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Abstract
We investigated the impact of pressure on thermophilic, chemolithoautotrophic NO

−

3
 

reducing bacteria of the phyla Campylobacterota and Aquificota isolated from deep-
sea hydrothermal vents. Batch incubations at 5 and 20 MPa resulted in decreased NO

−

3
 

consumption, lower cell concentrations, and overall slower growth in Caminibacter 
mediatlanticus (Campylobacterota) and Thermovibrio ammonificans (Aquificota), relative 
to batch incubations near standard pressure (0.2 MPa) conditions. Nitrogen isotope 
fractionation effects from chemolithoautotrophic NO

−

3
 reduction by both microorgan-

isms were, on the contrary, maintained under all pressure conditions. Comparable 
chemolithoautotrophic NO

−

3
 reducing activities between previously reported natural 

hydrothermal vent fluid microbial communities dominated by Campylobacterota at 
25 MPa and Campylobacterota laboratory isolates at 0.2 MPa, suggest robust similari-
ties in cell-specific NO

−

3
 reduction rates and doubling times between microbial popu-

lations and communities growing maximally under similar temperature conditions. 
Physiological and metabolic comparisons of our results with other studies of pressure 
effects on anaerobic chemolithoautotrophic processes (i.e., microbial S0-oxidation 
coupled to Fe(III) reduction and hydrogenotrophic methanogenesis) suggest that an-
aerobic chemolithoautotrophs relying on oxidation–reduction (redox) reactions that 
yield higher Gibbs energies experience larger shifts in cell-specific respiration rates 
and doubling times at increased pressures. Overall, our results advance understand-
ing of the role of pressure, its relationship with temperature and redox conditions, and 
their effects on seafloor chemolithoautotrophic NO

−

3
 reduction and other anaerobic 

chemolithoautotrophic processes.
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1  |  INTRODUC TION

High hydrostatic pressure (HHP) is a notable physical parameter 
associated with anaerobic chemolithoautotrophic processes at 
deep-sea hydrothermal vent ecosystems. Although pressure is a 
key parameter, most of our knowledge on the metabolic and phys-
iological behavior of anaerobic chemolithoautotrophic microorgan-
isms from deep-sea vents has been generated through laboratory 
experiments with cultures and microcosms near standard pressure 
(~0.2  MPa) conditions (e.g., Bourbonnais et al.,  2012; Fortunato 
& Huber,  2016; Hoek et al.,  2006; Jannasch,  1983, 1995; Pérez-
Rodríguez et al., 2017; Sievert & Vetriani, 2012; Stewart et al., 2019; 
Topçuoğlu et al., 2016; Ver Eecke et al., 2012). Integrating HHP into 
physiological studies of anaerobic chemolithoautotrophs has been 
complicated by the technical difficulties associated with HHP micro-
bial cultivation, and by the low numbers of laboratory HHP studies 
focused on anaerobic chemolithoautotrophy (Houghton et al., 2007; 
Takai et al., 2008, 2009). Recent HHP experiments and in situ stud-
ies using natural deep-sea vent microbial communities (Bourbonnais 
et al., 2012; Breusing et al., 2020; Fortunato et al., 2021; McNichol 
et al., 2016, 2018) provide a new avenue for linking the metabolic 
and physiological behaviors of anaerobic chemolithoautotrophs 
documented in the laboratory with those operating in situ.

Here, we investigate the effect of pressure on microbial respi-
ration rates, cell yields, doubling times, and N isotope fractionation 
effects during chemolithoautotrophic NO

−

3
 reduction by cultured 

bacterial species of the phyla Campylobacterota and Aquificota—
known to dominate anaerobic chemolithoautotrophic processes 
at deep-sea hydrothermal vent environments (Bourbonnais 
et al.,  2012; Campbell et al.,  2006; Fortunato & Huber,  2016; 
Nakagawa et al., 2005; Nakagawa & Takai, 2008; Pérez-Rodríguez 
et al., 2013; Schrenk et al., 2010; Sievert & Vetriani, 2012). Placed 
in context with HHP incubations of (i) natural hydrothermal fluid 
communities performing chemolithoautotrophic NO

−

3
 reduction 

(McNichol et al., 2016, 2018) and of (ii) other anaerobic chemolith-
oautotrophic processes (Takai et al., 2008; Zhang et al., 2018), our 
results help to illuminate the combined effect of catabolic redox 
reactions, temperature, and pressure on the growth and metabolic 
activities of anaerobic chemolithoautotrophs.

2  |  MATERIAL S AND METHODS

2.1  |  Bacterial strains and culture conditions

Caminibacter mediatlanticus strain TB-2T (DSM 16658; Voordeckers 
et al., 2005) of the phylum Campylobacterota and Thermovibrio am-
monificans strain HB-1T (DSM 15698; Vetriani et al.,  2004) of the 
phylum Aquificota were selected as model organisms to study the 
effects of HHP on chemolithoautotrophic NO

−

3
 reduction. C. medi-

atlanticus (thermophile, Topt =  55°C) and T. ammonificans (extreme 
thermophile, Topt =  75°C) are strict anaerobes capable of H2 oxi-
dation coupled to dissimilatory NO

−

3
 reduction to NH

+

4
 (DNRA). C. 

mediatlanticus and T. ammonificans were grown in SME medium 
(Stetter et al., 1983) modified for optimal growth at pH 5.5, and salin-
ities of 3% w/v and 2% w/v NaCl, respectively (Vetriani et al., 2004; 
Voordeckers et al.,  2005). Anoxic conditions for C. mediatlanticus 
and T. ammonificans were established using a gas phase of H2/CO2 
(80%: 20% v/v, 0.2  MPa) with H2(aq) (~1 mM) as primary electron 
donor (PED), CO2 (~15 mM of CO2(aq) + HCO

−

3
) as carbon source (C 

source), and NO
−

3
 (~14 mM) as terminal electron acceptor (TEA).

2.2  |  Bacterial cultivation and monitoring at high 
hydrostatic pressure

Culturing at HHP was performed using a Dickson-type flexible gold-
titanium (Au/Ti) reaction cell with a maximum working volume of 
~50 ml (Foustoukos et al., 2015; Seyfried et al., 1979, 1987; Zhang 
et al., 2018). Experimental HHP conditions were established through 
the addition of H2O into the pressure reactor within the Au/Ti reac-
tion cell (Figure S1). A band heater externally applied to the pres-
sure vessel, subsequently enclosed in an insulated furnace, was used 
to set and maintain experimental temperatures. A thermocouple 
placed in direct contact with the pressure medium (H2O) was used to 
monitor and control the temperature through the band heater dur-
ing time-series experiments.

C. mediatlanticus and T. ammonificans were each incubated 
within the Au/Ti reaction cell at their respective optimal growth 
temperature (Topt) conditions and at varying pressures of 0.2, 5, and 
20 MPa. The highest applied experimental pressure (equivalent to 
2000 m water depth) represented in situ seafloor conditions simi-
lar to those from which C. mediatlanticus (2305 m) and T. ammon-
ificans (2500 m) were isolated (Vetriani et al.,  2004; Voordeckers 
et al., 2005). Incubations were established by filling the flexible Au 
cell compartment with 40 ml of anoxic growth medium and 0.8 ml 
of a culture pre-grown for 16 h (corresponding to mid-exponential 
growth phase cells), all prepared under anoxic conditions (gas head-
space H2/CO2; 80%: 20% v/v, 0.2  MPa). Anoxic conditions were 
maintained by continuously flushing the Au cell compartment with 
H2/CO2 as the anoxic, resazurin-containing (1 mg/L) medium and in-
oculum were added. Once sealed (0.2 MPa headspace pressure with 
H2/CO2), starting experimental conditions (time at zero hours) were 
measured before establishing desired HHP conditions as the reac-
tion cell heated to the desired temperature. Continuous monitor-
ing was required during this time in order to maintain desired HHP 
conditions by removing excess H2O upon media heating. Desired 
temperatures and HHP conditions were reached after ~1.5 h under 
low heating rates to ensure a smooth transition into experimental 
conditions. Pre-heating the culture established in the sealed Au cell 
compartment in a regular incubator before assembly into the Au/Ti 
reaction cell (not done in this study) may help shorten the pressure 
setup step.

To monitor the physiological and metabolic responses to 
pressure over time during batch incubations, sampling was con-
ducted through a valve directly linked to the Au/Ti reaction cell. 
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Immediately before each sample was taken, the culture was mixed 
by turning the Au/Ti reaction cell upside down several times. 
Pressure conditions during sampling were maintained by simulta-
neously adding H2O to the pressure vessel during sample retrieval. 
To prevent damage from deformability of the Au cell compart-
ment, subsampling was constrained to 20–30 ml of the total liq-
uid volume. All experimental time series were performed at least 
twice, and all the resulting data were used for our analyses, un-
less stated otherwise (in Tables S1–S3). Cell concentrations were 
monitored through direct cell counts of culture samples (0.5 ml) 
fixed with 25 μl of 25% v/v glutaraldehyde and stained with 0.1% 
(w/v) acridine orange. Stained cells filtered onto a 0.2 μm pore size 
black polycarbonate filter were visualized under an Olympus BX61 
Fluorescence Microscope with an oil immersion objective lens 
(UPlanF1 100/1.3). All HHP cultures were transferred after 52 h 
of incubation into Balch tubes containing 10 ml of fresh medium 
and incubated at 0.2 MPa to test for cell viability (qualitatively via 
turbidity observations) after exposure to HHP.

2.3  | NO
−

3
 and NH

+

4
 concentration measurements

Samples (1 ml each) were retrieved at different times during incu-
bations for measurements of cell-free NO

−

3
 and NH

+

4
. All samples 

were passed through 0.2 μm pore-size regenerated cellulose (4 mm) 
syringe filters before being stored at −20°C. Filtered samples for 
NH

+

4
 analyses were treated with 10 μl of 2 M HCl before freezing. 

Nitrate concentrations were determined using ion chromatog-
raphy (Metrohm, “MIC-3 Advanced IC”, Metrosep A supp 7-250 
column) with an estimated uncertainty (2σ) of <2%. Ammonium 
concentrations were determined with the indophenol blue method 
(Solorzano,  1969) via spectrophotometry (Labsystems Multiskan 
MCC/340 Microplate Reader) at 640 nm. Spectrophotometric 
measurements were performed as duplicates for each sample and 
reported as average values.

2.4  | NO
−

3
 and NH

+

4
 extractions for stable N 

isotope analyses

To measure the isotopic composition of N in cell-free NO
−

3
 and 

NH
+

4
, each compound was individually pre-concentrated in 1  cm 

diameter glass fiber disks grade GF/D filters for mass spectrom-
etry analyses (1–10 μmol typically required; Holmes et al., 1998). 
Extractions were carried out separately for NO

−

3
 and NH

+

4
 using the 

NO
−

3
 extraction method (Sigman et al., 1997) and the NH

+

4
 diffusion 

protocol (Holmes et al.,  1998) as described by Pérez-Rodríguez 
et al. (2017).

GF/D disks containing the extracted dissolved inorganic com-
pounds were placed in 5 × 9 mm pressed silver caps, to capture any 
chloride impurities (Gandhi et al., 2004; Johnson et al., 2018) during 
combustion in a Carlo-Erba NC2500 elemental analyzer. The N iso-
topic composition of combusted samples were analyzed relative to a 

N2 reference gas by a ThermoFisher Delta V Plus isotope ratio mass 
spectrometer. Experimental standards (and positive controls for NO

−

3
 

and NH
+

4
 extractions) were prepared by adding NO

−

3
 or NH

+

4
 from a 

stock solution with known isotopic compositions to de-ionized water 
in order to achieve NO

−

3
 and NH

+

4
 concentrations similar to that ex-

pected in the starting media. Initial NO
−

3
 and NH

+

4
 concentrations 

in the cultures were ~14 and ~0.16 mM, respectively. Acetanilide 
(C8H9NO) was also analyzed at regular intervals to monitor the ac-
curacy of the measured isotopic ratios and elemental compositions. 
All data are reported in δ notation, in units of permil (‰) relative to 
N2 in air, as δ15N =  [(Rsample/Rair) − 1] * 1000‰, where R = 15N/14N. 
Experimental δ15N standard controls averaged 1.0 ± 0.66‰ (n = 15) 
for NH

+

4
 and 2.1 ± 0.29‰ (n =  15) for NO

−

3
 across all isotope ratio 

mass spectrometry runs. Mean precision (1σ) of δ15N values from 
acetanilide internal standards are shown in Tables A1 and A2 of the 
electronic annex.

First order kinetics was assumed for the closed system condi-
tions associated with microbial NO

−

3
 reduction experiments, where 

a finite amount of NO
−

3
 was irreversibly metabolized. A Rayleigh 

fractionation model was applied to describe the kinetic fraction-
ation of N between NO

−

3
 and evolved NH

+

4
 (Guy et al., 1993; Kendall 

& Caldwell, 1998; Maggi & Riley, 2010). Stable N isotope fraction-
ations associated with NO

−

3
 reduction were then determined using 

the following equation (Kinnaman et al., 2007; Mariotti et al., 1981):

where �NO
−

3 is the δ15N of NO
−

3
 and f is the fraction of unreacted NO

−

3
 

remaining at time (t) during the reaction (Mariotti et al., 1981). The N 
isotope effect, ε, is defined as [(14k/15k) − 1] × 1000‰, where 14k and 
15k refer to the reduction rates for 14

NO
−

3
 and 15

NO
−

3
, respectively. This 

was calculated from the corresponding slope of the linear function 
of the numerator and the denominator in Equation (1). This linear ex-
pression passing through the origin assumes a constant kinetic frac-
tionation effect at each experimental condition (Mariotti et al., 1981). 
Uncertainties on these estimations are expressed as 2σ standard devi-
ation of the fitted slope, which takes into account the analytical uncer-
tainties of the measured δ15N values.

2.5  |  Data analysis for metabolic and 
physiological parameters

Doubling times from specific growth rates (h−1) of exponentially 
growing cells in batch cultures were calculated as previously per-
formed by Pérez-Rodríguez et al. (2017):

where t0 and tx are the start of exponential growth and the time (h) of 
sampling, respectively. C0 and Cx are cell concentrations (number of 

(1)
ε =

10
3
× ln

10
−3
�
NO−

3 + 1

10
−3
�
NO−

3
initial + 1

ln(f)

(2)k =

ln
(

Cx

)

− ln
(

C0

)

tx − t0
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cells/ml) at time t0 and tx, respectively. Doubling times are expressed 
as ln(2)/k. Exponential growth started within hours after inoculation at 
0.2 MPa, so time 0 h was set as t0 for all assays.

Cell yields (number of cells/mol of reduced NO
−

3
) were calculated 

as the ratio of the increase in the number of cells and of the NH
+

4
 

produced as previously performed by Sim et al.  (2011) and Pérez-
Rodríguez et al. (2017):

Cell-specific NO
−

3
 reduction rates (csNRR; μmol × 10−9/cell/h or fmol/

cell/h) were calculated from the obtained specific growth rates in 
Equation (2) and cell yields in Equation (3) (Pérez-Rodríguez et al., 2017; 
Sim et al., 2011):

NO
−

3
 reduction kinetic rate constants were defined by the slope 

of the linear function between ln[NO
−

3
] × 10−3 versus time (h), assum-

ing first order reaction kinetics (McQuarrie & Simon, 1997), as de-
scribed by Pérez-Rodríguez et al. (2017).

Doubling times, cell yields, and csNRRs associated with DNRA-
based and overall NO

−

3
 reduction activities were also calculated from 

published data on HHP (25 MPa) batch incubations of natural hydro-
thermal vent fluid microbial communities from the East Pacific Rise 
(EPR), metabolizing over 24 h at 24°C or 50°C (Table S3; McNichol 
et al., 2016). Data associated with csNRRs and cell yields from DNRA 
activities were calculated using Equations  (3) and (4). Data associ-
ated with csNRRs and cell yields from overall NO

−

3
 reduction activi-

ties were calculated using the absolute values of the consumption of 
NO

−

3
 with time in Equations (3) and (4), instead of the NH

+

4
 produced 

over time.
Doubling times (h), cell yields (number of cells/μmol of TEA), 

and cell-specific respiration rates (csRRs; μmol × 10−9/cell/h or 
fmol/cell/h) were also calculated using data obtained from HHP 
batch incubation experiments with (i) laboratory-generated, mixed 
mesophilic and acidophilic communities incubated at 30°C for 
~22 days in a similar Dickson-type flexible Au/Ti cell with S0 as an 
PED, Fe(III) as a TEA and CO2 as the C source (Zhang et al., 2018), 
and (ii) hydrogenotrophic methanogenic populations (H2 as PED 
and CO2 as TEA/C source) of Methanopyrus kandleri growing opti-
mally at 105°C for up to 10 h (Takai et al., 2008) using a piezophilic 
cultivation syringe system (Marteinsson et al.,  1997; Table  S3). 
Data from Zhang et al. (2018) were obtained from Figure 5 of their 
publication using GetData Graph Digitizer software (http://www.
getda​ta-graph​-digit​izer.com/). Data from Takai et al.  (2008) and 
McNichol et al. (2016) were taken directly from the provided sup-
plementary information.

3  |  RESULTS

3.1  |  Growth at 0.2, 5, and 20 MPa

Batch culture incubations showed that HHP conditions (5 and 
20 MPa) affected the growth of C. mediatlanticus and T. ammon-
ificans. Only a small increase in cell numbers was observed for C. 
mediatlanticus and T. ammonificans at elevated pressures with no 
obvious changes in batch growth phases (Figure  S2 top panel), 
compared to the substantial increase in cell numbers and distinct 
batch growth phases usually observed at 0.2  MPa (this study; 
Pérez-Rodríguez et al.,  2017; Vetriani et al.,  2004; Voordeckers 
et al., 2005). Decreased cell concentrations at HHP were also as-
sociated with increases in overall doubling times. The shortest 
doubling times for replicated C. mediatlanticus experiments aver-
aged 4.1 ± 0.5 h at 0.2 MPa, 13.6 ± 2.3 h at 5 MPa, and 40.7 ± 19.6 h 
at 20 MPa, while for T. ammonificans the shortest doubling times 
averaged 3.3 ± 1.0  h at 0.2  MPa, 18.4 ± 16.8  h at 5  MPa, and 
40.2 ± 24.4  h at 20 MPa. Growth was difficult to assess at ele-
vated pressures due to the pressure manipulations required for 
the adopted HHP sampling procedure (Taylor & Jannasch, 1976). 
However, HHP samples (0.2 ml) used as inocula (taken at 52 h of 
incubation) in 10  ml of liquid media under standard laboratory 
conditions showed culture viability in all instances. Clear evidence 
of growth from turbidity observations and documented increase 
in cell numbers by C. mediatlanticus and T. ammonificans were also 
consistently obtained once the HHP batch system was disassem-
bled and opened at the end of the experiments (see asterisks in 
plots b and c of Figure S2). Therefore, cell concentrations acquired 
from HHP samples during the experiments were likely underesti-
mates, possibly due to cell lysis. A different procedure consisting 
of a set of three micrometering valves, applied to a different HHP 
cultivation setup (Foustoukos & Pérez-Rodríguez, 2015), could—in 
principle—improve the retrieval of subsamples from the Au/Ti re-
action cell (by avoiding the exposure of collected biomass to shear 
forces).

3.2  |  Chemolithoautotrophic NO
−

3
 reduction at 0.2, 

5, and 20 MPa

Overall NO
−

3
 consumption by C. mediatlanticus averaged 

5.02 ± 1.87 mM after 52 h for replicates at 0.2 MPa, 2.24 ± 0.51 mM 
after 76 h for replicates at 5 MPa, and 1.96 ± 0.63 mM after 96 h for 
replicates at 20 MPa. In T. ammonificans replicates, overall NO

−

3
 con-

sumption averaged 12.90 ± 3.31, 1.23 ± 0.79, and 2.02 ± 0.61 mM 
after 52 h under 0.2  MPa, after 72 h under 5  MPa, and after 96 h 
under 20 MPa, respectively. The comparatively smaller fraction of 
NO

−

3
 consumed by C. mediatlanticus (~50% less NO

−

3
 than at 0.2 MPa) 

and T. ammonificans (~75% less NO
−

3
 than at 0.2  MPa) at elevated 

(3)Y =

Cx − C0
[

NH
+

4

]

x
−

[

NH
+

4

]

0

(4)csNRR = k ∕Y =

ln
(

Cx

)

− ln
(

C0

)

tx − t0
∙

[

NH
+

4

]

x
−

[

NH
+

4

]

0

Cx − C0

http://www.getdata-graph-digitizer.com/
http://www.getdata-graph-digitizer.com/
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pressure (Figure S2 bottom panel) is also associated with compara-
tively lower cell concentrations in cultures grown at 5 and 20 MPa. 
Decreased NO

−

3
 consumption (Figure  S2e,f) and NH

+

4
 production 

(Figure  S3) at elevated pressure also translated into one order of 
magnitude lower NO

−

3
 reduction rates compared to those observed 

at 0.2 MPa (Figure S4). Specifically, DNRA rate constants describing 
the growth of C. mediatlanticus went from 0.03 ± 0.01 h−1 for repli-
cates at 0.2  MPa to 0.003 ± 0.001 h−1 for replicates at 5  MPa and 
0.002 ± 0.000 h−1 for replicates at 20 MPa. DNRA rate constants for 
T. ammonificans cultures decreased from 0.052 ± 0.004 h−1 for rep-
licates at 0.2 MPa to 0.002 ± 0.001 h−1 for replicates at 5 MPa and 
0.003 ± 0.000 h−1 for replicates at 20 MPa.

3.3  |  Cell-specific NO
−

3
 reduction rates and cell 

yields at 0.2, 5, and 20 MPa

At 0.2 MPa, T. ammonificans showed higher csNRRs and lower cell 
yields compared to C. mediatlanticus, as previously described in 
Pérez-Rodríguez et al.  (2017). At elevated pressures, csNRRs de-
creased in both C. mediatlanticus and T. ammonificans (Figure 1a,b). 
These differences are more pronounced and likely significant in T. 
ammonificans cultures between 72 and 120 h under HHP conditions 
(Figure  1b). Calculations using cell concentrations obtained from 
samples taken once the HHP system was disassembled (asterisks 
in Figure 1) also suggest potential significant csNRR differences in 
C. mediatlanticus cultures between 72 and 120 h under HHP condi-
tions. The lowest csNRR values at 0.2  MPa were associated with 
late exponential growth phases, while csNRR values became pro-
gressively lower in association with HHP incubations despite not 

showing distinct batch growth phases. It appears that HHP cultures 
mostly remained in either lag phase or early-exponential phase 
throughout the duration of the experiments with overall lower maxi-
mal cell concentrations than those attained in cultures at 0.2 MPa 
by 24 h. However, csNRR differences in C. mediatlanticus and T. am-
monificans at different pressures did not appear to translate into 
differences in cell yields despite the variability observed in panels 
c and d of Figure 1. Most cell yield values obtained from HHP sam-
ples taken once the Au/Ti reaction cell was disassembled (asterisks 
in Figure 1c,d) appear comparable to cell yield values from cultures 
incubated at 0.2 MPa. The possibility of underestimated cell concen-
trations from sampling under HHP conditions (based on higher cell 
concentrations obtained once the Au/Ti reaction cell was disassem-
bled) means that microbial csNRRs may actually have been lower 
than reported in our study while cell yields may have been higher 
than reported (more like asterisks in Figure 1).

3.4  |  N isotope effects of DNRA at different 
hydrostatic pressures

A normal kinetic isotope effect, calculated from changes in NO
−

3
 con-

centrations and its N isotope composition with time, was observed 
in C. mediatlanticus and T. ammonificans at 0.2  MPa, as previously 
reported (Pérez-Rodríguez et al., 2017). In C. mediatlanticus, enrich-
ment factors (ε) averaged from 6.1 ± 0.6‰ for replicates at 0.2 MPa 
to 5.3 ± 3.8‰ for replicates at 5 MPa and 7.8‰ (single growth ex-
periment) at 20 MPa (Figure 2a–c). T. ammonificans displayed ε val-
ues from 7.2 ± 0.3‰ for replicates at 0.2  MPa to 6.7 ± 5.9‰ for 
replicates at 5 MPa and 5.9‰ (single growth experiment) at 20 MPa 

F I G U R E  1  Cell-specific NO
−

3
 reduction 

rates (a,b) and cell yields (c,d) for 
Caminibacter mediatlanticus (a,c) and 
Thermovibrio ammonificans (b,d) incubated 
near standard pressure (0.2 MPa, black 
circles) and under HHP conditions (5 MPa, 
red squares and 20 MPa, red triangles). 
Asterisks represent data calculated with 
cell concentration (cells/ml) values from 
samples obtained once the HHP batch 
system was disassembled and opened at 
the end of the experiments 
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(Figure 2d–f). These values exclusively represent NO
−

3
 pools in the 

media, given that no NO
−

2
 was detected via ion chromatography in 

our experiments. Most ε values are statistically not significantly 

supported (r2 < 0.95), likely due to (i) small experimental datasets, (ii) 
low resolution in determining N isotope changes from the small ab-
solute changes of NO

−

3
 concentrations in HHP cultures, and (iii) the 

F I G U R E  2  Enrichment factors (ε) for stable N isotopes in cell-free NO
−

3
 during chemolithoautotrophic NO

−

3
 reduction activities by 

Caminibacter mediatlanticus (a–c) and Thermovibrio ammonificans (d–f) incubated at 0.2 MPa (a,d), 5 MPa (b,e) and 20 MPa (c,f)  

(a) (b) (c)

(d) (e) (f)

F I G U R E  3  Stable N isotopes of 
produced NH

+

4
 during DNRA activities 

by Caminibacter mediatlanticus (solid 
symbols) and Thermovibrio ammonificans 
(open symbols) at 0.2 MPa (circles), 5 MPa 
(squares) and 20 MPa (triangles)
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lack of continuous stirring of the cultures during incubations. The 
NH

+

4
 produced during DNRA by each organism was, on the contrary, 

consistently depleted in 15N under all pressure conditions (Figure 3), 
in line with N kinetic isotope effects reported previously at 0.2 MPa 
(Pérez-Rodríguez et al., 2017).

3.5  |  Chemolithoautotrophic NO
−

3
 reduction in 

pure cultures versus mixed natural communities from 
deep-sea hydrothermal vents

Previously published data (Table  S3) from HHP batch incubations 
(25 MPa) of natural microbial communities in hydrothermal vent 
fluids from the EPR (McNichol et al., 2016) were used to compare 
pure cultures (present study) to mixed natural communities. We as-
sumed that (i) the experimental addition of NO

−

3
 to hydrothermal flu-

ids limited by TEA supply in situ (McNichol et al., 2016) and (ii) the 
documented dominance of Campylobacterota (~86% to 100% of the 
Bacteria, which made up 94% to 100% of the total community) in the 
HHP hydrothermal fluid incubations (McNichol et al., 2016, 2018), 

allowed for comparative analysis with pure cultures of NO
−

3
 reducing 

Campylobacterota.
Calculated csNRRs and cell yields from NO

−

3
 reduction activities in 

pure cultures and from HHP hydrothermal fluid incubations over 24 h 
at 24°C or 50°C (McNichol et al., 2016; Table S3) are shown in Figure 4. 
Values specific to DNRA activities (based on the microbial production 
of NH

+

4
) in hydrothermal fluid incubations at 50°C (green data points 

in Figure 4a,b)—dominated by members of the order Nautiliales, like C. 
mediatlanticus, known to perform DNRA (McNichol et al., 2018)—fully 
overlap with values from DNRA activities by C. mediatlanticus growing 
at 55°C. Calculated DNRA-based csNRRs and cell yields from hydro-
thermal fluid incubations at 50°C aligned more closely with csNRRs and 
cell yields observed in the pure culture at 0.2 MPa (black open circles 
in Figure 4a,b). Overall csNRRs and cell yields (based on the microbial 
consumption of NO

−

3
 ) from HHP hydrothermal fluid incubations at 

24°C (Figure 4c,d)—represented by denitrifying members of the gen-
era Sulfurimonas and Sulfurovum (McNichol et al.,  2018)—generally 
overlap with previously reported values from denitrifying activities 
by Sulfurimonas paralvinellae (× symbols) and Sulfurovum lithotrophi-
cum (star symbols) growing at 30°C and 0.2 MPa (Inagaki et al., 2004; 

F I G U R E  4  Averaged cell-specific NO
−

3
 reduction rates (a,c) and cell yields (b,d) from DNRA-based (a,b) and overall NO

−

3
 reduction activities 

(c,d) associated with HHP hydrothermal fluid incubations enriched in NO
−

3
 at 24°C (solid purple circles), H2 and NO

−

3
 at 24°C (solid blue 

circles) and H2 and NO
−

3
 at 50°C (solid green circles). DNRA-based NO

−

3
 reduction activities refer to the production of NH

+

4
, whereas overall 

NO
−

3
 reduction activities refer to the overall microbial consumption of NO

−

3
. Comparison with laboratory pure cultures include this study on 

Caminibacter mediatlanticus (at 55°C) and Thermovibrio ammonificans (at 75°C) growing near standard pressure (0.2 MPa, black open circles) 
and at HHP conditions (5 MPa, red open squares and 20 MPa, red open triangles). Also displayed are csNRRs and cell yields of Sulfurovum 
lithotrophicum (star symbols) and Sulfurimonas paralvinellae (× symbol) growing via denitrification at 30°C and 0.2 MPa. Bars represent 
maximal and minimal values associated with averaged csNRRs and cell yields (not standard deviations) 

(a) (b)

(c) (d)
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Pérez-Rodríguez et al.,  2017; Takai et al.,  2006). Higher overall csN-
RRs (Figure  4c,d) versus DNRA-based csNRRs (Figure  4a,b) in HHP 
hydrothermal fluid incubations at 24°C are consistent with previous 
conclusions that denitrification dominated NO

−

3
 reduction activities in 

HHP incubations at 24°C (McNichol et al., 2016, 2018). Higher over-
lap between DNRA-based csNRRs (Figure 4a,c) in HHP hydrothermal 
fluid incubations at 50°C with DNRA-based csNRRs in C. mediatlanticus 
also reflect previous conclusions that DNRA dominated NO

−

3
 reduction 

activities in HHP hydrothermal fluid incubations at 50°C (McNichol 
et al., 2016, 2018).

The shortest doubling times observed in HHP incubations with 
natural communities at 24°C ranged from 18.2 ± 4.5 h when supple-
mented with excess NO

−

3
 to 4.0 ± 0.4 h when supplemented with an 

excess of both NO
−

3
 and H2 (McNichol et al., 2016; Table S3). These 

values overlap with the documented doubling times of 17.5  h for 
S. paralvinellae and 3.7 ± 1.7 h for S. lithotrophicum, both growing at 
30°C and 0.2 MPa (Pérez-Rodríguez et al., 2017; Takai et al., 2006). 
The shortest doubling times observed in HHP hydrothermal fluid in-
cubations at 50°C were 3.3 ± 0.6 h (McNichol et al., 2016; Table S3), 
which is comparable to the doubling times observed in C. mediatlan-
ticus growing at 55°C and 0.2 MPa (4.1 ± 0.5 h).

3.6  |  The effect of pressure on anaerobic 
chemolithoautotrophic metabolisms

Additional comparisons with HHP batch incubations of (i) a 
laboratory-generated acidophilic community performing S0-
oxidation coupled to Fe(III) reduction at 30°C (Zhang et al., 2018) 
and (ii) M. kandleri performing hydrogenotrophic methanogenesis at 
Topt of 105°C (Takai et al., 2008) show that microorganisms achieve 
cell yields between 1 × 106 and 1 × 107 cells per μmol of TEA despite 
pressure changes (Figure 5 bottom panel). However, a pronounced 
temperature dependence can be observed in csRRs per fmol (or 
μmol × 10−9) of TEA (Figure  5 top panel), despite differences in 
pressure conditions or chemolithoautotrophic reactions. These 
csRR patterns are maintained after correcting for differences in 
the number of electrons transferred during catabolism (Figure S5). 
Except for C. mediatlanticus, cell yields are also maintained after 
normalizing chemolithoautotrophic reactions as electron transfers 
(Figure S5).

The shortest doubling times associated with S0-oxidizing, 
Fe(III)-reducing growth were 61.4  h at 0.2  MPa and 166.6  h at 
10 MPa. This shift toward slower overall growth rates also coin-
cided with lower cell concentrations (maximum of 4.5 × 107 cells/
ml) and lower overall production of Fe(II) during respiration 
(9.7 mM) at HHP versus cell concentrations (maximum of 1.3 × 108 
cells/ml) and Fe(II) produced (32 mM) at 0.2 MPa during the same 
time interval of ~22 h (Zhang et al., 2018). The shortest doubling 
times associated with M. kandleri remained the same (1.2  h at 
2 MPa and 1.1 ± 0.3 h between 10 and 50 MPa) regardless of pres-
sure conditions (Takai et al., 2008).

4  |  DISCUSSION

4.1  |  Effects of pressure and temperature on 
chemolithoautotrophic NO

−

3
 reduction

C. mediatlanticus and T. ammonificans appeared to slow csNRRs and 
doubling times as pressure conditions increased from 0.2  MPa to 
either 5 MPa or 20 MPa (Figure 1). Decreases in csNRRs and overall 
doubling times from experimental HHP manipulations could result 
from pressure-related changes in enzyme-catalyzed reaction rates 
via structural enzymatic changes (Balny et al.,  1997; Meersman 
et al., 2013; Oger & Jebbar, 2010; Silva & Weber, 1993). Pressure 
changes are also known to induce alterations in membrane perme-
ability and thus affect transport processes across the cell membrane 
(Barlett et al., 1995; Meersman et al., 2013; Oger & Jebbar, 2010). 
Macromolecular changes resulting from pressure changes (from 
room pressure to experimental HHP conditions) at the start of each 
experiment could lead to sudden changes in intracellular metabolic 
fluxes and an overall imbalance between anabolism and catabolism 
(Abe, 2007). Indeed, microbial pressure responses appear to involve 
large-scale metabolism modifications with no characteristic signa-
ture of “high-pressure”-induced genes (Charlesworth & Burns, 2016; 
Jebbar et al., 2015; Oliver et al., 2020; Zhang et al., 2015). The de-
crease in csNRRs and overall doubling times at HHP might reflect 
a microbial response to intracellular redox imbalances from initial 
pressure-induced changes during the experimental setup, in the ef-
fort to maintain somewhat similar cell yields per unit of NO

−

3
 me-

tabolized despite pressure changes (Figure 1c,d). Lower csNRRs and 
overall doubling times resulting from pressure-induced changes in 
enzymatic rates might also serve as a mechanism to alleviate initial 
intracellular redox imbalances by slowing down catabolism (and 
overall doubling times). It is unknown whether longer incubation 
times at HHP, or repeated transfers of viability cultures at HHP, 
would allow pure cultures to eventually reach similar csNRRs and 
doubling times as those observed at 0.2 MPa.

The overlap between csNRRs and doubling times in HHP hy-
drothermal fluid incubations at 24°C with denitrifying activities by 
S. paralvinellae and S. lithotrophicum (both displaying Topt of 30°C) 
at 0.2  MPa, and at 50°C with DNRA activities by C. mediatlanticus 
(Topt =  55°C) at 0.2  MPa (Figure  4), also demonstrates comparable 
activities by phylogenetically and functionally similar microbial pop-
ulations and communities growing maximally. Comparative analysis 
of seafloor (15 MPa) and shipboard (~0.1  MPa) incubations of hy-
drothermal fluids from Axial Seamount of the Juan de Fuca Ridge, 
which were primarily composed of anaerobic chemolithoautotrophic 
Campylobacterota (Fortunato & Huber, 2016), have also shown sim-
ilar microbial-community behavior despite differences in incubation 
pressures (Fortunato et al., 2021). Observed csNRR patterns in pure 
cultures at 0.2 MPa and natural communities at 25 MPa (i.e., csNRRs at 
75°C > csNRRs between 50°C and 55°C > csNRRs at 24°C and 30°C) 
also follow previously described patterns of higher csNRRs associ-
ated with the growth of deep-sea vent chemolithoautotrophic NO

−

3
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reducers at higher temperatures (Pérez-Rodríguez et al.,  2017). We 
hypothesize that deep-sea vent Campylobacterota adapted to similar 
optimal growth temperature conditions display similar baseline csN-
RRs and maximal doubling times attainable under preferred growth 
pressure conditions. It is worth noting that HHP hydrothermal fluid 
incubations by McNichol et al.  (2016) never experienced pressure 
changes in the way laboratory cultures did in this study (from 0.2 MPa 
to HHP conditions in every assay).

4.2  |  Effects of pressure and temperature on other 
anaerobic chemolithoautotrophic processes

Decreases in csRRs of at least one order of magnitude are observed 
in association with hydrogenotrophic NO

−

3
 reduction in response 

to HHP (Figure  1a,b), while a more moderate shift toward slower 
csRRs is observed for the culture performing S0 oxidation coupled 
with Fe(III) reduction in response to elevated pressure (Figure 5a). 
Hydrogenotrophic methanogenic activities, on the contrary, gen-
erally maintained csRRs independent of pressure conditions 
(Figure  5d). Overall doubling times associated with hydrogeno-
trophic methanogenesis occurring at 105°C were also maintained 
despite pressure changes. S0-oxidizing/Fe(III)-reducing microorgan-
isms, on the contrary, displayed significantly longer doubling times 
when growing at HHP conditions. Like C. mediatlanticus and T. am-
monificans, longer doubling times by S0-oxidizing/Fe(III)-reducing 
microorganisms at HHP were associated with lower overall cell 

concentrations developed during anabolism and lower overall prod-
uct generation (i.e., Fe(II) or NH

+

4
) during catabolism. It may be possi-

ble that anaerobic chemolithoautotrophs relying on redox reactions 
with higher Gibbs free energies are able to adapt to HHP changes 
by altering the coupling between csRRs and cell yields in ways low-
energy yielding reactions cannot. Conserved cell-specific CH4 pro-
duction rates have already been documented in thermophilic and 
hyperthermophilic hydrogenotrophic methanogens growing con-
tinuously under standard pressures despite differences in dilution 
rates or temperature conditions (Stewart et al., 2019). The absence 
of metabolic response by Methanococcus maripaludis performing 
methanogenesis under formate (PED and C source) limitation has 
also been documented at 30°C and 0.3 MPa (Müller et al., 2021). 
Additional experimentation will be required to understand the ex-
tent to which chemolithoautotrophic NO

−

3
 reducers can adjust their 

metabolism to lower energy transfer rates (and thus, longer doubling 
times) in response to changes in pressure and intracellular redox im-
balances or whether this decrease in csNRRs reflects minimal main-
tenance energy requirements toward in vitro dormancy or death.

4.3  |  Stable N isotope effects during 
chemolithoautotrophic NO

−

3
 reduction at 

different pressures

Slower microbial csNRRs and doubling times associated with increased 
pressure conditions created challenges for us to fully characterize the 

F I G U R E  5  Cell-specific respiration rates (csRRs; panels a–d) and cell yields (panels e–h) from S0-oxidizing, Fe(III)-reducing activities by a 
mixed mesophilic and acidophilic community at 30°C (a,e), hydrogenotrophic NO

−

3
 reduction activities by Caminibacter mediatlanticus at 55°C 

(b,f) and Thermovibrio ammonificans at 75°C (c,g), as well as hydrogenotrophic methanogenesis by Methanopyrus kandleri growing at 105°C 
(d,h). Data correspond to batch incubations near standard pressure conditions (0.1 to 2 MPa, open black circles) and at HHP conditions 
(5 MPa, open red squares and 10 to 50 MPa, open red triangles) 

(a) (b) (c) (d)

(e) (f) (g) (h)
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kinetic isotope effect from changes in cell-free NO
−

3
 concentrations 

and its N isotope composition during DNRA. Specifically, the small ab-
solute changes from the initial cell-free NO

−

3
 concentrations induced by 

microbial metabolism—together with our inability to continuously stir 
the HHP reaction vessel during incubation—likely increased analyti-
cal uncertainties because of sample heterogeneity in vitro. However, 
averaged enrichment factors by C. mediatlanticus and T. ammonificans 
at 5 and 20 MPa ranged between 5.3–6.7‰ and 5.9–7.8‰, respec-
tively—in line with overall averaged enrichment factors between 6.1 
and 7.2‰ at 0.2 MPa. Both organisms also showed similar N isotope 
composition patterns for the NH

+

4
 produced during DNRA activities 

regardless of pressure conditions (Figure 3). Because the resulting cell-
free NH

+

4
 pool was largely established through DNRA, NH

+

4
 δ15N values 

more reliably documented N kinetic isotope effects from DNRA that 
were consistent with those reported at 0.2  MPa. We infer that the 
mechanism by which DNRA occurred within these two phylogeneti-
cally distinct microbes (Campylobacterota and Aquificota) is similar and 
operates similarly under different pressures despite slower csNRRs 
and doubling times.

4.4  |  Chemolithoautotrophic NO
−

3
 reduction at 

deep-sea hydrothermal vents

Chemolithoautotrophic NO
−

3
 reduction capabilities observed in cul-

tured Campylobacterota and Aquificota from deep-sea hydrothermal 
vents (Pérez-Rodríguez et al., 2017; Sievert & Vetriani, 2012) are eco-
logically relevant given the dominance of these two phyla in deep-
sea vent microbial communities at moderate-to-high temperatures 
(~25 to 80°C) and suboxic/anoxic conditions (Bourbonnais, Juniper, 
et al., 2012; Bourbonnais, Lehmann, et al., 2012; Campbell et al., 2006; 
Fortunato & Huber, 2016; McNichol et al., 2016; Nakagawa et al., 2005; 
Schrenk et al., 2010). Both Campylobacterota and Aquificota (including 
C. mediatlanticus and T. ammonificans) have been shown to encode 
for Nap periplasmic NO

−

3
 reductases (Giovannelli et al., 2017; Pérez-

Rodríguez et al., 2017; Vetriani et al., 2014) for the first irreversible step 
in cellular NO

−

3
 reduction, which also appears to control the observed 

14N/15N fractionation of NO
−

3
 respiration (Kritee et al., 2012). A link 

between Campylobacterota and community-level N isotope effects of 
<3‰ for both NO

−

3
 and NH

+

4
 has already been established in hydro-

thermal fluids from the Juan de Fuca Ridge (JdFR) ranging from ~6 to 
71°C (Bourbonnais, Juniper, et al., 2012). Higher δ15N NO

−

3
 values con-

comitant with decreased NO
−

3
 concentrations at some JdFR sites were 

reported to indicate assimilatory or dissimilatory microbial consump-
tion of NO

−

3
 with relatively low community N isotope effects (ɛ < 3‰). 

Low NH
+

4
 community N isotope effects of <3‰ were reported to re-

flect important contribution from gross NH
+

4
 regeneration at ≤50°C 

(Bourbonnais, Lehmann, et al., 2012). The microbial generation of NH
+

4
 

has also been inferred from the inverse relationship between NH
+

4
 

concentrations and NO
−

3
 + NO

−

2
 concentrations in hydrothermal flu-

ids (at ~20 to 50°C) at the Lō'ihi Seamount (Karl et al., 1989; Sedwick 
et al., 1992; Sylvan et al., 2017). The detection of δ15N NH

+

4
 values (0.0 

and 3.3‰) lower than background seawater δ15N NO
−

3
 values (~6‰) in 

Lō'ihi hydrothermal fluids between 30 and 40°C (Sylvan et al., 2017) and 
the increasing proportion of Campylobacterota detected in Lō'ihi hy-
drothermal fluids ≥40°C (Emerson & Moyer, 2002; Moyer et al., 1994, 
1998), also support the link between Campylobacterota and N cycling 
at deep-sea vents. No N isotope systematics have been documented 
to date for high-temperature hydrothermal environments (between 60 
and 80°C) were members of the Aquificota reside.

We hypothesize that the kinetic N isotope effects of ~5–8‰ 
reported here for C. mediatlanticus and T. ammonificans will be gen-
erally conserved in thermophilic Campylobacterota and Aquificota 
using Nap periplasmic NO

−

3
 reductases during DNRA, regardless of 

pressure conditions. A slightly higher ε value of ~10‰ has been re-
ported during chemolithoautotrophic denitrification activities, also 
via a Nap periplasmic NO

−

3
 reductase, by S. lithotrophicum growing 

as a mesophile at 30°C and 0.2 MPa (Pérez-Rodríguez et al., 2017). 
These ε values provide a starting point for understanding the con-
tribution of chemolithoautotrophic NO

−

3
 reduction—either via DNRA 

or denitrification—to community-level N isotope effects generated 
in both NO

−

3
 and NH

+

4
 from co-occurring N-based microbial processes 

at deep-sea hydrothermal vents. Additional understanding of micro-
bial cell concentrations and doubling times associated with chem-
olithoautotrophic NO

−

3
 reduction processes in situ, together with 

considerations relating the substantially lower but consistent supply 
of NO

−

3
 from seawater (German & Von Damm, 2003), will be required 

to establish the extent to which Campylobacterota and Aquificota de-
fine the N biogeochemistry of deep-sea hydrothermal vents.

5  |  CONCLUSION

Understanding microbial responses to pressure is complicated by the 
various techniques used for HHP cultivation, decompression effects, 
and the diversity of catabolic processes, temperatures, pH, salin and 
phylogenies investigated along with HHP microbiology. Pressure-
based physiologies associated with HHP environments, like deep-
sea hydrothermal vents, are further obscured by initial selection and 
subsequential adaptation processes related to the enrichment and 
isolation of microorganisms near standard pressure conditions in the 
laboratory. Results from pure cultures performing chemolithoauto-
trophic NO

−

3
 reduction at different pressure conditions show evi-

dence of microbial metabolic adjustments through slower csNRRs 
and doubling times at higher pressures, while displaying similar NO

−

3
 

processing mechanisms driving N isotope fractionation at all experi-
mental pressures. Robust consistencies in csNRRs, cell yields, and 
doubling times were also established in relation to temperature con-
ditions between chemolithoautotrophic NO

−

3
 reducing activities in 

laboratory pure cultures from deep-sea vent Campylobacterota and 
in deep-sea vent Campylobacterota communities growing at HHP 
conditions. Comparison to previous HHP studies of S0-oxidizing, 
Fe(III) reducers and hydrogenotrophic methanogens suggest that 
higher energy-yielding chemolithoautotrophic reactions experience 
larger shifts in csRRs and doubling times at increased pressures, as 
opposed to lower energy-yielding chemolithoautotrophic reactions. 
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Performing laboratory studies to understand the influence of phys-
icochemical parameters on the physiology and metabolism of anaer-
obic chemolithoautotrophs also helps to interpret field observations 
of high-pressure ecosystems, such as deep-sea hydrothermal vents.
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