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Introduction: Approximately three-fourths of all pelagic marine prokaryotes live
in the deep sea, an environment characterized by high hydrostatic pressure and,
in most cases, low temperature. Labile organic matter is often scarce within
these settings, providing a competitive advantage to motile cells that can access
the nutrients within a greater seawater volume. Because many cells present at
depth are shallow water-adapted microbes descending from more productive
surface waters, deep-sea conditions could significantly reduce their motility and,
consequently, their biogeochemical activities.

Methods: In this study, we address this possibility by examining the impact of
deep-sea physical conditions on the motility of three representative marine
microbes belonging to the cosmopolitan genera Halomonas, Alcanivorax, and
Shewanella. Growth-dependent motility agar assays and growth-independent
microscopy assays were employed at four pressures and two temperatures.

Results: At pressures equivalent to bathyal and abyssal depths (10 — 50
Megapascals), decreases in temperature (30°C — 4°C or 23°C - 7°C depending
on the assay) had a greater negative impact on motility than pressure. In addition,
the high-pressure and low-temperature impacts were additive. Exposure to high
pressure and/or low temperature had varying degrees of effect on flagellar
function, depending on the strain and the magnitude of the applied stress.
These ranged from short-term impacts that were quickly reversible to long-
term impacts that were detrimental to the function of the flagellum, leading to
complete loss of motility.

Discussion: These findings highlight the sensitivity of motility systems of
piezosensitive mesophilic marine bacteria to the combined pressure/
temperature conditions present in the deep sea, phenotypes that in situ are
likely to manifest themselves in the modulation of diverse microbial activities.
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1 Introduction

The ocean - particularly at the microscale - is remarkably
heterogeneous, and marine microorganisms face a wide range of
physical and chemical gradients (Stocker, 2012). To thrive in such a
dynamic environment, microbes utilize motility and chemotaxis to
search out favorable niches (Grossart et al., 2001; Fenchel, 2002;
Stocker and Seymour, 2012). For motile microbes, this
microenvironment is largely defined by that organism’s motility
range (Stocker, 2012); the more motile a microbe (ie., the faster
their swimming speed and the more chemotactic they are), the
larger the volume they can exploit. Additionally, motility and
chemotaxis can enhance a microbe’s ability to degrade organic
matter by aiding in attachment (Grossart et al., 2001; Kiorboe et al.,
2002; Mueller et al, 2007; Dewangan and Conrad, 2020) and
increasing encounter rates (Stocker et al., 2008; Lambert et al,
2019; Raina et al., 2023). A significant fraction of marine
prokaryotes are found in the deep sea (>1,000 meters below sea
level, mbsl). Deep-sea pelagic prokaryotes account for nearly 75% of
the total prokaryotic biomass and 50% of the total prokaryotic
production in the global ocean (Aristegui et al, 2009), and
abundance estimates for benthic deep-sea environments are
comparable to those for the marine water column (Kallmeyer
et al, 2012; Parkes et al, 2014). In the deep sea, where labile
organic matter is typically less abundant (Wakeham and Lee, 1993;
Lochte et al.,, 1998; Lee, 2002), microbial motility may be
particularly important (Barbara and Mitchell, 2003; Mitchell and
Kogure, 2006; Campanaro et al., 2008; Lauro and Bartlett, 2008;
Stocker et al., 2008; Taylor and Stocker, 2012; Peoples and Bartlett,
2017; Keegstra et al., 2022). These environments are broadly
characterized by low temperature (between 0 - 4°C) and high
hydrostatic pressures (38 Megapascals (MPa) on average) (Knauss
and Garfield, 2017), two physical parameters known to impact a
wide range of cellular processes, including motility (Bartlett, 1992;
Bartlett, 2002).

Studies evaluating the activity of deep-sea microbial
communities have found conflicting results, with some studies
showing high microbial activity under in situ conditions
(Poremba, 1994; Patching and Eardly, 1997; Peoples et al., 2018;
Garel et al,, 2019), and others suggesting that deep-sea microbial
communities are more active at atmospheric pressure (Amano et al.,
2022). These seemingly contradictory findings are attributed to
differences in hydrological conditions. When waters are stratified,
autochthonous deep-sea microbes better adapted to in situ
conditions thrive. However, deep-sea microbial communities in
areas impacted by perturbations, such as deep mixing events and
large influxes of sinking particles, tend to be less adapted to deep
ocean conditions, presumably because they are more heavily
influenced by surface-derived piezosensitive and mesophilic
microbes (Bianchi and Garcin, 1994; Tamburini et al., 2013; Garel
et al,, 2021). It has additionally been shown that particle-associated
microbes, which can be carried from shallower waters to the deep,
are negatively impacted by increases in hydrostatic pressure
(Turley, 1993; Tamburini et al, 2006; Tamburini et al., 2009).
Because marine microorganisms play a pivotal role in global
biogeochemical cycling and ocean productivity (Azam, 1998;
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Strom, 2008), having a detailed understanding of pressure and
temperature (P-T) impacts on the cellular processes - including
motility - of piezosensitive mesophilic microorganisms is of
fundamental importance, including their consequences to
assessments of deep ocean carbon sequestration (Levin, 1992;
Azam and Malfatti, 2007).

The pressure at the ocean surface (atmospheric pressure) is 0.1
MPa, and hydrostatic pressure increases by 10 MPa every 1,000
meters of water depth. Studies of non-piezophilic mesophiles
indicate that bacterial motility is one of the most temperature-
sensitive (Adler and Templeton, 1967; Maeda et al., 1976;
Nishiyama et al., 2013) and pressure-sensitive (Meganathan and
Marquis, 1973; Bartlett, 1992; Bartlett, 2002; Eloe et al., 2008)
cellular processes. Temperature changes of just a few degrees can
dramatically change swimming speeds (Adler and Templeton,
1967), and pressures as low as 10 MPa (equivalent to ~1,000
mbsl) have been shown to impact both the formation of newly
synthesized flagella and the function of preexisting flagella
(Meganathan and Marquis, 1973). While there is relatively little
information on the impacts of pressure on the motility of organisms
from other domains, there is some evidence that shallow-water
protists may have similar levels of pressure-sensitive motility (Otter
and Salmon, 1979). Since lower temperatures decrease pressure
tolerance in many marine and terrestrial bacterial species (Zobell
and Johnson, 1949; Zobell and Oppenheimer, 1950; Paul and
Morita, 1971; Yayanos et al., 1983; Trent and Yayanos, 1985;
Yayanos, 1986; Marquis, 1994; Pledger et al., 1994; Fichtel et al.,
2015) and decreasing temperature and increasing pressure have
additive effects on membrane physical structure (Allen et al., 1999;
Denich et al., 2003; Cario et al., 2015; Manisegaran et al., 2019), both
parameters should be viewed in concert with one another. Only a
handful of studies have assessed the impact of high hydrostatic
pressure on microbial motility (Regnard, 1891; Zobell and
Oppenheimer, 1950; Zobell, 1970; Meganathan and Marquis,
1973; Eloe et al., 2008; Wang et al., 2008; Nishiyama and Sowa,
2012; Nishiyama et al., 2013). Of these, three have focused on the
enteric bacterium Escherichia coli (Meganathan and Marquis, 1973;
Nishiyama and Sowa, 2012; Nishiyama et al., 2013), two have
utilized piezophilic species (Eloe et al., 2008; Wang et al., 2008),
and the remaining have provided very preliminary results using
piezosensitive marine bacteria (Regnard, 1891; Zobell and
Oppenheimer, 1950; Zobell, 1970). While Eloe et al. (2008)
includes the non-piezophilic Photobacterium profundum 3TCK in
their analysis as a comparison to the piezophilic P. profundum SS9,
this is the only non-piezophilic marine microorganism that has
been utilized in quantitative studies of pressure impacts on motility.
Additionally, while previous work has assessed the influence of low
temperature and high hydrostatic pressure on microbial flagellar
rotation of the non-piezophilic mesophile E. coli (Nishiyama et al.,
2013), to our knowledge, the combined influence of high pressure
and low temperature on marine microbial motility is unknown.

In this study, we employ both culture- and microscopy-based
analyses to examine the effects of high hydrostatic pressure and low
temperature on the motility of three marine bacteria belonging to
the genera Halomonas, Alcanivorax, and Shewanella. This work is
part of a multi-institution consortium research program associated
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with the Gulf of Mexico Research Initiative (GoMRI) (Weiman
et al,, 2021), and one of these strains (Halomonas sp. strain 10BA)
has been the subject of inquiries from other groups also belonging
to this consortium (Dewangan and Conrad, 2018; Dewangan and
Conrad, 2019; Dewangan and Conrad, 2020; Dewangan et al., 2021;
Zhao and Ford, 2022). The strains were isolated from the Gulf of
Mexico following the 2010 Deepwater Horizon (DWH) oil spill at
depths ranging from 46 to 1509 mbsl, with corresponding in situ
temperatures ranging from ~23-30°C (Camilli et al., 2010) to
~4-7°C (Hazen et al., 2010). They were chosen because they
belong to some of the more prominent microbial genera that
responded to the influx of hydrocarbons in the Gulf of Mexico
following DWH (Hazen et al.,, 2010; Kostka et al., 2011; Gutierrez
et al., 2013; Kimes et al., 2013; Joye et al., 2016; Yang et al., 2016).
Additionally, the genera Halomonas, Alcanivorax, and Shewanella
are widely distributed within the global ocean, inhabiting various
environments throughout the water column (Golyshin et al., 2003;
Arahal and Ventosa, 2006; Lemaire et al., 2020).

2 Materials and methods

2.1 Study strains

The strains used in this study (Table 1) were generously
provided by Dr. Romy Chakraborty and Dr. Gary Andersen at
the Lawrence Berkeley National Laboratory. They were isolated
from the Gulf of Mexico following the DWH oil spill using
hydrocarbon-soaked bead traps (Andersen et al., 2012). Briefly,
Bio—Traps® (Molecular Insights, Knoxville, TN, USA) were baited
with MC-252 crude oil and deployed at multiple depths on a drilling
platform approximately 600 meters from the Deepwater Horizon
platform. The traps were deployed from August through September
2010, and isolates were subsequently obtained on media that
contained MC-252 as the sole carbon source. Three strains -
10BA GOM-1509m, 18 GOM-1509m, and 36 GOM-46m (herein
referred to as strains 10BA, 18, and 36, respectively) — were chosen
for this study. Strains 10BA and 18 were isolated from 1509 mbsl,
and strain 36 was isolated from 46 mbsl.

The 16S rRNA gene sequences of the study strains were
determined following PCR using the general bacterial primers 27F
and 1492R (Lane, 1991). To obtain near full-length 16S rRNA
sequences, Sanger sequencing was performed in both the forward
and reverse direction (Retrogen, Inc., San Diego, CA, USA) and the
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sequences were aligned using MEGA X version 10.2.6 (Kumar et al.,
2018). These partial 16S sequences were deposited into the National
Center for Biotechnology Information (NCBI) GenBank repository
with the accession numbers MZ424455 for strain 10BA, MZ424456
for strain 18, and MZ424457 for strain 36. MEGA X was used to
align these sequences with similar 16S rRNA sequences obtained
from GenBank and to construct a maximum-likelihood
phylogenetic tree (Figure 1). The flagellation of each strain
(Table 1) was determined using the previously described
NanoOrange flagellar staining method (Grossart et al., 2000)
using a Nikon C1 confocal fluorescence microscope (Nikon,
Tokyo, Japan).

2.2 Growth conditions

All three strains were grown in Marine Broth 2216 (HiMedia
Laboratories, Mumbai, India) at a concentration of 28 g/L. For
assessments of pressure and temperature impacts on growth rate
(Section 2.3) and long-term motility (Section 2.4.1), the medium
was supplemented with a buffer (100 mM HEPES, pH 7.5) and an
alternate electron acceptor (100 mM NaNOs;). As standard
techniques for cultivating microorganisms at high hydrostatic
pressure limit oxygen availability (Yayanos, 2001), these
amendments help support growth in an oxygen-limited
environment. When these amendments were added, they were
added for all pressure-temperature conditions tested, including
atmospheric pressure (0.1 MPa).

2.3 Pressure & temperature effects
on growth

The growth rate of each study strain under various temperature
(4°C and 30°C) and pressure (0.1, 10, 25, and 50 MPa) conditions
was determined (Figure 2, solid lines). While these pressures
correspond to depths beyond those relevant to the DWH oil spill,
it is common for non-piezophiles to tolerate relatively high
pressures (Yayanos and Pollard, 1969). Additionally, these
pressures are relevant to other bathyal and abyssal environments
where Halomonas, Alcanivorax, and Shewanella are found
(Golyshin et al., 2003; Arahal and Ventosa, 2006; Lemaire et al.,
2020), and we wanted to investigate P-T impacts across a broader
ecological area.

TABLE 1 Summary of study strains utilized in this study, including closest cultured relative (based on 16S rRNA sequencing and Maximum-Likelihood
phylogenetic analysis), isolation depth (meters), optimum growth temperature (°C), optimum growth pressure (Megapascals, MPa), and flagellation type.

Strain Name Closest Cultured Isolation Depth Optimum Growth Optimum Growth Flagellation
Relative (EEN) Temperature (°C) Pressure (MPa)
10BA GOM-1509m Halomonas profundus 1509 30 10 Peritrichous
18 GOM-1509m Alcanivorax 1509 30 0.1 Single Polar
xenomutans
36 GOM-46m Shewanella indica 46 30 0.1-10 Single Polar
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Tree scale: 0.1 ey

in Nb-231 (NR_104912)
Alcanivorax pacificus W11-5 (NR_115821)
Alcanivorax hongdengensis A-11-3 (NR_044499)
Alcanivorax nanhaiticus strain 19-m-6 (NR_152008)
Alcanivorax jadensis T9 (NR_025271)
Alcanivorax borkumensis SK2 (NR_074890)
Alcanivorax venustensis ISO4 (NR_025145)

'*‘| E Alcanivorax marinus strain R8-12 (NR_135702)

. Alcanivorax gelatiniphagus strain MEBIC08158 (NR_136483)

Alcanivorax xenomutans strain JC109 (NR_133958)
i»ﬁlcamvorex sp. strain 18 GOM-1509m (MZ424456; This Study)

Alcanivorax balearicus MACLO4 (NR_043109)
Alcanivorax dieselolei strain BS (NR_074734)
Shewanella marina strain C4 (NR_044453)
Shewanella litorisediminis strain SMK1-12 (NR_118420)
Shewanella khirikhana strain TH2012 (NR_169446)
Shewanella piezotolerans WP3 (NR_074738)
Shewanella aquimarina strain SW-120 (NR_025794)
"L Shewanella loihica strain PV-4 (NR_043689)
Shewanella chilikensis strain JC5 (NR_117772)
Ll Shewanella carassii strain 08MAS2251 (NR_159221)
Y Shewanella indica strain KJW27 (NR_108899)
e Shewanella sp. strain 36 GOM-46m (MZ424457; This Study)
i Shewanella upenei strain 20-23R (NR_117272)
“| Shewanella algae strain ATCC 51192 (NR_117771)
Halomonas zhaodongensis strain NEAU-ST10-25 (NR_125612)
{'[ Halomonas venusta strain DSM 4743 (NR_042069)
Halomonas alkaliphila strain 18bAG (NR_042256)
Halomonas gomseomensis strain M12 (NR_042488)
Halomonas zhanjiangensis strain JSM 078169 (NR_104283)
Halomonas nanhaiensis strain YIM M 13059 (NR_118488)
Halomonas sulfidaeris Esulfide1 (NR_027185)
Halomonas salicampi strain BH103 (NR_145910)
Halovibrio variabilis strain NBRC 102410 (NR_114071)
wf £ Halomonas glaciei strain DD 39 (NR_114866)

Halomonas titanicae BH1 (NR_117300)

Halomonas profundus strain AT1214 (NR _114956)

Halomonas sp. strain 10BA GOM-1509m (MZ424455; This Study)
Halomonas neptunia strain Eplume1 (NR_027218)

Eif Halomonas boliviensis strain LC1 (NR_029080)

Halomonas alkaliantarctica strain CRSS (NR_114902)

FIGURE 1

Maximume-likelihood phylogenetic tree based on 16S rRNA gene
sequences showing the relationship between strains 10BA GOM-
1509m, 18 GOM-1509m, and 36 GOM-46m (blue) and members of
the genera Halomonas, Alcanivorax, and Shewanella, respectively.
GenBank accession numbers used are shown in parentheses. The
sequence of Nitrococcus mobilis strain Nb-231 (NR_104912.1) was
used as an outgroup. Bootstrap values (based on 1000 replications)
greater than 50% are shown at branch points. Bar, 0.01 substitutions
per nucleotide position.

To determine the growth rate of these strains as a function of
pressure and temperature, growth curves were generated using
standard techniques for high-pressure incubation (see
Supplementary Methods). From these growth curves, the growth
rate was determined using R-shiny-microorganisms (Garel et al.,
2022), a Shiny-web application that employs a logistic Verhulst
model to estimate growth rate. Default parameters were used; for P-
T conditions with little or no growth, the application reported an
error, which we report as a growth rate of zero. Linear regression
lines were added to the plots of growth rate (hr') vs. pressure
(MPa) (Figure 2).

To assist in our analysis of the impacts of pressure and
temperature on the growth of our three study strains, we
calculated the Pso, which we define as the pressure at which the
growth rate is 50% less than that observed at atmospheric pressure
(see Supplementary Methods).

2.4 Pressure & temperature effects
on motility

Similar to the growth assays (Section 2.3), we calculated the Ps,
of swimming motility for both the long-term and short-term
motility assays (see Supplementary Methods). In this case, we
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define the Ps, as the pressure at which motility (i.e., expansion
speed, swimming speed, or percentage of motile cells) is 50% less
than that observed at atmospheric pressure.

2.4.1 Long-term (growth dependent) effects

Two approaches were employed to evaluate the effects of
pressure and temperature on the motility of the study strains. The
first method was an adaptation of that used by Eloe et al. (2008) to
follow the growth and movement of cells swimming through a
semi-solid agar matrix. A 5 mL glass serum vial fitted with a
pressurizable 2-leg rubber septum (DWK Life Sciences, New
Jersey, USA) was filled entirely with low percentage (0.3%) agar
Marine Medium 2216 supplemented with 100 mM HEPES buffer
(pH 7.5) and 100 mM NaNOs;. Vials were utilized instead of the
previously employed transfer pipette bulbs because vials allow for
significantly improved visualization of the expanding “cloud” of
motile cells. Experiments using the well-studied piezophile P.
profundum SS9 and strain 10BA (this study) found no statistically
significant difference between growth in pressurizable polyethylene
pipette bulbs and glass serum vials fitted with a pressurizable rubber
septum (Supplementary Figure S1). Thicker walled glass vials were
used at 4°C than at 30°C to provide greater resistance to cracking
under the combined conditions of high pressure and low
temperature (DWK Life Sciences, New Jersey, USA; at 30°C:
Catalog No. 223685; at 4°C: Catalog No. 223738).

For these experiments, stationary phase cell cultures were
inoculated in a straight line through the center of the agar using a
needle and syringe. Triplicate vials were placed into pressure vessels
and incubated at one of two temperatures (4°C and 30°C) and one
of four pressures (0.1, 10, 25, and 50 MPa), as previously described
(Yayanos, 2001). Periodically, the vials were briefly removed from
the pressure vessels, and microbial motility was assessed by
measuring the visible growth away from the central inoculation
site. In general, vials were decompressed and recompressed
approximately ten times during the experiment; time outside the
pressure vessels was limited to the extent possible, typically less than
10 minutes. While decompression and recompression were
unavoidable, it should be noted that there is some evidence
suggesting this may negatively impact microbial growth dynamics
(Cario et al., 2022). The widest part of the cell plume was measured
when determining the distance traveled. These measurements did
not include tufts of increased motility as they did not represent the
overall population behavior (see Results).

From this data (see Supplementary Figure S3), we calculated an
expansion speed for each temperature/pressure condition tested
(Figure 2). The expansion speed is the rate at which the cell front
moved outward from the central inoculation line and was calculated
using the equation:

D, - Dy
t— t

Se

Where s, = expansion speed, t, = time at the onset of the
experiment, ¢ = time at the end of the experiment (i.e., when the
edge of the vial was reached or when the experiment ended if
the edge was never reached), D, = distance traveled at time #,, and
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D, = distance traveled at time f. These expansion speeds were
plotted as a function of pressure and fitted with a linear regression
line (Figure 2, dashed lines).
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FIGURE 2

Growth rate (solid lines, h™) and expansion speed (dashed lines, pm/
second) as a function of pressure (MPa) at both 4°C and 30°C
Expansion speed was derived from the long-term motility vial
experiments. (A) Halomonas sp. strain 10BA GOM-1509m; (B)
Alcanivorax sp. strain 18 GOM-1509m:; (C) Shewanella sp. strain 36
GOM-46m. Error bars represent the standard deviation of the
growth rate and expansion speed across three biological replicates.
Data were fitted with a linear regression line; associated R values
are shown.
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2.4.2 Short-term (growth independent) effects

The second motility evaluation method utilized a high-pressure
chamber for optical microscopy, as described previously
(Nishiyama and Sowa, 2012). The high-pressure chamber is made
of nickel alloy (Hastelloy C276) and is equipped with two optical
windows (BK?7). It is optimized to obtain high-quality images while
maintaining a stable hydrostatic pressure up to 150 MPa. The
chamber was connected to a hand pump (HP-150, Syn-
Corporation, Japan) via a separator, which was used to reduce the
total dead volume of buffer solution in the pressure line. The
internal temperature of the chamber was controlled by running
temperature-regulated water from a thermostat bath through
tubing within the chamber. The high-pressure chamber was
attached to an inverted microscope (Eclipse Ti, Nikon, Japan),
and microscopic observation was performed using a long-working
distance objective lens (CFI ELWD ADM40XC, Nikon, Japan).
Phase-contrast videos were acquired by a charge-coupled device
camera (WAT-120N+, Watec, Japan).

These experiments were performed at 23°C and 7°C, the closest
temperatures the instrument could achieve to the strains’ optimum
and in situ temperatures (30°C and 4°C, respectively). The
instrument could not reach temperatures above room
temperature and exhibited diminished video quality below 7°C.
For these experiments, the study strains were grown to mid-log
phase in Marine Broth 2216 at the experimental temperature.
Cultures were diluted in fresh medium (1:10 or 1:20, depending
on cell density) and then gently pipetted into and enclosed within
the chamber. A standard operating procedure developed for this
microscopy system was employed (Nishiyama and Kojima, 2012;
Nishiyama and Sowa, 2012; Nishiyama et al., 2013). Briefly, the
hydrostatic pressure within the chamber was increased to ~100
MPa in increments of 20 MPa and then decreased in a similar
stepwise fashion. We halted pressure increases when motility nearly
ceased; thus, the maximum pressure varied across strains and
temperature conditions. At each pressure, phase-contrast videos
of the cells were recorded at 30 frames s™ for approximately 20
seconds. The pressure was increased at a rate of ~10 MPa per
second; the pressure was regulated with an accuracy of £1 MPa; the
experimental temperature was controlled with a precision of £1°C.
The total elapsed time for pressure treatment of a population of cells
was approximately 4 minutes. After pressure was released, cells
were removed from the chamber, and the assay was repeated with a
fresh culture. All strains were examined in triplicate using
biological replicates.

Microscopy data were analyzed using previously described
methods (Nishiyama and Arai, 2017). Briefly, the percentage of
motile cells was determined by selecting a 1-second portion of the
video file and manually counting the motile and non-motile cells in
the plan of focus. A total of 10 frames per video were analyzed,
giving an n = 30 across all three biological replicates for each
pressure. For swimming speed, the SimplePTA plug-in (Nishiyama
and Arai, 2017) for Fiji (Schindelin et al., 2012) was used to track
cells and determine the cell’s average velocity. A total of ten cells per
video were tracked, giving an n = 30 across all three biological
replicates for each pressure. Relatively large standard deviations are
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common with this type of assay, as has been previously observed
(Nishiyama and Sowa, 2012). To determine if increased pressure led
to a statistically significant change in the percentage of motile cells
or swimming speed, a paired two-tailed t-test was performed
between atmospheric pressure (0.1 MPa) and each incremental
pressure step.

2.5 Recovery of swimming motility after
pressure exposure

The recovery of swimming motility after pressure treatment was
also assessed using the high-pressure microscope chamber. As
described above, microbial cultures were grown to mid-log phase
in Marine Broth 2216, diluted, and inserted into the chamber. After
recording a 20-second video to document the motility of the strain
before high hydrostatic pressure exposure, the pressure was
increased to 80, 120, and 100 MPa for strains 10BA, 18, and 36,
respectively. These were the pressures at which the motility of each
strain was significantly impacted but not halted during the short-
term (growth-independent) high-pressure microscope experiments.
After approximately 3 minutes of exposure to these sustained high
pressures, the video camera was turned on and the pressure was
rapidly decreased to 0.1 MPa, after which recording continued for
approximately 3 minutes. These experiments were all performed at
23°C; pressure was increased and decreased at a rate of
approximately 10 MPa per second. These experiments are
designed to examine if pressure causes perturbation of the
motility system or if the effects of high pressure are
immediately reversible.

Using the data analysis methods described above, the
percentage of motile cells and the swimming speed were
determined before, during, and after exposure to high hydrostatic
pressure. To determine if increased pressure led to a statistically
significant decrease in either percentage of motile cells or swimming
speed, a paired one-tailed t-test was performed between pre-
exposure and each timepoint post-exposure.

3 Results

3.1 Strain identification and
characterization

Strains 10BA, 18, and 36 were isolated from the Gulf of Mexico
at water depths of 1509, 1509, and 46 mbsl, respectively (Table 1).
Corresponding in situ water temperatures were ~23-30°C at 46
mbsl (Camilli et al., 2010) and ~4.7°C at 1509 mbsl (Hazen et al.,
2010). Comparison of each study strain’s 16S rRNA gene sequence
with sequences present in GenBank indicates that strain 10BA
GOM-1509m belongs to the genus Halomonas, strain 18 GOM-
1509m to the genus Alcanivorax, and strain 36 GOM-46m to the
genus Shewanella. Based on Maximum-Likelihood phylogenetic
analysis (Figure 1), the closest phylogenetic relative of strain
10BA is H. profundus AT1214 (NR_114956), the closest relative
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of strain 18 is A. xenomutans JC109 (NR_13358), and the closest
relative of strain 36 is S. indica KJ|W27 (NR_108899).

All three study strains grow optimally in Marine Broth 2216 at
30°C (data not shown). NanoOrange flagellar straining (Grossart
et al., 2000) revealed that Halomonas sp. strain 10BA is
peritrichously flagellated, consistent with what is known about
motile members of the genus Halomonas (Franzmann et al,
1988). Motile members of the genus Alcanivorax employ a variety
of flagellation types (e.g., peritrichous, single polar) (Fernandez-
Martinez et al., 2003; Yang et al., 2018), and our analysis revealed
that Alcanivorax sp. strain 18 has a single polar flagellum. Similarly,
Shewanella sp. strain 36 has a single polar flagellum, which is
consistent with most members of this genus (Janda and Abbott,
2014), although other flagellation types have been observed in some
Shewanella species (Wang et al., 2008; Bubendorfer et al., 2012).

3.2 Pressure & temperature effects
on growth

Halomonas sp. strain 10BA exhibited its maximum growth rate
and yield when grown at 30°C and 10 MPa (Figure 2A;
Supplementary Figure S2A, Supplementary Table S1), making it a
piezomesophile, albeit a modest one (Scoma, 2021). While only
slightly diminished growth was observed at 0.1 and 25 MPa, strain
10BA did not grow at 30°C and 50 MPa. At this optimum
temperature, its upper-pressure limit is comparable to that of E.
coli (Zobell and Johnson, 1949; Zobell and Cobet, 1962). When
grown at 4°C, the pressure optimum of strain 10BA was reduced to
0.1 MPa (Figure 2A; Supplementary Figure S2B, Supplementary
Table S1), and growth rate and yield decreased as pressure
increased; no growth was observed at 4°C and 50 MPa. The
growth rate Psq for strain 10BA was 35 MPa at 30°C and 24 MPa
at 4°C (Supplementary Table S2).

Alcanivorax sp. strain 18 displayed slightly more pressure-
sensitive mesophilic growth properties than Halomonas sp. strain
10BA. Although at 30°C its growth rate was higher at 10 MPa than
0.1 MPa, this was not statistically significant (p-value = 0.2) and its
growth yield was maximum at 0.1 MPa (Figure 2B; Supplementary
Figure S2C, Supplementary Table S1). At 25 MPa its growth yield
decreased a modest 10% but its growth rate decreased by over 50%.
Growth was barely detectable at 50 MPa for this strain. Strain 18 did
not grow at 4°C under the conditions tested. The Ps, for strain 18
was 30 MPa at 30°C (Supplementary Table S2).

Shewanella sp. strain 36 exhibited comparable growth at 0.1
MPa and 10 MPa at 30°C, reaching its maximum growth rate at 0.1
MPa and its maximum growth yield at 10 MPa (Figure 2C;
Supplementary Figure S2E, Supplementary Table S1). An increase
in pressure led to a gradual decrease in growth, but unlike the other
strains in this study, strain 36 exhibited growth at 30°C and 50 MPa.
It is curious that, at 30°C, strain 36 is the most pressure tolerant of
the study strains despite having been isolated from the sea surface,
in contrast to the other strains isolated from depth. However, this
piezotolerance was not accompanied by concomitant adaptation to
low temperatures. When grown at 4°C, the maximum growth rate
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and yield were at atmospheric pressure (Figure 2C; Supplementary
Figure S2F; Supplementary Table S1). At this lower temperature,
just 10 MPa of pressure led to an approximately 50% decrease in
growth yield. It should be noted that, although there was obvious -
albeit weak - growth at 10 MPa and 4°C (Supplementary Figure
S2F), the logistic model used to calculate the growth rate reported
an error. Thus, the reported growth rate for this P-T condition is
zero. No growth was observed at 25 or 50 MPa at 4°C. The Ps, for
strain 36 was 39 MPa at 30°C and just 3 MPa at 4°C (Supplementary
Table S2). However, the Psq value for this lower temperature is
likely an underestimation due to limitations of the logistic model
used to calculate the growth rate.

The P-T growth properties of all three strains are most
consistent with a principally shallow-water existence, despite the
source of the Halomonas and Alcanivorax strains being
bathypelagic water.

3.3 Pressure & temperature effects
on motility

We next assessed P-T effects on 1) growth and motility through
a low percentage agar mix, as well as 2) motility in a liquid
environment in which individual cell responses were recorded
using a temperature-controlled high-pressure microscope system.

3.3.1 Long-term (growth-dependent) effects

Halomonas sp. strain 10BA was motile at 0.1, 10, and 25 MPa at
30°C, showing marginally increased expansion speeds at 10 MPa
compared to 0.1 MPa (Figure 2A; Supplementary Figure S3A). At
4°C, strain 10BA was only motile at 0.1 and 10 MPa (Figure 2A;
Supplementary Figure S3B), despite exhibiting growth at pressures up
to 25 MPa at this temperature. The Ps, for strain 10BA’s long-term
motility was 23 MPa at 30°C and 11 MPa at 4°C (Supplementary
Table S2), suggesting that the long-term motility of this strain is more
pressure sensitive than its growth.

Despite exhibiting growth at 50 MPa, Alcanivorax sp. strain 18
was only motile at pressures up to 25 MPa at 30°C (Figure 2B;
Supplementary Figure S3C). Interestingly, the Ps, for strain 18’s
long-term motility (27 MPa) is approximately the same as its Ps, for
growth (26 MPa) (Supplementary Table S2). Since strain 18 did not
grow at 4°C, no motility vial experiments were performed at
this temperature.

At 30°C, Shewanella sp. strain 36 was only motile at pressures
up to 25 MPa (Figure 2C; Supplementary Figure S3E), despite
exhibiting growth at all pressures tested (Figure 2C; Supplementary
Figure S2E). It should be noted that, for a single replicate at 30°C, a
small tuft of motile cells derived from the inoculation site was
observed at the 96-hour time point (Supplementary Figure S6),
possibly the result of a random mutation (Foster, 2007). At 4°C,
strain 36 was only motile at 0.1 MPa, despite exhibiting growth at
0.1 and 10 MPa. The Ps for strain 36’s long-term motility was 21
MPa at 30°C and 6 MPa at 4°C (Supplementary Table S2), again
suggesting that the long-term motility of this strain is more pressure
sensitive than its growth.
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We conclude from these growth-based motility experiments
that low temperature dramatically reduces motility in the two
strains examined at 4°C. Additionally, we conclude that pressure
impacts were variable among the strains up to 10 MPa
(corresponding to a depth of 1,000 m) but were highly inhibitory
at pressures of 25 and especially 50 MPa (corresponding to depths
of 2,500 m and 5,000 m, respectively). Much of the impact is due to
growth inhibition; however, the magnitude of the expansion speed
reductions is greater than that of the growth reductions that
resulted from increasing pressure. Pressure impacts on motility
were especially severe at 4°C.

3.3.2 Short-term (growth-independent) effects

A representative compilation of the videos acquired during the
high-pressure microscopy experiment can be found in
Supplementary Materials (Supplementary Video S1). This
example shows a single replicate of Shewanella sp. strain 36 as it
was pressurized from 0.1 to 120 MPa.

Halomonas sp. strain 10BA was pressurized to a maximum
pressure of 80 MPa at 23°C and 60 MPa at 7°C (Figures 3A, B). At
both experimental temperatures, similar trends were observed. The
percentage of motile cells remained reasonably steady up to 60 MPa
at 23°C and 40 MPa at 7°C, then decreased at pressures above these
thresholds (Figure 3A). Conversely, the swimming speed decreased
relatively linearly throughout the pressurization process at both
temperatures (Figure 3B). The Ps, for the percentage of motile cells
was 64 MPa at 23°C and 57 MPa at 7°C; the Ps, for swimming speed
was 66 MPa at 23°C and 63 MPa at 7°C (Supplementary Table S3).
Upon depressurization to 0.1 MPa at both experimental
temperatures, the swimming motility of strain 10BA recovered to
approximately the same level observed before pressurization, except
for the percentage of motile cells at 23°C, which was significantly
higher after depressurization (mean * standard deviation; 80 + 7%)
than at the onset of the experiment (62 + 9%) (p-value<<
0.005) (Figure 3A).

Alcanivorax sp. strain 18 was pressurized to a maximum
pressure of 120 MPa at 23°C (Figures 3C, D). Since strain 18 did
not grow at 7°C, no high-pressure microscopy experiments were
performed at this temperature. Strain 18 had the smallest
percentage of motile cells among the strains examined. For
example, at the onset of the experiment, the percentage of motile
cells was 32 + 11%, significantly lower than that of strain 10BA (62
+ 9%) (Figure 3C). While strain 18’s percentage of motile cells
decreased steadily as pressure increased (Figure 3C, p-value < 0.01),
its swimming speed remained stable up to 40 MPa, above which it
gradually decreased (Figure 3D, p-value < 0.001). The Ps, for strain
18 was 76 MPa for the percentage of motile cells and 88 MPa for
swimming speed (Supplementary Table S3). Upon
depressurization, the swimming speed fully recovered to the level
observed at the onset of the experiment (Figure 3D), while the
percentage of motile cells only recovered to approximately 60% of
the starting value (p-value<< 0.005) (Figure 3C).

Shewanella sp. strain 36 was pressurized to a maximum of 120
MPa at 23°C and 80 MPa at 7°C (Figures 3E, F). At 23°C, the
percentage of motile cells remained steady up to ~60 MPa before
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FIGURE 3

Percentage of motile cells and swimming speed (um/second) of Halomonas sp. strain 10BA GOM-1509m (A, B), Alcanivorax sp. strain 18 GOM-
1509m (C, D), and Shewanella sp. strain 36 GOM-46m (E, F). Assessed as a function of pressure and temperature (23°C and 7°C) using a high-

pressure microscope chamber. Error bars represent standard deviation (n = 30). A paired two-tailed t-test was performed to determine if values
differed significantly from those at atmospheric pressure (0.1 MPa). N.S., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

significantly decreasing, and swimming speed decreased gradually
as pressure increased. Alternatively, at 7°C, motility remained
relatively constant up to 20 MPa (percentage of motile cells) or
40 MPa (swimming speed), above which it gradually decreased
(Figures 3E, F). The slight increase in the percentage of motile cells
observed at 20 MPa is not statistically significant (p-value = 0.23). It
should also be noted that at the onset of the experiment, the
temperature decrease significantly impacted the swimming speed
of strain 36 (47 + 11 pm stat23°C, 15+ 5 pm s' at 7°C). The Ps,
for the percentage of motile cells was 102 MPa at 23°C and 73 at
7°C; the P5, for swimming speed was 74 MPa at 23°C and 72 at 7°C
(Supplementary Table S3). Interestingly, the motility of strain 36
responded differently to depressurization than the other study
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strains. While the percentage of motile cells only recovered to
38% and 24% of that observed before pressurization at 23°C and
7°C, respectively, the swimming speed recovered to 66% and 65% of
that observed before pressurization at 23°C and 7°C, respectively.
Although the error bars overlap, these represent statistically
significant decreases in swimming speed (p-value < 0.0001 for 23°
C and < 0.01 for 7°C) (Figure 3F).

To rule out cell death caused by exposure to high hydrostatic
pressure as an explanation for the reduction in motility of the
strains, we evaluated the colony-forming units (CFU) before and
after pressurization (see Supplementary Methods). No significant
change in CFU was observed for any of the strains at either 23°C or
7°C (Supplementary Figure S7).

frontiersin.org


https://doi.org/10.3389/fmars.2023.1181062
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mullane et al.

We conclude from these microscopy-based motility analyses that cells
exposed to high pressure over a period of minutes are far more pressure-
resistant than cells incubated at high pressure over periods of days. The
ability to recover motility (both the percentage of motile cells and
swimming speed) following high-pressure exposure varied among the
strains, with Shewanella sp. strain 36 being particularly sensitive to these
impacts. And as with the long-term growth-based motility measurements,
the effects of increased pressure and decreased temperature were additive,
although the magnitude of pressure’s impact on motility is often less at
lower temperatures than at higher temperatures.

10.3389/fmars.2023.1181062

3.4 Recovery of swimming motility after
pressure exposure

The significant loss of swimming motility (both the percentage of
motile cells and swimming speed) observed after depressurization across
two of the three study strains prompted us to examine motility recovery
following a 3-minute high-pressure exposure at 23°C (Figure 4). Each
strain was exposed to the maximum pressure at which it maintained
motility during the short-term pressure exposure experiment — 80, 120,
and 100 MPa for strains 10BA, 18, and 36, respectively.
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Percentage of motile cells and swimming speed of study strains before (dark gray shading), during (light gray shading), and immediately after (white
shading) exposure to pressure at 23°C. Halomonas sp. strain 10BA GOm-1509m (A, B) was pressurized to 80 MPa; no data for replicate 3 at 240
seconds post-exposure, so n = 20 for this data point. Alcanivorax sp. strain 18 GOM-1509m (C, D) was pressurized to 120 MPa. Shewanella sp. strain
36 GOM-46m (E, F) was pressurized to 100 MPa. Error bars represent standard deviation (n = 30 unless otherwise stated). A paired one-tailed t-test
was performed to determine if values differed significantly from those pre-exposure. N.S., not significant; *p < 0.05; **p < 0.01; ***p < 0.001

Frontiers in Marine Science

09

frontiersin.org


https://doi.org/10.3389/fmars.2023.1181062
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mullane et al.

Halomonas sp. strain 10BA’s motility recovered rapidly after
depressurization. Within 5 seconds after depressurization, the
percentage of motile cells was not significantly different from that
observed before pressurization (Figure 4A). Similarly, the
swimming speed recovered to levels statistically equivalent to
those observed pre-exposure within 40 seconds after
depressurization (Figure 4B).

For Alcanivorax sp. strain 18, the percentage of motile cells
recovered rapidly (within 40 seconds) after depressurization, while
the swimming speed only recovered to ~60% of that observed before
pressurization (Figures 4C, D). Nearly 4 minutes post-exposure, the
swimming speed was still significantly different from pre-exposure
levels (Figure 4D). These results contrast the short-term motility
experiment results (Figure 3). The observed difference in the
percentage of motile cells between the short-term motility
experiments (Figure 3) and these motility recovery experiments
(Figure 4) could be due to hysteresis. During the short-term motility
experiments, the cells were tracked for less than 30 seconds after
decompression, which may not have been enough time for the cells
to regain swimming activity after pressure release. This
phenomenon has been observed in other studies assessing the
impacts of short-term pressure exposure on motility (Nishiyama
and Sowa, 2012). Alternatively, the swimming speed results suggest
that more prolonged exposure to high hydrostatic pressure damages
some aspect(s) of this strain’s energetics or mechanisms of
flagellar function.

Finally, for Shewanella sp. strain 36, both the percentage of
motile cells and swimming speed significantly differed from pre-
exposure levels, only recovering by approximately 75% at 4 minutes
post-depressurization (Figures 4E, F).

We conclude from these motility recovery experiments that the
motility or flagella of various microbes — and perhaps even distinct
cells within the same culture - can be differentially impacted by
pressure. Each strain responded differently after pressure was
released. Halomonas sp. strain 10BA was the only strain whose
motility recovered fully in both the short-term motility experiments
(Figure 3) and these motility recovery experiments (Figure 4).

4 Discussion

Microbial motility plays an important role within the ocean
(Grossart et al., 2001; Fenchel, 2002; Stocker et al., 2008; Stocker and
Seymour, 2012; Keegstra et al., 2022). However, even though over
88% of the ocean volume is considered to be within the deep sea
(Knauss and Garfield, 2017), very little is known about the influence
of deep-sea environmental conditions (i.e., high hydrostatic
pressure and low temperature) on marine microbial motility. This
is even more so the case when two or more environmental factors
are examined in concert.

In this study, we examined the swimming motility of three
strains belonging to cosmopolitan marine bacterial genera obtained
from the Gulf of Mexico shortly after the onset of the DWH oil spill.
Although two of the three strains were isolated from bathypelagic
depths, the strains’ temperature and pressure growth preferences
indicate that strains 18 and 36 are best described as non-piezophilic
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mesophiles, while strain 10BA is a modestly piezophilic mesophile.
In all likelihood, they have evolved for optimal activity, growth, and
reproduction in shallow waters, and the two strains obtained from
deep-sea depths were delivered there from above. It has been shown
that, under certain hydrological conditions, surface-derived marine
microbes are delivered to the deep ocean through perturbations
such as deep mixing and large influxes of sinking particles (Bianchi
and Garcin, 1994; Tamburini et al., 2013; Garel et al., 2021; Amano
et al., 2022). Despite this, very little attention has been paid to the
effects of pressure and temperature on the motility of piezosensitive,
mesophilic marine microbes, a process that, together with
chemotaxis, is a critical aspect of nutrient acquisition (Raina
et al,, 2023). Thus, the characterization of the motility behavior of
shallow water-adapted microbes under physical conditions
approximating those present in situ is highly relevant to
considerations of factors modulating deep-sea microbial activity.

The motility of no other mesophilic marine microbe has been
examined as a function of both pressure and temperature or in
terms of the percentage of motile cells or recovery from high-
pressure exposure. However, the swimming speed of one non-
piezophile has been investigated at elevated pressure via high-
pressure microscopy (Eloe et al., 2008). This is P. profundum
strain 3TCK, a member of a species that includes piezophilic and
psychrophilic members, but which was isolated from shallow-water
surficial sediments (Campanaro et al., 2005). Curiously, as with the
marine microbes studied here, it could maintain some swimming
speed (~ 5 um s™') even at hadal pressures. Furthermore, its short-
term motile pressure range was far greater than that of the model
enteric microbe E. coli but less than that of its piezophilic relative.

Our motility assays included measurements of long-term
growth-dependent motility through a low percentage agar matrix
and short-term single-cell-based recordings of the percentage of
motile cells and their swimming speed within a pressurizable
viewing chamber connected to a microscope. When comparing
these two methods, significant differences were observed in the P-T
effects on motility. When incubated at elevated pressure over days
to weeks, the P5, of motility in semi-solid agar was only ~35 and
13.5 MPa at 30 and 4°C, respectively (Supplementary Table S2).
Conversely, when exposed to pressure for only seconds to minutes
in the microscopy assays, the 50% decrease in the percentage of
motile cells and swimming speed respectively required pressures of
at least 80 and 76 MPa at 23°C, and 65 and 67 MPa at 7°C
(Supplementary Table S3). These stark differences inherently arise
from the nature of the two methods. While the short-term, growth-
independent motility assay uncovers the immediate impacts of
pressure on the function of preexisting flagella in vivo, the long-
term, growth-dependent assay also requires cells to reproduce and
form new flagella. Flagellar function alone is energetically costly
(Mitchell, 2002; Keegstra et al., 2022), and flagellar formation is an
additional energetic expense (Terashima et al., 2008) that involves
the biosynthesis of six different components (Macnab, 2003)
involving at least 24 core genes, with some bacteria requiring over
50 genes (Macnab, 2004; Liu and Ochman, 2007). It should also be
noted that some of this difference could be attributed to the
unavoidable differences in cultivation methods between the two
motility experiments.
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The long-term motility assays indicated that motility was more
pressure and temperature sensitive than growth for all strains. This
is consistent with prior work suggesting that the motility of non-
piezophilic mesophiles is one of the most pressure-sensitive
(Meganathan and Marquis, 1973; Bartlett, 1992; Bartlett, 2002;
Eloe et al., 2008) and temperature-sensitive (Adler and
Templeton, 1967; Maeda et al., 1976; Nishiyama et al., 2013)
microbial processes. We found that, at 30°C, the P5, values for
growth rate are significantly higher than the Ps, values for growth-
dependent expansion speed (p-value < 0.05) (Supplementary Table
S2). At 4°C, Halomonas sp. strain 10BA’s Ps, value for growth rate
is more than double its Ps, value for expansion speed, again
suggesting that motility is more sensitive to pressure than growth
rate. While Shewanella sp. strain 36 shows the opposite trend at 4°C,
as noted in the Results, the P5, value for this strain’s growth rate at
4°C is likely an underestimation due to limitations of the method
used to estimate the growth rate.

Additionally, we found that while decreased temperature alone
had a significantly more significant impact on motility than the
pressures employed, the combination of low temperature and high
hydrostatic pressure exerted compounding deleterious effects on
motility. In both motility experiments, expansion and swimming
speed at atmospheric pressure were at least 50% lower at 4-7°C
compared to 23-30°C. At higher temperatures, a decrease of this
magnitude required pressures of at least 24 MPa and 66 MPa for the
long-term and short-term motility experiments, respectively. At
lower temperatures, motility was more sensitive to pressure. For
example, in the long-term growth-dependent motility experiments,
while Halomonas sp. strain 10BA and Shewanella sp. strain 36 are
motile up to 25 MPa at 30°C, they are only motile up to 10 MPa and
0.1 MPa, respectively, at 4°C (Supplementary Figure S3). However,
we found that at lower temperatures, the magnitude of the
perturbation that pressure exerts on motility is less than that
observed at higher temperatures. This can be seen in the short-
term motility experiments with Shewanella sp. strain 36, where the
swimming speed goes from 47 ym s™ at 0.1 MPa to 23 um s' at 80
MPa at 23°C but only from 15 to 6 um s over the same pressure
span at 7°C. This shows that while the combined effect of low
temperature and high pressure is especially bad, the magnitude at
which pressure impacts motility decreases at lower temperatures,
perhaps because the swimming ability is already so severely
compromised. These findings also highlight the importance of
considering both in situ temperature and pressure when studying
microbial processes in the deep ocean, including various global
biogeochemical cycles (Azam, 1998; Strom, 2008).

Although beyond the scope of this study, there are many
possible explanations for the additive, deleterious impacts of low
temperature and high pressure on motility. First, both high pressure
and low temperature are well-known to impact protein synthesis
and protein-protein quaternary interactions (Pollard and Weller,
1966; Yayanos and Pollard, 1969; Broeze et al., 1978; Jones et al.,
1987; Pavlovic et al., 2005; Gayan et al., 2017; Roche and Royer,
2018), which could impact flagellar synthesis and assembly. The
assembly of flagellar and motility proteins into a large and complex
flagellar organelle structure is estimated to be much more pressure-
sensitive than protein synthesis (Meganathan and Marquis, 1973).
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Second, decreased ion flux through the rotor/stator motor
components could impact torque generation and thus hook and
filament rotation, as pressure has been shown to affect similar
processes in other bacteria (Matsumura and Marquis, 1977;
Marquis and Bender, 1987; Wouters et al., 1998; Pavlovic et al.,
2005). Similarly, temperature has been shown to impact the
rotational speed of flagellar motors, possibly due to impacts on
ion translocation (Yuan and Berg, 2010; Baker et al., 2011).

An additional possible target of P-T effects on microbial cells
which could influence motility is the lipid membrane as the flagellar
basal body — which plays a crucial role in both the formation of new
flagella and the function of previously formed flagella - spans across
all three layers of bacterial cell membranes (cytoplasmic membrane,
periplasmic space, outer membrane) (Macnab, 2003). Previous
studies have shown that high pressure and low temperature have
compounding negative effects on lipid membranes (summarized in
Bartlett, 2002), with changes in the unsaturated fatty acid
composition of membranes being one example of a lipid change
that is essential for bacterial adaptation in the deep sea (Allen et al.,
1999; Bartlett et al., 2008). It has been estimated that for the phase
state of lipid membranes, a change in pressure of 100 MPa is
equivalent to a change in temperature of 20°C (Bartlett, 2002). We
estimate that for the growth-based motility assays examined in this
study, a change in pressure of only 40 MPa was equivalent to a
change in temperature of 20°C (see Supplementary Methods). In
contrast, the short-term microscopy assays had values much closer
to that observed for lipids.

In addition to swimming motility, chemotaxis is a similarly
important aspect of microbial life in the ocean (Barbara and
Mitchell, 2003; Stocker et al., 2008; Stocker and Seymour, 2012;
Smriga et al., 2016; Keegstra et al., 2022). Hydrocarbon chemotaxis,
in particular, likely plays an important role in the degradation and
bioremediation of both naturogenic and anthropogenic
hydrocarbons in the ocean (Mason et al., 2012; Lacal et al., 2013;
Joye et al., 2018; Lacal, 2018; Zhou et al., 2022). In this study, we
observed anecdotal evidence of pressure impacts on chemotaxis.
Alcanivorax sp. strain 18 appeared to exhibit a “run-reverse-flick”
swimming pattern, which has been found in other monotrichously
flagellated bacteria as a form of chemotaxis (Xie et al.,, 2011; Son
et al,, 2013; Bubendorfer et al., 2014; Ortega et al., 2020; Grognot
et al,, 2021). In one of the replicates, an apparent decrease in the
frequency of this “run-reverse-flick” swimming pattern was
observed at 23°C when pressure increased from 0.1 to 20 MPa
(Supplementary Figure S8, Supplementary Video S2), which could
be indicative of a decrease in the cell’s ability to randomize
orientation and hence engage in the biased random walk that is
at the heart of chemotaxis. One prior study (Nishiyama et al., 2013)
showed that, at 20°C, extremely high hydrostatic pressure (=120
MPa) was required to induce a counterclockwise to clockwise
reversal of the flagellar motor in an E. coli mutant deficient in
chemotaxis signaling (AcheY), while at 9°C, pressures <60 MPa
were required to induce reversal. While an intriguing finding, that
study by Nishiyama et al. (2013) is the field’s only insight into P-T
impacts on chemotaxis. Thus, future work with these strains will
focus on elucidating the effect of low temperature and high
hydrostatic pressure on microbial hydrocarbon chemotaxis.
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While the impact of pressure on shallow water-adapted marine
microbes varies, as exemplified by our study, we generally observed
that the major effects of pressure began at ~40 MPa, equivalent to
4,000 mbsl. Given that approximately 55% of the ocean volume
experiences pressures of 40 MPa or greater (Knauss and Garfield,
2017), P-T effects on both motility and chemotaxis, as a function of
the rich diversity of prokaryotes present within the ocean, could
have profound consequences on the rates of microbially-mediated
chemical transformations at depth.
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