on YX/S for mesophilic microorganisms, which may explain the

observed high negative absolute change in cell density in ADI‐37

(Figure 2d).

It is known that microbial µ exponentially increases with

temperature within a certain span. For psychrotolerant microorgan-

isms, temperatures higher than Topt (T > 20°C, e.g., MSI‐28) are

associated with a decreasing µ (Bakermans & Nealson, 2004; Kaye &

Baross, 2004; Knoblauch & Jorgensen, 1999). Consequently, an

increased YX/S could have been foreseen on the grounds of the

“growth rate‐yield trade‐off” theory. However, prolonged exposure

to moderate high temperatures resulted in increased substrate

turnover to fulfill the higher maintenance (m) requirements due to

(a) the Arrhenius dependency of m on temperature (Figure 6b) and (b)

the proposed increased susceptibility to MHP after prolonged

exposure to moderate high temperature. Hence, despite more

favorable bioenergetics in MSI‐28 than in MSI‐20 and MSI‐10

(Figure 6a) energy was deviated from growth (YX/S) to satisfy

increasing m requirements. Moreover, low‐temperature stress

response shares commonalities with the one triggered by MHP

attributable to similar effects at the cell membrane level (Allen &

Bartlett, 2000). Hence, it is reasonable to suspect that relevant

enzymatic machinery already in place was upregulated in micro-

organisms from MSI‐10 and MSI‐20 incubations, implying that a

TABLE 1 Gibbs energy change for active transport of acid molecule (HA) through the cell membrane ΔGTr‐HA (kJ mmol−1) for different
organic acids measured in the experiments of glucose conversion at mild hydrostatic pressure (MHP) using marine sediment inoculum—MSI and
anaerobic digester inoculum—ADI at different temperatures

Extracellular concentration Intracellular concentration MSI MSI MSI ADI
ΔGTr‐HA ΔGTr‐HA ΔGTr‐HA ΔGTr‐HA

(mM) (mM)a (10°C) (20°C) (28°C) (37°C)

Lactic acid 15.11 10 2.74 2.78 2.86 2.95

5 19.34 19.68 20.22 20.82

Propionic acid 18.9 10 15.38 15.64 16.07 16.55

5 31.98 32.54 33.42 34.42

Acetic acid 24.20 10 9.57 9.74 10.00 10.30

5 26.18 26.63 27.36 28.17

aIntracellular concentration taken from Rodriguez et al. (2006).
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smaller fraction of the energy budget was allocated for m (Figure 6).

Pressure and temperature fluctuation responses are not entirely

equal; thus, particular mechanisms triggered by MHP could have still

occurred. For example, the synthesis of heat shock proteins (Welch

et al., 1993) is likely to occur in psychrotolerant organisms at

temperatures from 28°C onwards (Potier et al., 1990), implying

energy deviation for other anabolic processes than growth in MSI‐28.

The exclusively temperature‐dependent m calculations pre-

sented here should be used as a first approximation since only the

major and not all carbon and energy‐deriving processes have been

considered. If proton leakage, cell death, intracellular carbon storage,

membrane fluidity conservation, and pathway shifts (van Bodegom,

2007) would have been included, higher overall maintenance (mtot)

and a further constrained µ and YX/S would have been obtained.

These requirements constitute part of the initial halotolerance and a

postulated temperature‐MHP adaptation. Hence, carbon and energy

derivation towards m likely have occurred under all experimental

conditions (Schimel et al., 2007) but may have been overlooked due

to process complexity and methodological simplifications.

A higher µ was expected for ADI‐37 since it was incubated at

T ≈ Topt (Figure 7) and due to differences in the order of magnitude of

mesophilic and psychrotolerant µ in microorganisms grown under

laboratory conditions (Nedwell & Rutter, 1994). A higher decay rate (kd)

andm requirements (Figure 6b) were anticipated for this treatment due

to temperature dependence of kd, m, and µ (Biselli et al., 2020); thus, a

lower µnet ascribed to temperature effects in ADI‐37 when compared

to MSI‐28 could be reasonably expected. Moreover, in ADI‐37

additional stress response mechanisms needed to be fully upregulated

to counteract MHP effects on susceptible biomass resulting from

prolonged exposure to moderate high temperature. Moreover,

prolonged incubation could have triggered the utilization of biomass

to satisfy increasing mtot requirements when carbon was less available

(Bradley et al., 2018). If unsaturated lipids would have been produced

to safeguard membrane fluidity, it would have come at the price of

diverting energy from growth to maintenance (Casadei et al., 2002;

Kaneko et al., 2000). Lipid synthesis is a less energy‐intensive process

(0.015mmol ATP/g lipids; Kim & Gadd, 2008) in comparison to the

synthesis of proteins and carbohydrates, which could also have been

part of the general microbial stress response in ADI‐37 (Gross &

Watson, 1996).

4.2 | Product spectrum is defined by inoculum
enrichment strategy and minorly impacted by the
interaction temperature—MHP

Our results showed that the enrichment strategy predominantly

impacted the product spectrum (see Appendix A), while both

incubation temperature and MHP played a minor and indirect role

(Figure 3). High substrate concentration, high biomass load, complex

medium, and sequencing batch incubations can be considered the

process parameters with the most substantial influence on the

product spectrum. Rombouts et al. (2020) and Hoelzle et al. (2021)

have proposed that complex medium and high glucose concentra-

tions favor lactate production over butyrate, propionate, and acetate,

which are typically observed in mixed culture conversions at low

substrate concentration and even occur at elevated operational

pressure (Ceron‐Chafla et al., 2021).

We did not observe significant differences in the product

spectrum of the different incubations due to MHP. However, other

F IGURE 7 Graphical summary of foreseen effects of incubation temperature (T) (left) and T +mild hydrostatic pressure (MHP; right) on
kinetic and bioenergetic parameters. Columns correspond to the experimental treatments with marine sediment inoculum (MSI) at 10, 20, and
28°C and anaerobic digester inoculum (ADI) at 37°C. Colored blue bars represent a qualitative indication of the expected range for the
parameter (one = low, two =moderate, three = high, and four = highest). Upward green arrows in MHP column indicate an incremental effect
whereas downward red arrows indicate a detrimental effect
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studies highlighted deviations in product formation after the

exposure to higher HP (30–35MPa) and associated this phenomenon

with changes in the central carbon metabolism (Booker et al., 2019;

Scoma et al., 2019). Their results showed that propionate and

butyrate were formed to dispose of reducing equivalents under

limited hydrogen production. A declined hydrogen production is

expected when the lactate pathway is favored (Ghimire et al., 2015)

and could also result from the hindered hydrogenase activity by

elevated HP (Booker et al., 2019). Consequently, the favored disposal

of reducing equivalents in the form of propionate/butyrate and

formate production to act as “aqueous electron carrier” are

reasonable outputs of MHP incubations (Figure 3). However, formate

production is not an exclusive outcome of combined incubation

temperature and MHP. Previous studies reported formate as an

alternative electron sink to H2 in, for example, glucose conversion

carried out at pH > 6 (Temudo et al., 2007) and during shock loads

of substrate at circumneutral pH (Voolapalli & Stuckey, 1999).

Moreover, formate production may also be a characteristic fermen-

tation pathway in organisms from temperate marine sediments,

as postulated by previous work (Kondo et al., 1993).

4.3 | Understanding the interaction effects of MHP
and temperature on microbial community
composition

The taxonomic diversity diverged from the original inoculum in

response to substrate concentration and incubation temperature

after the enrichment (see Appendix A). Due to insufficient homoge-

nization in the MSI samples, replicate 3 was different in composition

and abundance from the other inoculum replicates. These differences

in composition remained observable in the experiments at mild

selective pressure, that is, low temperature and MHP (Figure 4).

Under an apparently stronger “selective pressure”, that is, moderate‐

high temperature and MHP, the inoculum variability effect was no

longer observed and changes in absolute abundance due to

temperature and MHP became more evident and reproducible as in

other studies dealing with environmental disturbance effects in

community structure (Pagaling et al., 2014). After MHP‐exposure,

specific genera lost their predominance or became absent, but

fermentative activity was conserved. At 10 and 20°C in MSI, a minor

decrease in absolute abundance was identified in groups with

recognized fermenting metabolism such asMarinifilum, Psychromonas,

Halilactibacillus, and Trichococcus after MHP was applied. This was

also the case for some of the identified SRB, Dethiosulfatibacter, and

Desulfomicrobium (Figure 4a). Piezotolerant/piezophilic strains were

previously identified in coastal marine sediments with no apparent

exposure to significant pressure gradients (Marietou & Bartlett, 2014;

Tamburini et al., 2009). Most of those microorganisms additionally

have a psychrotolerant nature with Topt between 10 and 20°C

(Fu et al., 2018; Xu et al., 2003), supporting the previously described

link between low/moderate temperature adaptation and pressure

resistance.

In MSI‐28, general multitrophic microorganisms belonging to the

genera Trichococcus and Ilyobacter, as well as Proteiniphilum and

Ercella, in ADI‐37 showed some degree of tolerance to MHP

(Figure 4a,b). So far, proven piezotolerance in these genera has not

been reported. Nonetheless, piezotolerant/piezophilic strains in

marine sediments (Bhattarai et al., 2018; Fasca et al., 2018; Wannicke

et al., 2015) and high‐pressure anaerobic digesters (Lindeboom et al.,

2016) belong to the phyla Firmicutes and Bacteroidetes, which

comprise the genera mentioned above. Innate adaptations in these

species might allow a certain degree of piezotolerance. Microorgan-

isms from the genus Trichococcus (Pikuta & Hoover, 2014) and

Ilyobacter (Schink, 1984) produce mucopolysaccharides for adapta-

tion to low temperatures, which might confer adaptability to more

extreme conditions such as MHP (Yin et al., 2019). An increase in

the proportion of unsaturated fatty acids (UFAs) is a mechanism

to safeguard membrane fluidity via homeo‐viscous adaptation

(Wang et al., 2014). Members of the genus Ercella (van Gelder

et al., 2014) and Proteiniphillum (Wang et al., 2014) are characterized

by a high content of UFAs and ante‐iso‐branched fatty acids in their

cell membranes. This innate feature could counteract the reduced

fluidity caused by increased MHP.

4.4 | Extrapolation of cross‐resistance effects
toward the process level

The use of stress conditions such as MHP to promote new products

synthesis and bioprocess selectivity, while limiting biomass growth,

has gained interest in latest years (Mota et al., 2017). However,

microbial resilience is still a bottleneck in operation under

environmental stressors such as MHP (Lopes et al., 2019). Inoculum

history, thermal adaptation, and halotolerance could promote

cross‐resistance effects, which can be further exploited depending

on desired process outcome. In yield‐dependent processes, for

example, biopolymer production, whose properties seem interest-

ingly modified by MHP, operation at mild temperature could be

advisable to obtain a balanced biomass‐product output. If the

microbial community is already temperature‐adapted, the predom-

inance of product‐accumulating organisms should not be compro-

mised by MHP exposure. On the other hand, if excess biomass

growth needs to be controlled, operation at MHP in combination

with increased temperature, high organic loading rate, and rich

medium could promote uncoupling of catabolism and anabolism.

As indicated by our experimental results, this could occur without

the abundance of key genera being jeopardized.

5 | CONCLUSIONS

Effects of an environmental stressor (MHP) on metabolic activity and

community structure could be modulated by cross‐resistance effects

associated with incubation temperature and halotolerance. At mild

temperatures, an apparent cross‐resistance effect balanced growth and
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fermentation under MHP. At low temperatures and MHP, compromised

growth and carboxylates production resulted from bioenergetic and

kinetic constraints. High temperature positively impacted carboxylates

production and combined with MHP, further limited biomass yield due to

high maintenance requirements and decay. Fermentative activity was

conserved despite absolute abundances of predominant groups in MSI,

being compromised by temperature and, to a minor extent, MHP.

Community composition in mesophilic ADI also underwent slight

modifications after MHP exposure. We anticipate that fermentation

resilience to environmental stress relies on understanding how cross‐

resistance effects at the physiological level could influence microbial

community composition and, ultimately, process yield.
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Nomenclature
AC atmospheric control

ADI anaerobic digestion inoculum

C‐mol Carbon mole (mol)

FCM flow cytometry measurement

HP hydrostatic pressure

m Gibbs energy change for maintenance (J d−1)

mG Gibbs energy coefficient for maintenance purposes

(kJ C‐mol−1 X h−1)

MHP mild hydrostatic pressure

MSI marine sediment inoculum

mtot Overall maintenance (C‐mol substrate C‐mol−1 X h−1)

qs overall substrate conversion flux (mol substrate

mol‐X−1 h−1)

X biomass (mol)

YX/S Biomass yield on substrate (C‐mol X mol glucose−1)

µ growth rate (h−1)

ΔGTr‐HA Gibbs energy change for active transport acid molecule

(HA) through the membrane (kJ mmol−1)

µmax maximal growth rate (h−1)

µnet net growth rate (h−1)

GΔ cat
01

Gibbs energy change for catabolism corrected for

biological pH=7 (J/reaction)

ΔV change in reaction volume (cm3 mol−1)
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APPENDIX A

Enrichment of halotolerant mixed microbial culture: Product

spectrum and microbial community dynamics

After the final cycle of enrichment, inocula MSI and ADI showed

differences in the final product spectrum, cell numbers, and

community diversity. Regarding the measured metabolites as soluble

COD, MSI‐28 showed a balanced production: 54% of the soluble

COD corresponded to acetate and 45% to propionate. In MSI‐20,

there was a marginal increase in propionate production compared to

acetate: 53% versus 47%. For MSI‐10, the product spectrum was

composed of acetate, formate, and lactate: 45%, 29%, and 14%,

respectively. ADI‐37 showed a product spectrum also dominated by

acetate and propionate: 56% versus 41%, respectively. The achieved

cell density at the end of the enrichment is presented in Table A1.

Changes were observed in predominant OTUs identified in MSI

and ADI samples after the enrichment at atmospheric conditions.

Psychromonas, a fermentative genus distinctively identified in MSI

original inoculum, lost predominance against Marinifilum, Psychromo-

nas, Halolactibacillus, Trichococcus at 10, 20, and 28°C and Ilyobacter,

only at 28°C in most of the biological replicates while in few of them

remained dominant at low and moderate temperature. Two genera

associated with SRB, namely Dethiosulfatibacter and Desulfomicrobium

were further identified. In the case of ADI, the transition occurred from

genera such as JS1 and RBG‐13‐54‐9 to fermentative halotolerant,

neutrophilic bacteria as Proteiniphillium, Ercella, Halolactibacillus, and

the SRB Dethiosulfovibrio and Desulfomicrobium.

TABLE A1 Cell density measured by flow cytometry at the end
of the first cycle of the enrichment for the marine sediment inoculum
(MSI) at incubation temperatures of 10, 20, and 28°C and the
anaerobic digester inoculum (ADI) at 37°C

Temperature (°C) Cell density (cells ml−1)

10 3.6 ± 0.4 × 106

20 1.7 ± 0.2 × 106

28 9.9 ± 1.0 × 106

37 2.3 ± 0.3 × 107
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