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Abstract

Marine microbial ecology is usually investigated over large spatial and temporal
scales, under the assumption that planktonic organisms and solutes are homo-
geneously mixed. However, it is becoming increasingly apparent that the sea-
scape experienced by marine microorganisms is in fact rather heterogeneous and
punctuated by chemical hotspots derived from planktonic organisms as well as
sinking and suspended organic particles. Motile bacteria and archaea can exploit
these hotspots to enhance their growth. Within these chemically rich microscale
environments shaped by diffusion and flow, individual cells can also interact with
other microorganisms, inducing ripple effects that have consequences across the
entire marine food web. Here we describe the physical and biological processes
that structure the ocean at the scale of marine microbes, the adaptations enabling
them to navigate this patchy seascape, and the way these microscale behaviors
can scale-up to influence large-scale biogeochemical processes.
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2.1 Introduction

The marine environment is one of the largest reservoirs of bacteria and archaea on
Earth, with each liter of seawater containing approximately 1 billion cells. Latest
estimates suggest that a total of 10 bacteria and archaea populates the world’s
ocean (Kallmeyer et al. 2012), accounting for ~70% of the total marine biomass
(Bar-On et al. 2018). This abundance encompasses a wide phylogenetic diversity
and a broad range of trophic strategies (Lauro et al. 2009). At one end of the trophic
spectrum, oligotrophs are adapted to environments with low levels of nutrients and
these microorganisms are characterized by slow growth, low metabolic rates, small
cell sizes, streamlined genomes, and a lack of motility (Overmann and Lepleux
2016). Some, such as Pelagibacter ubique, numerically dominate open ocean
communities (Giovannoni 2017) and need only a few specific nutrients to grow
(Carini et al. 2013; Tripp et al. 2008). In the nutrient-poor waters they inhabit,
oligotrophs rely on molecular diffusion, which brings enough nutrients to their
contact to sustain growth (Zehr et al. 2017). At the other end of the trophic spectrum,
copiotrophs thrive in nutrient-rich environments. They grow rapidly, have high
metabolic rates, large cell sizes, possess larger genome sizes, and are often motile.
In addition, they are well equipped to sense, integrate, and respond to extracellular
stimuli (Lauro et al. 2009), allowing them to find and exploit nutrient patches and
hotspots. Although copiotrophs represent a small percentage of the free-living
microorganisms in the open ocean, they account for most of the organisms on
sinking particles (Lambert et al. 2019). While oligotrophy and copiotrophy are
often represented as a dichotomy, there is in fact a continuum of trophic strategies
between these extremes (Lauro et al. 2009), which enables a wide diversity of
microorganisms to exploit hotspots of nutrients in the ocean.

The environment experienced by individual microbial cells in the water column is
surprisingly heterogeneous, punctuated by chemical patches and pulses, as well as
sinking and suspended organic particles (Azam 1998; Stocker 2012). This micro-
scale heterogeneity influences the behavior, physiology, and trophic interactions of
microorganisms and ultimately impacts their contribution to biogeochemical cycles
(Azam and Long 2001; Smriga et al. 2016; Stocker et al. 2008). Yet, recognition of
this heterogeneity and its importance is only recent. As a result, the ecology of
marine bacterial and archaeal communities has only rarely been studied at scales that
reflect the microscale environments experienced by these organisms. Indeed, micro-
bial processes within the pelagic ocean are traditionally investigated over large
spatial and temporal scales, under the assumption that planktonic organisms and
solutes are homogeneously mixed by turbulence. Consequently, patterns in micro-
bial abundance, activity, and diversity have most commonly been examined in the
context of mesoscale oceanographic features (e.g., currents, eddies, and gyres) or
large-scale gradients (e.g., temperature and salinity) using bulk sampling techniques
such as Niskin bottles that collect liters of seawater. However, multi-liter seawater
samples exceed the scales of important microscale features and microbial
interactions by over one million-fold in volume. To draw a parallel, this would be
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equivalent to studying the foraging behavior of coral reef fishes by sampling them
with a device 100 times larger than an oil supertanker.

Evidence has confirmed that many marine bacteria and archaea are well equipped
to navigate and exploit the heterogeneous seascape they inhabit (Blackburn et al.
1998; Brumley et al. 2019; Son et al. 2016; Stocker et al. 2008), emphasizing the
importance of studying these organisms at the appropriate scale and the need to
integrate the effects of microscale gradients into studies of marine microbial ecology.
The few studies that have examined the distribution and diversity of marine
microbes at sub-centimeter scales have revealed that bacterial abundances in
localized hotspots can be an order of magnitude higher than background (Seymour
et al. 2000), that microscale patchiness exists in species richness (Long and Azam
2001), and that marine bacteria and archaea can use motility and chemotaxis to
aggregate in microscale nutrient hotspots (Fenchel 2001; Lambert et al. 2017,
Mitchell et al. 1996). Although these fine-scale field results are consistent with
theoretical predictions (Azam 1998; Kigrboe and Jackson 2001) and laboratory
studies (Blackburn et al. 1998; Smriga et al. 2016; Stocker et al. 2008), they are
rare, and our perception of the life of a microbe in the ocean is only beginning to
emerge. In this chapter, we consider the pelagic ocean from the perspective of a
planktonic microorganism, by describing the microscale physics of seawater, the
chemical and biological phenomena that define microscale seascapes, and the
behavioral and physiological adaptations that permit marine microbes to succeed
in this patchy and dynamic world.

2.2  The Physics of Marine Microenvironments

While the ocean represents an incredibly complex environment at the microscopic
scale, rich with a multitude of nutrient sources and microbial species, our under-
standing of the physics at play enables us to establish some general principles. In this
section, we outline how two key physical drivers, namely molecular diffusion and
fluid flow, define marine microenvironments in terms of nutrient concentration
dynamics. We then present some general considerations of the challenges and
opportunities for bacteria in the resulting resource seascape, with the overall goal
of providing an intuition about microbial processes at the microscale.

2.2.1 Diffusion and Flow Shape Microscale Nutrient Seascapes

Molecular diffusion is the key physical phenomenon that shapes the chemical
seascape at the microscale. In the absence of flow, even an initially localized release
of nutrients, for example, from a lysing cell, will result in a slowly extending patch,
as thermal agitation at the molecular scale disperses the resource. This patch of
nutrient will thus be smoothed out progressively over time until it reaches the level
of background concentration, at which point it becomes difficult for copiotrophic
bacteria to exploit. Typically, for a molecule with diffusivity D, a point source
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spreads to a distance L = (6Dr)""? after a time 7. As this scaling law shows, the rate of
expansion (dL/df = (3D/2 1)'"?) will decrease with time, and is set by the compound’s
diffusivity D. Considering a typical diffusivity of D = 0.5 x 10~° m%/s for small
molecules, a point source will become a patch of 250 pm diameter in 20 s and of
2 mm diameter in 20 min. As the patch expands with time, the gradients of
concentration at its edges become smaller, as do the peak and mean concentrations
of the patch which scale as 32 (Fig. 2.1a, b) (Berg 1993; Blackburn et al. 1997,
Jackson 2012). For example, the concentration of a compound originating from a
lysing event from a cell of radius R will be diluted 1000-fold relative to the
intracellular concentration when the pulse has expanded to a distance L = 10R,
which occurs over a typical time r = (10R)*/6D, or ~ 20 s for R = 25 pm and
D = 0.5 x 1072 m%/s. The time to dilution will thus vary strongly between lysing
cells of different sizes (Fig. 2.1c¢).

The dependence of the timescale for diffusive spreading on the diffusivity of the
solute means that different compounds will not diffuse at the same rate: high-
molecular-weight compounds diffuse more slowly than their smaller dissolved
counterparts, and will generate more persistent gradients (Stocker and Seymour
2012). For instance, the diffusivity of the small dissolved monomer glucose is
D = 0.5 x 107° m%s (Ziegler et al. 1987), whereas the large polysaccharide
laminarin is D = 1.5 x 107'" m%s (Elyakova et al. 1994), demonstrating the
variability of molecular diffusivities found in organic compounds. As the content
of a cell is a rich cocktail of many substances (Hellebust 1965) that diffuse at
different rates, the lifetime and dynamics of a nutrient pulse from a cell lysing
event depend on the molecular composition of the cell’s cytoplasm. Overall, diffu-
sion will smooth out any localized and transient source of nutrient into the back-
ground concentration. As we discuss below, active foraging of copiotrophic bacteria
can, among other benefits, provide a way to cope with this need for timely exploita-
tion of resources before they disappear.

Diffusion also governs the nutrient profiles around sources of nutrients with a
steady release, such as live phytoplankton cells with a constant leakage of
photosynthates (Fig. 2.1d; Bell and Mitchell 1972; Blackburn et al. 1998; Cirri
and Pohnert 2019; Seymour et al. 2017; Smriga et al. 2016). In this case, in the
absence of flow and without strong uptake by other cells, a steady decreasing
nutrient profile is established by diffusion around the algal cell (Fig. 2.1e), with
concentration inversely proportional to the distance from the center of the cell
(Kigrboe et al. 2002). The microenvironment immediately surrounding phytoplank-
ton cells is known as the phycosphere, it is characterized by a concentration of
nutrients higher than the bulk seawater but also by its bacterial accumulation
potential (Bell and Mitchell 1972; Cole 1982; Seymour et al. 2017; Stocker 2012)
and represents one of the most well-studied nutrient hotspots in the ocean (Azam and
Malfatti 2007; Miihlenbruch et al. 2018; Thornton 2014). The extent of the
phycosphere increases with the size of the phytoplankton cell and typically extends
over a few cell radii. For example, for a phytoplankton of radius 10 pm, the above-
background nutrient concentration will typically establish over 20-50 pm (Fig. 2.1f).



2 Survival in a Sea of Gradients: Bacterial and Archaeal Foraging in a. .. 51

)M concent

[=]
<]

100 200 300
ce from phytoplankion cell centre [um]

dius [pm]

Fig. 2.1 Ephemeral (lysing events) and permanent (phycosphere) nutrient patches from algal cells.
(a) An artist’s impression of the lysis of a phytoplankton cell, resulting in a strong yet ephemeral
pulse of dissolved organic matter (DOM). (b) The DOM concentration field as it evolves over time
after a lysis event. Concentration was computed using a mathematical model of diffusion from a
pulse source, following Seymour et al. (2010a). The horizontal axis shows the distance from the
center of a lysing cell of radius 25 pm, which bursts open at time 0, releasing an intracellular
concentration of 100 mM of a small-molecule compound (diffusivity 0.5 x 1072 m?%s). (c) Scaling
of the time to dilution of a lysis patch for different phytoplankton sizes. The intracellular concen-
tration was set to 100 mM with diffusivity D = 0.5 x 107" m%/s. For each cell size, the size of the
patch grows as L = (6D1)"? and is considered diluted when its average concentration has been
reduced to 10 times the background concentration of 10 nM. (d) An artist’s impression of the
diffusion boundary layer around an individual phytoplankton cell, which incorporates the
phycosphere where concentrations of DOM are enhanced over background level. (e) The decay
of DOM concentration with distance from the center of a DOM-exuding phytoplankton.
Concentrations are shown for phytoplankton of two different radii: 10 pm (bottom light green
curve) and 50 pm (top magenta curve). The black dashed line shows a bulk background concentra-
tion of 10 nM (typical of many organic solutes in the ocean). The DOM concentration fields were
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Steady diffusive profiles can also be found emanating from the surface of large
organisms leaking nutrients, such as corals or sponges, and from the sediment—water
interface. At these interfaces, the nutrient concentration decays with distance from
the surface. Specifically, assuming a constant and uniform release rate (for example,
of hydrogen sulfide from the sediment surface), molecular diffusion will spread the
nutrient away from the surface according to a linear concentration gradient
extending a fraction of a millimeter (0.1-1 mm) into the water (Schulz and Jgrgensen
2001).

These characteristics of nutrient sources, both the transient hotspots linked to the
sudden release of nutrients and the more stable nutrient profiles around steady
sources, were established considering only diffusive transport. The resulting size
of these hotspots and the resulting strength of nutrient gradients within them directly
influence microbial foraging, for example, by determining growth of microbes able
to localize within phycospheres and the gradients that chemotactic microbes can
exploit to seek phytoplankton cells. One would intuitively think that fluid flow and
turbulence in the ocean significantly modify these nutrient profiles. It turns out that at
the microscale, the mixing effect of turbulence remains subordinate to diffusion in
governing the concentration of nutrients. If we consider an initial nutrient patch on
the scale of millimeters to centimeters (Fig. 2.2), turbulence will stir, stretch, and fold
the patch into thin sheets and filaments (Taylor and Stocker 2012). As a conse-
quence, turbulence initially enhances heterogeneity at the microscale. These fine
structures become progressively smaller, down to the Batchelor scale (Box 2.1),
which typically ranges from 30 to 300 pm in the ocean (Guasto et al. 2012). As even
very large sources of solute are ultimately stirred into Batchelor-scale filaments and
sheets, the Batchelor scale provides a universal scaling for microbial oceanography
(Stocker 2015). For any patch smaller than this scale, turbulence will not fragment
the profile formed by diffusion, but will simply stretch it. The importance of this
deformation relative to pure diffusion is captured by the turbulent Péclet number
(Box 2.2; Guasto et al. 2012).

Fig. 2.1 (continued) obtained by solving the steady diffusion equation for a constant source,
following Seymour et al. (2010a). The phytoplankton cell was assumed to have an intracellular
concentration of 100 mM, a 1-day typical doubling time, and to exude 100% of its daily production
of the solute. This upper limit for the exudation rate is most applicable to stressed or senescent cells.
The diffusivity for the solute was D = 0.5 x 10~° m%/s. (f) Phycosphere radius as a function of cell
radius. The red line corresponds to the size of the region around a cell where the concentration of a
specific compound is >50% above background, shown here for a compound with diffusivity of
D=05x 10" m%s, a leakage fraction of 5%, a phytoplankton growth rate of one per day, and a
background concentration of this compound of 10 nM. The light-blue shaded region shows the
variation of the phycosphere size when exudation rate is 10 times lower to 10 times higher. The cells
presented on panels (c¢) and (f) are, from smaller to larger, Prochlorochoccus, Synechococcus,
Emiliania, = Chlamydomonas, Thalassiosira, — Chaetoceros, Alexandrium, Chattonella,
Coscinodiscus, Asterionellopsis, and Ceratium
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Fig. 2.2 Turbulence can contribute to patchiness and heterogeneity. The cube represents a
numerical simulation of the effect of turbulence on a patch of dissolved organic matter (DOM),
with shading indicating the DOM concentration. Turbulence stretches, folds, and stirs the initial
DOM patch to create a tangled web of sheets and filaments as small as the Batchelor scale
(30-300 pm in the ocean). The characteristic timescale of this process, for a 2.5-mm patch in
moderately strong turbulence (turbulent dissipation rate = 10~® W/kg), is in the order of 1 min. The
computational domain size is 5.65 cm (Taylor and Stocker unpublished)

Box 2.1 The Batchelor Scale

The Batchelor scale, Ly = (v D*/e)"*, is the lowest scale at which turbulence
can generate variance in the distribution of nutrients. Below this size, molecu-
lar diffusion dissipates gradients, thereby truly mixing solutes. Here, v
=10"% m%/s is the kinematic viscosity of water, D is the solute’s diffusivity,
and e is the turbulent dissipation rate, characterizing the intensity of

(continued)
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Box 2.1 (continued)

turbulence. The Batchelor scale Ly increases with diffusivity, and decreases
with increasing dissipation rate. For typical marine conditions, the turbulent
dissipation rate & varies between 10~® and 10~'° W/kg, which for small
molecules (D ~ 107° mz/s) corresponds to Lg = 30 pm to 300 pm (Guasto
et al. 2012).

Box 2.2 The Péclet Number

The Péclet number Pe is a nondimensional parameter estimating the ratio of
the magnitude of transport by both flow and molecular diffusion,
characterizing how important each mechanism is at moving nutrients around
an object. If Pe < 1, diffusion is the dominant mechanism of transport and flow
plays a lesser role in the formation of nutrient concentration profiles. Its
general expression Pe = UR/D depends on a typical speed U, a typical size
R, and the diffusivity of the solute D. For example, for a small patch of size
R in turbulence with dissipation rate e, the typical speed will be R(e/v)"* and
thus Pe = R*(e/v)""*/D will quantify how much turbulence deforms this patch
from its purely diffusive shape. Strong turbulence (¢ = 10~® W/kg) acting on a
patch of small molecules (D ~ 10~° m?/s) of radius R = 50 pm thus results in
Pe = 2.5, characteristic of a strong deformation of the patch by the turbulent
flows. Alternatively, a particle of size R sinking at speed U will have an
associated Pe = UR/D that will determine the shape of its plume (Fig. 2.3;
Guasto et al. 2012; Kigrboe and Jackson 2001; Stocker et al. 2008).

Turbulence also impacts the nutrient profiles originating from solid surfaces. In
this situation, turbulence does not mix freely, but is damped by the presence of the
surface. The region close to the surface where turbulence is quenched and diffusion
dominates transport is called the “diffusion boundary layer” (DBL) (Schulz and
Jgrgensen 2001; Thar and Kiihl 2002). DBLs can be found around all solid surfaces
in the ocean, from corals to sediments, and they also surround marine snow particles
and phytoplankton cells. The diffusive transport results in mostly steady gradients of
solute, providing a robust cue to the location of the source to chemotactic
microorganisms. The stronger the surrounding flow, the thinner the DBL, and
hence the greater the solute transport to and from the surface (for example, over
corals in flow) (Kiihl et al. 1995). For phytoplankton cells, the phycosphere as
described above corresponds generally with the DBL (Seymour et al. 2017).

Finally, the shape of the nutrient seascape in the ocean is also strongly determined
by the sinking motion of leaking objects, such as marine snow particles and fecal
pellets (Kigrboe and Jackson 2001). As they move through the water column while
releasing solutes, marine snow particles and fecal pellets generate a quite different
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Pe =10,000

Fig. 2.3 Marine particles. (a) An artist’s impression of the plume of dissolved organic matter
emanating from a sinking marine snow particle (b—d). The shape of the plume for sinking particles
of different Péclet numbers. The Péclet number Pe = UR/D for a particle of size R releasing a solute
of diffusivity D and sinking at speed U characterizes the importance of flow in shaping the plume
with respect to pure diffusion (Pe = 0). Shown are plumes for Péclet numbers of (b) Pe = 0, (c)
Pe = 100, and (d) Pe = 10,000, corresponding to a static particle, a slow sinking particle, and a fast-
sinking particle, respectively. Reproduced from Kigrboe et al. (2001), with permission

nutrient signature from the static diffusive sources described above, as what would
be a spherical DBL is deformed into a comet-like plume. The concentration seascape
they generate is strongly asymmetric with a thin layer of higher concentration
characterized by strong gradients preceding these particles and a long solute tail
with concentration higher than background in their wake (Kigrboe and Jackson
2001; Stocker et al. 2008). This asymmetry, and thus the slenderness of the plume,
increases with increasing Péclet number, and thus, for example, with increasing
sinking speed (Box 2.2 and Fig. 2.3). This plume is itself subject to diffusion and
turbulence and ultimately becomes diluted in the background (Kigrboe and Jackson
2001; Visser and Jackson 2004).

2.2.2 A Bacterial View of the Microscale Ocean

Physical phenomena define the chemical seascape at the microscale, resulting in a
heterogeneous mosaic of transient hotspots amidst otherwise nutrient-poor waters.
To understand the value of microbial behaviors, such as motility and chemotaxis, to
navigate this seascape of resources, it is useful to picture the typical distances
between cells in the ocean, as these distances have direct implications for the rates
at which bacteria might expect to encounter, for example, a phytoplankton cell. If we
take a typical concentration of bacteria of 10° cells/mL—a relatively conserved
value across the world’s ocean—and distribute these cells uniformly in space, then
the distance between a bacterium and its nearest neighbor would be 100 pm, i.e.,
~100 body lengths. This separation does not change much with small changes in cell
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concentration, as it varies with the cubic root of the cell density (for example, 10°
cells/mL corresponds to a nearest neighbor distance of roughly 200 pm). Regarding
the typical distance of these bacteria from potential sources of nutrients at the
microscale, consider again a bacteria concentration of 10° cells/mL together with a
phytoplankton population at a typical cell density of 10* cells/mL, both uniformly
distributed. Then, for each individual bacterium, the nearest phytoplankton cell is at
a distance of the order of 1 mm. Once again, this distance hardly varies with small
variations in cell density. Overall, these considerations paint a picture of the ocean as
a dilute suspension of microorganisms, with bacteria separated by many cell
diameters from other bacteria and potential nutrient sources such as phytoplankton
cells.

How can bacteria then find their way to nutrient hotspots? In the absence of
motility, bacterial cells are subjected to Brownian motion, the small fluctuations in
position driven by random collisions with water molecules. Brownian motion of a
bacterium can be quantified by the diffusivity Dg = k7/(6zpR) which is inversely
proportional to bacterial radius R and proportional to temperature 7, with other
parameters k Boltzmann’s constant and p the dynamic viscosity of seawater. For
typical seawater conditions at 10 °C, Dy is of the order of 3.5 x 107> m%/s for a
bacterium of radius 0.4 pm. As a result of the random path they follow by Brownian
motion, nonmotile bacteria will cover a typical distance L = (6DgH)'? in a time 7.
These distances are small: for example, L ~ 35 pm in 10 minutes and L ~ 450 pm in
one day. These values suggest that over the timescale of a day, a bacterium might
encounter another bacterium. However, if we ask how long it would take to cover the
typical separation with a phytoplankton cell L ~ 1 mm, the estimated time rises to
t ~ 6 days (Smriga et al. 2016). This timescale is not only large compared to the
doubling time of the bacterium, which could thus begin to starve during its random
search, but it is also large compared to the lifetime of a transient hotspot of nutrients.
For example, the mean concentration of an algal lysis patch with initial size
R = 25 pym for a small nutrient with D = 0.5 x 10~° m?%s decreases from an
intracellular concentration of 100 mM (ten million times the background concentra-
tion of 10 nM) to 100 nM (just 10 times the background concentration) after around
30 min. Therefore, in most cases, random motion by Brownian diffusion will not
increase the chances of nonmotile bacteria encountering transient nutrient sources
beyond the rare case of a hotspot arising near them by chance (Fig. 2.4a) (Smriga
et al. 2016).

We can actually estimate the encounter rate between microbes more precisely,
based on their respective sizes and diffusivities. If we consider one bacterial cell
(having radius r and Brownian diffusivity Dg) and ask how often it is expected to
encounter an algal cell (of radius R, Brownian diffusivity Dg ,, and cell concentra-
tion C,), the average encounter rate will be given by 4n(Dg + Dg ,)(r + R)C», in cells
encountered per day. If we consider nonmotile bacteria of radius » = 0.4 pm, and
algal cells of radius R = 25 pm and cell concentration C, = 10? cells/mL, on average
one bacterium will encounter 0.01 algal cells over the course of a day, making the
probability of arriving at the time of a lysis event very small.
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Fig. 2.4 Different motility strategies result in different probabilities of encounter with other cells
and nutrient hotspots. (a) Nonmotile bacteria diffuse randomly driven by Brownian motion, with
small domains explored in an example timescale of 10 min, giving a low probability of encounter-
ing other bacterial cells, and an even lower probability of entering a phycosphere (dashed line
around phytoplankton cell). (b) Motile bacteria swim with a random pattern alternating straight runs
and random reorientation. This more rapid random walk allows them to explore much larger
domains, with the potential for many encounters with other bacteria and the potential “lucky”
encounter with a phycosphere. (¢) Chemotactic bacteria swim with the same random motion in the
absence of a nutrient gradient. However, as soon as they detect a patch of higher nutrient
concentration (e.g., entering the phycosphere marked by a dashed line), their random walk becomes
biased toward the source, thus enabling them to rapidly navigate to the center of a nutrient patch and
retain position there (red path)

Given the typical length scales and timescales that characterize the heterogeneous
seascape of nutrients at the microscale, random Brownian motion is thus not an
effective strategy to exploit transient nutrient hotspots. In contrast, bacterial motility,
a feature of most copiotrophic bacteria, represents a game changer. Swimming
bacteria possess one or several corkscrew-shaped flagella that they rotate to move
through fluids (the characteristics and distribution of motility in marine bacteria are
described in Sect. 2.4). The resulting motion achieves typical speeds of 50 pm/s,
with some species measured at speeds as fast as several hundred micrometers per
second (e.g., large sulfur bacteria living above sediment such as Thiovolum majus
(Fenchel 1994)), which represents several hundreds of body lengths per second. This
fast-swimming motion does not follow a straight line: similarly to the run-and-
tumble motion of the enteric bacterium Escherichia coli, marine bacteria often
alternate straight “runs” with random reorientations (described in Sect. 2.4). This
motility pattern, like Brownian motion, results in a random walk in space, but the
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greater magnitude of displacements greatly increases the volume explored by bacte-
rial cells and thus their chances of encountering resources.

Indeed, a bacterial diffusivity D,, (not to be confused with Brownian diffusivity)
can be computed from the pattern of bacterial motion. When tracking in three
dimensions the displacement r(¢) of a bacterium with time (i.e., the distance covered
from its original position), the mean square displacement <r(f)> > (where angular
brackets denote a mean over several choices of time origin) for a randomly swim-
ming cell will evolve linearly with time after a timescale ¢ of a few seconds, the slope
being equal to 6D,, with D, the bacterial diffusivity linked to random motility. This
diffusivity is ranging typically from 5 x 107'° m%s to 8 x 1072 m*/s (Kigrboe
2008), so varying at most by one order of magnitude between bacterial species. From
this bacterial diffusivity, one can determine the typical lengths explored by a
swimming bacterium. During a time ¢, the size of the domain explored by a randomly
swimming bacterium is once again given by the scaling L = (6D,f)""* (similar
scaling as for Brownian motion but now with bacterial diffusivity in the place of
Brownian diffusivity). Using a bacterial diffusivity D, = 10~° m?/s, we thus deduce
that a motile bacterium explores a domain of typical size L ~ 2 mm in 10 min and
size L ~2 cm in a day! This is almost 50 times larger than the distance that could be
reached by purely passive Brownian diffusion, and the volume explored is corre-
spondingly greater by a factor of 50°. Moreover, using the diffusive encounter rate
formula above replacing Brownian diffusivity Dg by swimming diffusivity
D, = 10~ m%/s reveals that these motile bacteria would now on average encounter
around 25 algal cells (of radius R = 25 pm and at a cell concentration of 10° cells/
mL) over the course of one day (note that more precise estimates would require a
fuller model of encounter than the simplified diffusive process used here as a first
approximation). Motility thus greatly increases the chances of bacteria encountering
other cells or nutrient hotspots (Fig. 2.4b) (Lambert et al. 2019). The possibility to
reach a transient resource such as a lysing algal cell, or a sinking particle, is
significantly enhanced by motility, and the rewards associated with these rich
nutrient sources could explain the preservation of this behavior in the oceans,
where the background concentration of nutrients can be very low (as described
below).

It should be noted that this description of random encounters, while providing an
idea of the time and length scales at play, represents a simplification with regards to
natural systems, in which other parameters such as cell shape and flow could also
influence successful encounters. For example, it has been shown that elongated
motile bacterial cells can be reoriented by the flow around a sinking particle. This
interaction with flow can reorient cells so that their initially random swimming
direction ends up facing the particle, favoring their arrival onto the particle and
thus increasing the number of successful encounters (Stomka et al. 2020). The
characterization of bacterial encounters in the ocean, in general, has many facets
that await study, and we foresee many potential developments in this area.

We have up to here considered only random encounters, based on either
Brownian motion or random bacterial motility. However, a large number of motile
bacteria are also chemotactic, which means that they can sense gradients of certain
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nutrients and move in the direction of higher concentrations (behavior described in
detail in Sect. 2.4). This chemotactic behavior is achieved by incorporating a bias
into the random swimming pattern described above. Bacterial cell bodies are gener-
ally too small to be able to sense a gradient of nutrients over their cell length, with
only few known exceptions for larger bacteria (Thar and Kiihl 2003). Therefore,
chemotaxis occurs by sensing how the local nutrient concentration varies during a
straight run. If the bacterium senses an increasing concentration, the run lasts longer;
in contrast, if it senses a decreasing concentration, it tends to “tumble” and change
direction earlier. The net result of these biased runs is a general drift of the bacterium
toward higher concentrations, such as the center of a nutrient patch or a phycosphere
(Fig. 2.4c¢). Therefore, a chemotactic bacterium does not rely upon randomly moving
to the center of a nutrient patch, as above for the random motility case. As bacteria
can sense small concentration differences, a bacterium simply needs to randomly
encounter the gradients of concentrations at the edge of a nutrient patch and then
chemotaxis allows it to quickly swim toward the center of the patch to reach the
highest nutrient concentrations. As diffusion disperses nutrients over large distances,
this random encounter with the edge of a diffusing patch leading to quick motion to
its nutrient-rich center is much more frequent than random swimming leading a cell
by chance to the center of a patch. For example, let us consider again phytoplankton
cells of radius 25 pm at a cell density of 10° cells/mL surrounded by chemotactic
bacteria with random swimming diffusivity D, = 10~° m?%s in the absence of
gradients. If we assume that these bacteria can detect the edge of a phycosphere at
a distance ~250 pm—so 10 times cell radius—away from an exudating phytoplank-
ton cell, the average number of phycospheres encountered by random motility will
be 10 times more than encounters with the phytoplankton cells themselves. Using
the diffusive encounter rate estimate presented above, we can indeed estimate that a
chemotactic bacterium will encounter on average 250 phycospheres per day. Each
random encounter with the edge of a phycosphere can lead afterward to chemotactic
behavior to reach the phytoplankton cell. Moreover, chemotactic bacteria will be
better able to retain position in a patch that they have encountered without dispersing
away as would bacteria that swim randomly.

These simple estimates suggest that chemotaxis could significantly enhance the
access to transient nutrient patches for copiotrophic bacteria before they diffuse
away, and thus promote the survival of these strains. Indeed, intense aggregations of
bacterial cells at the microscopic scale in seawater have been observed, and it has
been proposed that they arise from chemotaxis to microscale pulses of nutrients
(Blackburn et al. 1998). Video microscopy observations have revealed a fast and
strong chemotactic response of the marine bacterium Pseudoalteromonas
haloplanktis to nutrient pulses, resulting in up to 87% increase in potential nutrient
uptake of the population (Stocker et al. 2008). While earlier theoretical studies of
these behaviors predicted only modest gains from chemotaxis (Jackson 1987;
Mitchell et al. 1985), they were based, in the absence of specific information for
marine bacteria, on the behavioral parameters of E. coli. Marine bacteria have since
been shown to possess chemotactic abilities that can be much higher than that of
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E. coli allowing cells to efficiently exploit localized nutrient patches (Brumley et al.
2019; Mitchell et al. 1995a, b, 1996; Stocker et al. 2008).

Imaging of the chemotaxis of bacteria from seawater enrichments toward lysing
diatoms, combined with modeling of nutrient uptake, suggests that uptake is hetero-
geneous, for both chemotactic and nonmotile bacterial populations alike (Smriga
et al. 2016). This heterogeneity stems from the short duration of the nutrient pulses,
which gives advantage to cells that were already close to the source at the time of
lysis. Scaling up of these results to the typical phytoplankton concentrations in the
ocean predicts that chemotactic, copiotrophic strains can outcompete nonmotile,
oligotrophic strains during phytoplankton blooms and bloom collapse conditions,
periods characterized by abundant lysing events (Smriga et al. 2016).

Chemotaxis is also important for the exploitation of particles by bacteria, where
motility and chemotaxis can be beneficial in two ways. First, by increasing the
encounter rate with particles, as has been demonstrated experimentally using model
particles made of agar for which colonization could be quantified (Kigrboe et al.
2002). Motile bacteria have much higher rates of colonization than nonmotile
bacteria with chemotaxis further enhancing encounter by a factor of 5-10 with
respect to random motility. Similarly, mathematical modeling predicts that chemo-
taxis enhances encounter rates with particles by two- to fivefold for particles ranging
from 200 pm to 1.5 cm diameter (Kigrboe and Jackson 2001). This increased
encounter rate could explain how motile, chemotactic species—which represent a
minority of bacterial cells found in the water column—are often dominant on marine
particles (Fontanez et al. 2015; Ganesh et al. 2014; Guidi et al. 2016; Lambert et al.
2019; Lauro and Bartlett 2008). Second, chemotactic bacteria can exploit the plume
of nutrients leaking out of particles as they sink (Fig. 2.3). Assuming optimal
chemotactic behavior, this use of marine snow plumes by chemotactic bacteria
increases the growth rate of free-living bacteria by twofold for large particles
(1.5 cm radius) and by 20-fold for small particles (200 pm radius) (Kigrboe and
Jackson 2001). Based on established particle size spectra in the ocean, this suggests
that chemotactic bacteria would achieve a growth rate 10 times that of a
non-chemotactic motile population. These predictions are supported by observations
of strong bacterial accumulation within DOM plumes created in a microfluidic
device, resulting in a predicted fourfold nutrient gain of chemotactic bacteria com-
pared to nonmotile ones (Stocker et al. 2008). Together, results from these modeling
and experimental studies indicate that motility and chemotaxis can greatly enhance
the ability of marine bacteria to use particles and their plumes as resources.

Finally, recent work has started to reveal the impact of motility and chemotaxis on
bacteria population diversity (Gude et al. 2020) and fitness (Cremer et al. 2019; Liu
et al. 2019). While these works used the model enteric bacterium E. coli growing in
soft agar plates, their findings have potential implications for the marine environ-
ment. Indeed, chemotaxis could provide a fitness advantage by driving population
colonization of unexplored substrates ahead of complete nutrient depletion and
starvation, as established by observing E. coli colony expansion on soft-agar plates
(Cremer et al. 2019). This ability to colonize new resource islands could play a role
in particles or sediments. Similarly, motility can promote bacterial diversity on a
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structured patch of resources, allowing coexistence between slow-growing motile
strains and fast-growing nonmotile populations (Gude et al. 2020). Indeed, while
motility and chemotaxis provide fitness benefits in terms of access to nutrients, these
traits are costly behaviors. It has recently been suggested that E. coli invests in
motility and chemotactic behavior in proportion to the fitness benefit obtained by
chemotaxis (Ni et al. 2020), thus demonstrating the delicate optimization of this
behavior.

23 Sources and Nature of Microscale Gradients in the Ocean

In the ocean, the chemical seascape that bacteria experience is highly heterogeneous,
characterized by vast expanses of extremely dilute background seawater punctuated
by rich hotspots of dissolved and particulate nutrient resources. These chemical
microenvironments are likely to be tremendously important for the growth, abun-
dance, and diversity of bacteria (especially copiotrophs), and are derived from a
diverse assortment of ecological processes, such as digestion, exudation, lysis, and
excretion by the numerous members of the microbial community, but also from the
diverse macroorganisms inhabiting the water column. Here, we review the multiple
sources of chemical gradients in the ocean that form important nutrient hotspots for
heterotrophic bacteria (Fig. 2.5).

2.3.1 The Phycosphere

Phytoplankton cells can release up to 50% of the carbon that they fix through
photosynthesis into the surrounding seawater (Thornton 2014), either in the form
of dissolved organic molecules such as carbohydrates (monosaccharides,
oligosaccharides, and polysaccharides), nitrogenous compounds (amino acids,
polypeptides, and proteins), fatty acids, and organic acids (glycolate, tricarboxylic
acids, hydroxamate, and vitamins), or as matrices made of complex polysaccharides
and lipids (Aaronson 1978; Fogg 1977; Fossing et al. 1995; Hellebust 1965;
Jenkinson et al. 2015; Jones and Cannon 1986; Lancelot 1984). The exuded DOM
is broadly representative of the molecular composition of phytoplankton cells, which
contain approximately 25-50% proteins, 5-50% polysaccharides, 5-20% lipids,
3-20% pigments, and 20% nucleic acids (Emerson and Hedges 2008). The mono-
saccharide composition of the surface ocean is similar to phytoplankton exudates,
suggesting that phytoplankton is a significant source of carbohydrates in the ocean
(Aluwihare et al. 1997; Biersmith and Benner 1998).

The phycosphere is the microenvironment directly surrounding phytoplankton
cells that are characterized by locally elevated concentrations of organic matter
arising from the exudation of photosynthates by the phytoplankton (Bell and
Mitchell 1972; Cirri and Pohnert 2019; Seymour et al. 2017; Smriga et al. 2016).
It is considered as the aquatic analog of the rhizosphere in soil ecosystems (Philippot
et al. 2013; Trolldenier 1987) and has direct implications for nutrient fluxes to and
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Fig. 2.5 Sources of gradients in marine environments and their size ranges. (a) Sources of
gradients. From left to right: bacterial lysis due to viral infection; phycosphere and phytoplankton
lysis; sinking particle; zooplankton excretion and sloppy feeding; transparent exopolymeric
polymers (TEPs); benthic organisms such as corals and sponges; fishes and marine mammals;
marine plants and macroalgae. (b) The scale of the sources of gradients, spanning eight orders of
magnitude. (c) The scale of the gradients themselves, spanning four orders of magnitude. The scale
of a gradient depends on the initial size of a resource patch, modulated by two processes, diffusion
and turbulence/flow (as presented in Sect. 2.2)

from algal cells (Amin et al. 2012; Seymour et al. 2017). Bell and Mitchell (1972)
coined the term “phycosphere” based on a series of experiments where they
demonstrated that filtrates from lysed phytoplankton cultures elicited significant
chemotaxis, and that the release of dissolved organic matter by phytoplankton
cultures contributes to the structure of their bacterial communities (Bell et al. 1974).

The phycosphere extends to a distance of a few cell diameters (Azam and
Ammerman 1984; Bell and Mitchell 1972) and, hence, display a large variation in
sizes across species which parallels the two orders of magnitude variation in size
among phytoplankton taxa (Figs 2.1f and 2.5). Furthermore, the size of the
phycosphere will vary depending on phytoplankton growth and exudation rate, as
well as the diffusivity of the exuded compounds and their background concentration
in bulk water (Seymour et al. 2017). For example, older cells tend to release high
molecular weight DOM by secretion or cell lysis (Buchan et al. 2014; Passow 2002),
and the diverse sizes and lability of these molecules directly impact the physical
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characteristics of the phycosphere as well as the metabolism of surrounding bacteria.
Phycospheres are also present around phytoplankton cells in motion. Indeed, the
chemical plume left in the wake of swimming or sinking phytoplankton cells offers a
rich nutrient microenvironment that is exploitable by chemotactic bacteria (Barbara
and Mitchell 2003; Jackson 1987, 1989).

2.3.2 Zooplankton Excretion and Sloppy Feeding

Zooplankton ingestion, digestion, excretion, and exudation of dissolved organic
carbon also contribute to the patchiness of the microscale seascape (Moller et al.
2012; Stocker and Seymour 2012; Tang 2005), which can also impact the growth of
bacteria and phytoplankton (Birtel and Matthews 2016; Goldman et al. 1979;
Jackson 1980; Lehman and Scavia 1982a, b). For example, zooplankton cells release
organic nutrients into the water column through a process called “sloppy feeding” in
which they consume their prey only partially (Blackburn et al. 1997; Lampert 1978)
and the remains, therefore, form a nutrient hotspot available to bacteria (Fig. 2.5)
(Moller et al. 2012; Mgller 2005; Peduzzi and Herndl 1992; Saba et al. 2011).

Zooplankton excretion events increase the concentrations of organic and inor-
ganic substrates in the surrounding water (Lampert 1978; Peduzzi and Herndl 1992).
Quantification of zooplankton-mediated DOM release has shown that Daphnia
pulex and Calanus hyperboreus release up to 20% of ingested algal-derived carbon
(Copping and Lorenzen 1980; Lampert 1978). While the size and composition of the
chemical patch created by zooplankton emission will vary based on the identity of
the organism releasing it, excretion events by zooplankton have been modeled as
~100 pm wide pulses of inorganic substrates such as ammonium with initial
concentrations in the range 0.2-5 pM (Jackson 1980; McCarthy and Goldman
1979).

Copepod activity may also play a key role in providing organic substrates for
bacterial growth. It was recently revealed that copepods potentially benefit from
influencing the composition of microbial communities by attracting and “farming”
specific bacterial species in their “zoosphere” (Shoemaker et al. 2019). Indeed,
copepods may attract and support the growth of bacterial species of Vibrionaceae,
Oceanospirillales, and Rhodobacteraceae in waters surrounding them but also
appear to support the growth of specific groups of bacteria in or on the copepod
body, particularly Flavobacteriaceae and Pseudoalteromonadaceae (Shoemaker
et al. 2019).

2.3.3 Cell Lysis Events

Viruses also contribute to the formation of microscale chemical gradients in the
water column (Blackburn et al. 1998; Ma et al. 2018; Moran et al. 2016; Riemann
and Middelboe 2002). Viral infection of phytoplankton, bacterioplankton, protozoa,
and other microorganisms can result in cell lysis (Middelboe 2000; Riemann and
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Middelboe 2002; Suttle 1994; Suttle and Chan 1994), whereby the host cell’s
internal content is discharged into the water column (Fig. 2.5). It has been estimated
that 20-50% of all microbial biomass is killed daily by viruses at a rate of 10> lysis
events per second, introducing each year as much as 3 Gt of carbon (Suttle 2007)
into the organic carbon pool of the ocean (45-50 Gt) (Granum 2002; Granum et al.
2002).

As the internal content of a microbial cell contains concentrations of organic
compounds that are up to six orders of magnitude higher than the bulk seawater
(Flynn et al. 2008), nutrient-rich micropatches can be suddenly created upon lysis
(Figs. 2.1a—c and 2.5), and can persist for several minutes (Stocker and Seymour
2012). Virus infected cultures of the phytoplankton Micromonas pusilla release
dissolved organic carbon (DOC) enriched in peptides 4.5 times faster than nonin-
fected cultures, resulting in local enrichment of seawater (Lgnborg et al. 2013).
Studies with laboratory-based virus—host systems have shown that lysis can alter the
composition of DOM as well as its concentration (Middelboe and Jgrgensen 2006;
Weinbauer and Peduzzi 1995). In addition, the DOM released from virally infected
cells is enriched in nitrogen, amino acids, and cell wall compounds, relative to the
metabolites of noninfected cells (Ankrah et al. 2014; Middelboe and Jgrgensen
2006). Estimates have also revealed a stochiometric mismatch between phages and
their bacterial hosts with the former being enriched in phosphorus (Jover et al. 2014),
and a subsequent modelling approach predicted that most of the phosphorus and a
large fraction of the iron contained in bacterial cells might in fact be sequestered in
phage particles during an infection (Bonnain et al. 2016). These studies have
important implications for the composition and bioavailability of bacterial lysates.

2.3.4 Particles

Suspended and sinking particles provide a rich source of organic and inorganic
nutrients for heterotrophic bacteria (Figs. 2.3 and 2.5). Concentrations of substrates
associated with particles can exceed those present in the bulk seawater by more than
two orders of magnitude (Alldredge and Gotschalk 1990). Particle dimensions range
from sub-micrometer-sized colloids (Isao et al. 1990) to millimeter-sized aggregates
called “marine snow” (Alldredge and Silver 1988), which are mostly made of
coagulated dead phytoplankton cells (Alldredge and Silver 1988; Jackson 1990;
Simon et al. 2002), zooplankton fecal pellets (Jacobsen and Azam 1984), aggregated
microbial cells, and extracellular polymers (Passow 2002).

Marine snow and other particles represent key resource hotspots prone to coloni-
zation by heterotrophic bacteria (Kigrboe et al. 2002; Ploug and Grossart 2000;
Simon et al. 2002). These microorganisms use surface-bound enzymes, including
proteases, lipases, chitinases, and phosphatases to dissolve particulate organic matter
(POM) contained in the aggregates through rapid hydrolysis (Smith et al. 1992). This
process interrupts carbon export, converting POM into DOM, which can subse-
quently remain in the upper ocean. There is rapid turnover (0.2-2.1 days) of
particulate amino acids into the dissolved phase with bacteria producing DOM
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much faster than they can use it (Smith et al. 1992). Consequently, the resources
made available by this hydrolysis go beyond the particle-attached community
because a substantial fraction of the solubilized organic matter leaks into the
surrounding water where it becomes available to free-living bacteria (Alldredge
and Cohen 1987; Kigrboe and Jackson 2001; Long and Azam 2001; Stocker et al.
2008). This DOM forms a comet-like plume in the wake of particles as they sink
(Figs. 2.3 and 2.5) (Grossart and Simon 1998; Kigrboe et al. 2001; Smith et al. 1992;
Ya et al. 1998) and it has been predicted that free-living bacteria can exploit the
DOM plume to support growth rates that are up to 10 times higher than would be
possible in the surrounding seawater (Kigrboe and Jackson 2001).

The community composition on particles is taxonomically distinct from free-
living bacterial communities (DeLong et al. 1993), likely as a result of the selective
pressure involved in the colonization and degradation of these nutrient hotspots. The
use of synthetic polysaccharide particles has enabled to unravel the complexity of
the microbial interactions occurring within these nutrient hotspots. Bacterial
communities attached to these particles undergo rapid and reproducible successions
under laboratory conditions (Datta et al. 2016). Indeed, a shift occurs from early
colonizers that are motile and degrade organic matter derived from the particles to
secondary consumers that fully rely on the metabolic byproducts of the primary
degraders and who cannot directly consume particle-derived carbon (Datta et al.
2016). In addition, metabolic interactions alongside the spatial organization of
bacteria on these particles influence the uptake of particle-derived carbon (Ebrahimi
et al. 2019).

2.3.5 Transparent Exopolymer Particles

The traditional view of the microbial seascape as a simple dichotomy between
particulate matter and dissolved organic matter may be an oversimplification.
Diverse compounds known as TEP (transparent exopolymer particles), including
organic gels, colloids, and matrices (Alldredge et al. 1993; Long and Azam 2001),
bridge the two ends of the spectrum of the resource seascape, which has been
described instead as an “organic matter continuum” (Azam 1998). Diatoms and
bacteria release large quantities of exopolymeric materials (Alldredge et al. 1993;
Girdes et al. 2011; Jenkinson et al. 2015; Long and Azam 2001) that are character-
istic of the transition phase between particulate and dissolved organic matter. The
sticky nature of exopolymers promotes the aggregation of organic matter and
microbes and therefore promotes carbon export from the euphotic zone to the deep
ocean (Engel et al. 2004; Mari et al. 2017). However, exopolymers also facilitate the
attachment of particle-degrading bacteria for which they provide an additional
carbon source (Passow 2002; Taylor and Cunliffe 2017) (Fig. 2.5). For example,
by using DNA stable-isotope probing, members of the Alteromonadaceae have been
shown to assimilate '>C-TEP carbon (Taylor and Cunliffe 2017), which is consistent
with their capability to produce a suite of polysaccharide-degrading enzymes
(Teeling et al. 2016).
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2.3.6 Larger Organisms

Chemical gradients in the water column also emanate from larger organisms such as
fish and mammals (Fig. 2.5). As a rich source of organic molecules, the skin of fish
can be colonized by numerous bacterial taxa (Sar and Rosenberg 1987; Shotts et al.
1990), such as the mucus-colonizing community dominated by the phylum
Proteobacteria found on the skin of Atlantic salmon (Minniti et al. 2017). Benthic
organisms, such as coral, seaweed, sponges, and bivalves, represent other sources of
strong chemical gradients (Fig. 2.5). Surprisingly, surface metabolites released by
the coral colonies can form concentration gradients extending up to 5 cm away from
the coral surface (Ochsenkiihn et al. 2018), a distance much greater than typical
diffusion boundary layers. Corals excrete a mucus layer that can be hundreds of
microns thick (Paul et al. 1986; Rohwer et al. 2001, 2002). This mucus contains
organic and inorganic compounds at concentrations that are 3—4 orders of magnitude
higher than the background seawater (Broadbent and Jones 2004; Wild et al. 2004)
and it has been proposed that microbial colonization of this coral surface layer plays
an important role in coral-microbe interactions and even in symbioses (Blackall
et al. 2015; Pogoreutz et al. 2021; Pollock et al. 2018). Marine sponges also exude
chemicals and are known “microbial hotspots” because they harbor dense and
diverse microbial communities, which can account for up to 40% of a sponge’s
biomass (Taylor et al. 2007; Webster and Taylor 2012; Webster and Thomas 2016).
Marine plants and algae represent another important source of chemical gradients
(Haas and Wild 2010; Moriarty et al. 1986). For instance, the benthic alga Halimeda
opuntia releases a large amount of carbohydrates and proteins into the surrounding
seawater (up to 2 mg m > h™') sustaining the growth of bacteria in their vicinity
(Haas and Wild 2010).

The solid-liquid interface at the surface of marine sediments is a site of intense
microbial activity due to its high concentration of organic material, which originates
from deposited marine particulate organic matter that sank from the surface waters
(Burdige and Komada 2015; Cai et al. 2019; Rossel et al. 2016; Zhang et al. 2018).

The concentration of dissolved organic carbon present in coastal sediments can be
more than an order of magnitude higher than in the water directly above this interface
(Burdige and Gardner 1998) indicating net production of DOM in sediments
resulting from degradation processes (Burdige and Komada 2015). Experiments
have demonstrated that in certain cases bacteria and archaea can sustain these
gradients on timescales of hours to tens of hours in response to substrate addition
by producing extracellular enzymes triggering extremely rapid hydrolysis of high
molecular weight organic matter to low molecular weight DOM (Arnosti 2004;
Burdige and Komada 2015), resulting in the production of small organic molecules
and inorganic compounds (H,S, NH,", Fez+) (Jorgensen and Revsbech 1983;
Ramsing et al. 1993; Schulz and Jgrgensen 2001).

The active biological degradation of organic matter in sediments results in steep
vertical gradients of nutrients and counter-gradients of oxygen or hydrogen sulfide
(Jorgensen and Revsbech 1983; Jgrgensen et al. 2019), which generates chemical
habitats that are remarkably different from the pelagic environment (Schulz and
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Jgrgensen 2001). Indeed, the water—sediment interface is best described as a
one-dimensional collection of chemical gradients that are more stable through time
than the complex three-dimensional and often short-lived chemical gradients present
in the water column (Fig. 2.5). The surface sediments are often dominated by sulfur
oxidizers, such as Thiovulum majus, one of the fastest swimming bacteria recorded
(swimming at up to 600 um s~ '; Jgrgensen and Revsbech 1983), which uses
chemotaxis to form dense aggregations in the narrow region where optimal
concentrations of oxygen and hydrogen sulfide coexist (Petroff and Libchaber
2014; Petroff et al. 2015). Furthermore, the large size of T. majus of up to 25 pm
in diameter makes this bacterium immune to Brownian rotational diffusion and
therefore considerably more effective at controlling its swimming direction than
the small bacteria of the water column (Fenchel 1994).

2.3.7 Molecular Diversity of Chemoattractants

Oceanic DOM is extremely diverse in its chemical composition as might be expected
from the wide range of organisms contributing to this pool, and recent estimates
revealed that hundreds of thousands of different organic molecules might be present
(Amon et al. 2001; Kim et al. 2003; Kujawinski et al. 2016) amounting to almost as
much carbon as CO, in the atmosphere (Moran et al. 2016). Recent advances in
DNA sequencing (DeLong and Karl 2005), mass spectrometry (Hartmann et al.
2017), and bioinformatics (Diihrkop et al. 2015; Watrous et al. 2012) have enabled a
giant step forwards in the identification and characterization of the key chemical
currencies in the ocean, each of which has the potential to induce behavioral
responses, generate interactions among organisms, and sustain the growth of specific
marine bacteria. However, not all compounds have the same nutritive value to
bacteria, as foraging strategies and chemotactic preferences are strain-specific
(Amin et al. 2012; Seymour et al. 2010a).

DOM can be categorized along a gradient of reactivity, from labile to semi-labile
to refractory, based on the persistence of these compounds in the water column
(Hansell 2013). Compounds referred to as labile DOM are typically consumed
within hours to days of production, although their half-lives have been estimated
to be in the order of minutes at picomolar concentrations (Azam 1998), which
complicates an accurate quantification of their abundance and lifetime in the water
column. For example, the bulk concentrations of amino acids or sugars are usually
just above the detection limit of most analytical instruments (a few nM per liter)
(Kaiser and Benner 2012; Mopper et al. 1992). Yet, they represent a large proportion
of the DOM taken up by bacteria (Hollibaugh and Azam 1983) and their rapid
turnover is likely to keep their concentrations low. Most of the labile DOM consists
of highly diverse compounds derived from phytoplankton primary production and is
dominated by proteins and carbohydrates (Ferguson and Sunda 1984; Hodson et al.
1981; Vorobev et al. 2018) but also contains mono- and dicarboxylic acids (Gifford
et al. 2013; Poretsky et al. 2010), glycerols and fatty acids (Gifford et al. 2013;
McCarren et al. 2010), single-carbon compounds such as methanol (Gifford et al.
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2013; Lidbury et al. 2014; McCarren et al. 2010), sulfonates (Durham et al. 2015), as
well as the nitrogen-containing metabolites taurine, choline, polyamines, and ectoine
(Gifford et al. 2013; Lidbury et al. 2014; Liu et al. 2015).

Compounds referred to as semi-labile are less reactive and persist longer in the
surface ocean, from weeks to years (Hansell 2013), but might ultimately be exported
to depth and buried in marine sediments for millennia (Hansell and Carlson 1998).
Examples of semi-labile DOM include large polysaccharides and dissolved com-
bined neutral sugars (Panagiotopoulos et al. 2019). Finally, the term refractory DOM
is used to characterize the least reactive and most persistent fraction potentially
stored in ocean basins for millennia (Follett et al. 2014; Williams and Druffel 1987).
These refractory molecules might account for 95% of the dissolved organic carbon
found in the ocean (~624 Gt of C) and contribute to long-term carbon storage (Jiao
etal. 2010; Ogawa et al. 2001). Despite its ubiquitous presence in the ocean, the pool
of refractory DOM is poorly characterized and the role that specific microbial
species play in producing or partially degrading these molecules has not been
elucidated (Osterholz et al. 2015). In addition, the distribution of specific molecules
between these three categories is not well established, mostly because of the vast
chemical diversity of the DOM pool. Our understanding of the “chemical
preferences” of marine bacteria in terms of chemotaxis and substrate utilization is
still restricted to a few molecules and species.

2.4  Motility and Chemotaxis as Microbial Adaptations
to Microscale Heterogeneity in the Ocean

The previous section described the vast array of nutrient gradients that prokaryotic
cells may encounter in the water column. Homing in on these gradients using
motility and chemotaxis can therefore be highly beneficial for bacteria and archaea.
Cells are propelled by phosphorylation-triggered rotating flagella (Wadhams and
Armitage 2004) and can reorient themselves toward food patches using sensitive
sensing mechanisms (Lux and Shi 2004). While hotspots can be abundant, during a
bloom of phytoplankton, for example, many regions of the ocean are characterized
by low background nutrients, which result in lower biomass and sparser number of
available hotspots. This implies that motility and chemotaxis in the marine environ-
ment need to be adapted to explore wide areas and efficiently sense a small increase
in chemical concentration above background levels. Indeed, many marine bacteria
possess motility adaptations including fast swimming and specific reorientation
strategies that differentiate them from classic model systems such as Escherichia
coli and are more suited to the harsh nutrient conditions of the ocean.

2.4.1 The Molecular Machinery of Chemotaxis

The molecular machinery underpinning chemotactic behaviors has been extensively
studied in E. coli. Upon detection of the chemical gradient of a chemoeffector



2 Survival in a Sea of Gradients: Bacterial and Archaeal Foraging in a. .. 69

(a chemical that attracts or repels cells), the bacteria’s sensory system (Fig. 2.6)
triggers a change in the swimming pattern to bias movement toward the higher
concentration of a chemoattractant or toward lower concentration of a
chemorepellent. The sensory system of E. coli is sensitive enough to detect changes
in receptor occupancy of a few molecules against background concentrations and
can detect variation over five orders of magnitude (Kim et al. 2001; Sourjik and Berg
2002a).

When E. coli’s chemotactic sensory machinery encounters a steep gradient of a
chemoattractant, the cell’s run-time increases from 1 s to over 10 s. Chemoeffectors
binding to the cell’s receptors induce an excitatory pathway that results in the
modulation of the flagellum’s motor (Segall et al. 1982; Sourjik and Berg 2002b).
Upon encounter of an attractant, the flagella move in a counterclockwise motion;
conversely, flagella move clockwise upon encounter of a repellent or a lower
concentration of an attractant (Berg and Tedesco 1975) inducing a change of
orientation. The time interval between the onset of the stimulus and the clockwise-
to-counter-clockwise transition is a linear function of the change in receptor occu-
pancy (Berg and Tedesco 1975). Despite variation in the number and location of
flagella among bacterial strains, all chemosensory pathways of chemotaxis rely on
modulation of the rotation of the flagellar motor (Wadhams and Armitage 2004).

Gradient sensing is accomplished by comparing the cell’s receptor occupancy
through time. E. coli makes short-term comparisons up to 4 s in the past where the
most recent 1 s is given a positive weighting and the previous 3 s a negative
weighting (Segall et al. 1986). The cell responds according to the overall weighted
sum (Segall et al. 1986), which leads to a chemical “memory” (Berg and Tedesco
1975). At the molecular level, the signaling pathway involved in chemotaxis relies
on a histidine—aspartate phosphorelay pathway and is probably one of the best-
described processes in biology. The pathway is composed of transmembrane
chemoreceptors (methyl-accepting chemotaxis proteins, MCPs) that detect binding
chemoeffectors (Fig. 2.6a). Chemotactic bacteria possess on average 14 different
MCPs (Lacal et al. 2010); however, this number can vary greatly at the strain level
from as few as one to as many as 90 (Alexandre et al. 2004; Salah Ud-Din and
Roujeinikova 2017). With the help of the adaptor protein CheW, the MCPs are
connected to the histidine protein kinase chemotaxis protein CheA, which can sense
chemical inputs through the MCPs. Two diffusible response regulators, CheY and
CheB, then compete for binding to CheA (Fig. 2.6a). The phosphorylated motor-
binding protein CheY-P controls flagellar motor rotation by binding to the switch
protein FliM, which leads to a reversal in the direction of the motor rotation
(Wadhams and Armitage 2004) whereas the methylesterase CheB controls adapta-
tion of the MCPs (Anand et al. 1998; Hess et al. 1988). An additional molecule,
CheZ, is required to increase the rate of dephosphorylation of CheY-P to induce a
time-efficient signal termination (McEvoy et al. 1999). Consequently, an extracellu-
lar decrease of chemoattractant concentration leads to a decreased rate of binding to
the MCPs, which induces the trans-autophosphorylation of CheA and an increased
amount of CheY-P in the cytoplasm through its direct phosphorylation (Fig. 2.6a).
CheY-P then binds to the flagellar motor and stimulates a switch in rotation to a
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Fig. 2.6 Molecular machinery of motility and chemotaxis in bacteria and archaea. (a) Representa-
tion of the chemotaxis sensing apparatus of both organisms showing the transduction of a signal
(Periplasm Binding Protein PBP) from the receptors (Methyl-accepting Chemotaxis Protein MCPs)
to CheW and to the phosphorylation of CheA. CheA phosphorylates CheY, and CheY-P then
diffuses to the flagellum base. (b) In archaea, a rotation occurs when CheY binds to adaptor protein
CheF (Schlesner et al. 2009) to navigate to the motor switch, constituted of the archaeal-specific
proteins FlaC/D/E. FlaH, Flal and FlaJ form a core motor platform. FlaF and FlaG provide a rigid
structure between the S-layer and the rotating components of the motor (FlaJ) (Banerjee et al. 2015;
Tsai et al. 2020). PibD, a prepilin peptidase, cleaves the N-terminus of the archaellins before
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clockwise motion (Fig. 2.6a, b) resulting in the bacterium tumbling and hence
changing swimming direction. The concentration of CheY-P is then decreased by
the phosphatase CheZ. Simultaneously, the methylesterase activity of CheB is
increased by phosphorylation from CheA-P, so that CheB-P induces demethylation
of the MCPs thereby limiting the rate of CheA autophosphorylation. Consequently,
the rate of switching in rotation then returns to the levels before stimulus and the cell
is primed to react to any additional increase or decrease in chemoeffectors on the
receptors. In the opposite case of an increase of chemoattractant concentration
binding to the MCPs, the autophosphorylation of CheA is inhibited resulting in a
reduction of the cytoplasmic CheY-P concentration and hence a decrease in the
frequency of motor switching. Consequently, the cell swims longer in the same
direction before tumbling. Additionally, the phosphorylation and activity of CheB
are decreased so that the constitutive levels of the methyltransferase CheR then lead
to a higher level of methylation of the MCPs. The MCPs are thus more capable of
causing CheA autophosphorylation so that its rate returns to pre-stimulus levels and
brings the bacterium back to a normal frequency of tumbling.

2.4.2 The Roles of Chemotaxis

Chemoattractants play at least two ecological roles. Most often they serve as high-
quality bacterial substrates that bacteria can readily use to sustain growth (Cremer
et al. 2019; Stocker et al. 2008). However, some microbial chemoattractants do not
act as substrates but instead, serve only as signaling compounds, directing bacteria to
ecologically advantageous microenvironments without being consumed (Seymour
et al. 2017; Yang et al. 2015). For example, Vibrio furnissii, a chitin degrader, uses
the water-soluble products of chitin hydrolysis as a cue to locate chitin (Bassler et al.
1991) and V. coralliilyticus uses dimethylsulfoniopropionate (DMSP) as a cue to
locate its coral host (Garren et al. 2014) in both cases without the chemoattractant
being metabolized. Chemoattractants as signaling molecules have also been reported
in B. subtilis (Yang et al. 2015). In a comparison of the chemotactic response of
E. coli and B. subtilis to a set of amino acids, the chemotactic response of the former
was correlated with amino acid use, while no such correlation was found with the
latter (Yang et al. 2015). This suggests that amino acids did not induce chemotaxis in
B.  subtilis because of their nutritional value but instead served as
environmental cues.

<
«<

Fig. 2.6 (continued) assembly on the growing structure. (¢) In bacteria, phosphorylated CheY
binds to the switch complex and induces a change of rotation
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2.4.3 Mechanics of Motility

At the molecular level, bacterial motility is achieved through the use of one or more
helical flagella, which are used to propel cells and thus to explore and eventually
exploit their environment (Stocker 2012). By utilizing a proton or sodium gradient
(Berg 2008) molecular motors rotate each flagellum in a corkscrew motion and
thereby propel the bacterium forward. These microscale movements are also not
benefiting from inertia meaning that once the bacterium’s flagella stop moving the
cell will immediately stop its forward motion (within a distance of less than one
hydrogen atom) (Purcell 1977).

Bacterial motility has been well studied in E. coli (Berg 1993, 2000, 2008) that
possesses 4—8 proton-powered flagella (Berg 2008). Its motility pattern has been
described as a “run and tumble” random walk (Berg 1993). Runs, periods of nearly
straight-line swimming lasting 1-4 s, are generated by counterclockwise movement
of the flagella that coalesces them into a bundle that propels the cell at 10-30 pm/s.
Tumbles occur when at least one motor reverses direction and disrupts the flagella
bundle, which triggers a very short (~0.1 s) random reorientation biased in the
direction of the previous run (Berg 2008; Berg and Brown 1972).

Similarly to bacteria, archaea also have the ability to produce a propulsive force
and direct their movement toward nutrient-rich hotspots in the ocean with the help of
a flagellum-like filament, the archaellum (Fig. 2.6¢) (Alam et al. 1984; Albers and
Jarrell 2018; Jarrell and Albers 2012; Khan and Scholey 2018; Silverman and Simon
1974). Although this archaea-specific system has a similar function to the bacterial
flagellum, its molecular organization is radically different (Jarrell and Albers 2012;
Thomas et al. 2001). Indeed, the archaellum’s structure consists of only 8-13
proteins, none of which share homologies with the 30 flagellar structural proteins
called flagellins (Chaban et al. 2007; Lassak et al. 2012; Macnab 2003). The
archaellum’s assembly mechanism is analogous to that of bacterial type IV pili
(Jarrell and Albers 2012; Jarrell et al. 1996). Additionally, whereas bacterial flagella
are actuated by proton or sodium-driving forces, the archaellum’s rotation is driven
by ATP hydrolysis (Hirota and Imae 1983; Kinosita et al. 2016; Manson et al. 1977,
Streif et al. 2008).

2.4.4 Abundance of Motile Prokaryotes

Although the most abundant marine bacterial taxa are nonmotile, such as
Pelagibacter ubique (Morris et al. 2002) and Prochlorococcus (Liu et al. 1997,
Moore et al. 1998), increasing evidence suggests that the fraction of marine
microorganisms capable of motility can be important. Microscopy cell counts
suggest that motile prokaryotes represent on average 10% of the total of bacterial
and archaeal cells in coastal seawater samples but can increase to 80% over a short
period of time (~12 h) upon enrichment with organic substrates (Mitchell et al.
1995a, b). Without enrichment, the motile fraction of bacteria ranges between 5 and
70% (Fenchel 2001; Grossart et al. 2001). This large fluctuation in the proportion of
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motile cells has been attributed to variation with depth, with seasonal and daily
cycles, and with the amounts of dissolved and particulate organic matter in the water
column (Buchan et al. 2014; Engel et al. 2011; Grossart et al. 2001). These surveys
also indicate that motility appears to be widespread in eutrophic coastal regions and
in productive surface waters, both of which are characterized by a high level of
patchiness in the resource seascape. However, most approaches quantifying motility
in bacterial communities are more than 20 years old and new methods enabling high-
throughput quantification of motility in a variety of marine environments are needed.

24.5 Swimming Speed

Marine bacteria are typically much faster than the enteric bacterial models. This
difference comes in part from the molecular motors they use, which are powered by
sodium gradients across the cytoplasmic membrane instead of the proton gradients
used by E. coli (Li et al. 2011; Magariyama et al. 1994). For example, the marine
bacterium Vibrio alginolyticus swims faster with increasing sodium concentrations
in surrounding bulk water (Muramoto et al. 1995; Son et al. 2013), and its flagellum
rotate about 4—6 times faster than those of E. coli (Yorimitsu and Homma 2001). The
swimming speed measured for marine isolates or marine bacteria in natural
communities ranges from 45 to 230 pm/s (Grossart et al. 2001; Hiitz et al. 2011;
Johansen et al. 2002; Mitchell et al. 1995a, b; Muramoto et al. 1995; Seymour et al.
2010b; Shigematsu et al. 1995; Stocker et al. 2008; Xie et al. 2011) (Table 2.1). A
survey revealed that most of the average swimming speeds of 84 marine isolates fell
in the range 25-35 pm/s (Table 2.1) (Johansen et al. 2002). However, some species
consistently swim faster than this average, such as Pseudoalteromonas haloplanktis
(68-80 pm/s) (Seymour et al. 2010b; Stocker et al. 2008), Thalassospira (62 pm/s)
(Hiitz et al. 2011), and Vibrio alginolyticus (45-116 pm/s) (Muramoto et al. 1995;
Xie et al. 2011) (Table 2.1). Thiovolum majus and Ovobacter propellens, residents
of the sediment—water interface, are the fastest bacteria recorded so far, swimming at
a striking 600 pm/s (Fenchel 1994) and 1000 pm/s (Fenchel and Thar 2004),
respectively.

Compared to marine bacteria few studies exist on archaeal motility. The
rod-shaped Halobacterium salinarum swims via the rotation of its archaella (Alam
and Oesterhelt 1984; Alam et al. 1984). For these archaea, a simple back and forth
movement was observed and the swimming speed of the cells was very low
(2 ym s™"). Haloferax sp. and Haloarcula sp. both exhibit “run and reverse”
swimming patterns with low average speeds of ~2pum s~ ' and ~ 2.3 pm s, respec-
tively (Thornton et al. 2020). The recent use of 3D-holographic microscopy and
computer simulations revealed that halophilic archaea’s swimming direction was
stabilized by their archaellum, allowing for sustained directional swimming as well
as energetic costs 100-fold lower than in common bacterial model systems
(Thornton et al. 2020). However, not all archaea swim slowly. Two Euryarchaeota
(Methanocaldococcus jannaschii and M. villosus) living in deep hydrothermal vents
possess more than 50 polar archaella and are the fastest archaea observed so far,
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Table 2.1 Recorded swimming speeds of bacteria and archaea

Speed
Bacterial/archaeal species Environment (5m/s) References
Escherichia coli Enteric 10-30 Berg (2008), Berg and Brown
(1972)
Serratia marcescens Soil/enteric 26 Edwards et al. (2014)
Pseudomonas aeruginosa Ubiquitous 51-60 Conrad et al. (2011), Hook et al.
(2019)
Bradyrhizobium Soil 27.5-29.8 Quelas et al. (2016)
diazoefficiens
Pseudomonas putida Soil 44-175 Harwood et al. (1989)
Pseudomonas fluorescens Soil 77-102 Ping et al. (2013)
Vibrio splendidus Marine 20 Johansen et al. (2002)
Colwellia demingiae Marine 17-27 Johansen et al. (2002)
Agrobacterium Marine 25 Johansen et al. (2002)
sanguineum
Vibrio cholerae Marine 75 Shigematsu et al. (1995)
Pseudoalteromonas Marine 68-80 Seymour et al. (2010b)
haloplanktis
Thalassospira sp. Marine 62 Hiitz et al. (2011)
Vibrio alginolyticus Marine 45-116 Muramoto et al. (1995), Xie et al.
(2011)
Methanocaldococcus Marine ~400 Herzog and Wirth (2012)
Jjannaschii
Methanocaldococcus Marine ~500 Herzog and Wirth (2012)
villosus
Thiovulum majus Marine 600 Fenchel (1994)
Ovobacter propellens Marine 1000 Fenchel and Thar (2004)

reaching striking speeds of 400 and 500 pm s~ ', respectively (Herzog and Wirth
2012) (Table 2.1).

2.4.6 Why Do Marine Bacteria Swim Fast?

The ephemeral nature of many nutrient sources in the ocean implies that fast
responses are beneficial to increase nutrient uptake. The primary parameter affecting
the chemotactic response rate is the swimming speed: its importance in different
ecological processes, including the colonization of particles and the uptake of
dissolved nutrients, has been determined by numerical simulations (Kigrboe and
Jackson 2001) and experiments (Stocker et al. 2008).

Fast swimming does not increase the flux of nutrients to bacteria. As the fluid
flow generated by swimming decreases the thickness of the diffusion boundary layer
surrounding a cell (see Sect. 2.2), it can induce an increased nutrient flux to the cell
leading to a higher uptake rate of resources per unit time. However, this increased
uptake rate is size-dependent, and sizeable advantages are only expected for very
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large cells (>10 pm), being negligible for most marine bacteria (Guasto et al. 2012).
However, the effect of Brownian motion on bacteria might be an evolutionary reason
for increased swimming speeds in bacteria found in the water column. The smaller a
bacterium is the more prone it is to be redirected in a random direction due to
Brownian motion while swimming, thereby disrupting directional swimming and
chemotaxis (Berg 2008; Mitchell 1991). This effect can be quantified using the
rotational diffusivity Dg = kT/(8vmpR>) of a spherical bacterium of radius R, where
is the dynamic viscosity of water, k is Boltzmann’s constant and 7 is the temperature
in degrees Kelvin. For a bacterium of R = 0.6 pm the rotational diffusivity is
0.76 rad?/s, which implies the generation of rotation of (4Dg)"? that is 100 degrees
over 1 second, which will rapidly bring a cell off course. Even though cell shape
(e.g., elongation and curvature) and the presence of a flagellum provide stability to
marine bacteria against reorientation (Guadayol et al. 2017; Mitchell 1991; Schuech
et al. 2019), Brownian motion effects impose a strong selective pressure for fast
motility in small bacteria because faster cells will explore a longer distance before
being spun off course.

2.4.7 Energetic Costs and Benefits of Motility

The high swimming speeds of marine bacteria come with an energetic cost. Early
studies based on E. coli described bacterial motility as inexpensive (Purcell 1997),
estimating that the costs of flagella synthesis and operation only amount to a modest
~0.1% of E. coli’s total energy expenditure (Macnab 1996). However, E. coli’s
natural environment, the animal gut, harbors nutrient concentrations 2—4 orders of
magnitude higher than those found in the ocean. In addition, marine bacteria, which
swim about 3-5 times faster than E.coli, will incur an energy expenditure of about
10-25 times greater because of the propulsive power required in the viscosity-
dominated regime in which bacteria live increases with the square of the swimming
speed (Taylor and Stocker 2012). This energy demand imposes a strong selective
pressure on bacterial motility in the ocean, a consideration supported by the large
proportion of nonmotile marine bacteria that emphasizes the tradeoffs of motility and
chemotaxis in the water column.

Mathematical simulations of bacterial competition in turbulent flow provide
means to estimate the fitness advantage of chemotaxis (Taylor and Stocker 2012).
Estimates of the potential gain of resources provided by chemotaxis and the energy
expenditure due to swimming under realistic marine conditions suggest that if a
bacterium is motile, its optimal swimming speed in the pelagic environment should
be ~60 pm/s (Taylor and Stocker 2012; Watteaux et al. 2015). This theoretical value
is close to the reported speeds of diverse marine bacterial taxa (Table 2.1) (Seymour
et al. 2010b; Stocker et al. 2008). However, important parameters such as the costs of
flagella and motor synthesis, production and activation of the signal transduction
machinery, and ecological costs such as the effect on encounter rates with predators
and viruses, have not yet been integrated in order to better estimate the cost of
motility and chemotaxis.
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One way that motile marine bacteria can save energy is by not swimming at a
constant speed. Taylor and Stocker (2012) hypothesized that swimming speed may
be adaptive and that cells might be able to regulate their speed upon encounter of
chemical signals. This behavior, known as “chemokinesis,” is supported by several
observations. For example, Pseudoalteromonas haloplanktis displays a 20%
increase in swimming speed when located within a patch of algal exudates (Seymour
et al. 2009a). Similarly, Vibrio coralliilyticus swims 50% faster when exposed to the
mucus of its coral host (Garren et al. 2014). Similar variations in swimming speeds
over timescales of tens of seconds have been reported for natural assemblages of
microorganisms under laboratory conditions (Grossart et al. 2001).

2.4.8 Swimming Patterns

The fast-swimming speeds of marine bacteria contribute to their high chemotactic
performance but other factors also play a role. The chemotactic efficiency, V/Vs,
representing the ratio between the chemotactic speed V- and the swimming speed
Vs, is independent of the swimming speed as Vi increases linearly with Vg and
therefore leads to a constant ratio. A perfectly directional response up the gradient
excluding any random reorientation would result in a chemotactic efficiency of
1 whereas in the opposite case, a repulsion perfectly anti-directional to the gradient
would result in V/Vg = —1. Between these extremes, a chemotactic efficiency of
0 characterizes purely random motion. While the chemotactic efficiency of E. coli
typically ranges between 0.05 and 0.15 with exceptional peaks of 0.35 (Ahmed and
Stocker 2008), marine bacteria achieve a chemotactic efficiency of up to 0.5
(Seymour et al. 2010a) in line with the idea that a rapid and directional response
can provide an ecological advantage in a nutrient environment characterized by
ephemeral hotspots.

Chemotaxis of E. coli has been further compared to the marine bacterium
P. haloplanktis when subjected to 10-min nutrient pulses in microfluidics setups
revealing that the chemotactic response of P. haloplanktis is almost 10 times faster
than that of E.coli (Stocker et al. 2008). In addition, P. haloplanktis accumulated
more strongly in the high concentration regions resulting ultimately in a 64—87%
increase in potential nutrient uptake of the entire population and a ten-fold increase
for the fastest 20% of bacteria (Stocker et al. 2008). Modeling revealed that this
chemotactic performance could not be solely attributed to higher swimming speeds
(68 pm/s for P. haloplanktis vs. 31 pm/s for E. coli) but resulted also from their
highly directional swimming patterns (i.e., higher V/Vs). These results highlight the
importance of considering the overall swimming behavior of a bacterium, rather than
only its swimming speed, to fully understand the extent of its motility capacities.

This picture of motility and chemotactic performance is further completed by
understanding how bacteria change direction along their course. E. coli uses a run-
and-tumble swimming pattern: during each tumble, a cell’s direction of motion is
reoriented by a nearly random angle with the distribution of angles having a mean of
68° (Berg 2008). Yet, this is only one of several swimming strategies exhibited by
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bacteria (Mitchell and Kogure 2006). Vibrios, among other marine bacteria, swim
using a single polar flagellum. This leads to a bidirectional movement, which was
historically described as “run and reverse” (Johnson et al. 1992; Mitchell et al.
1996): when the flagellum rotates in one direction, the cell swims forward and
when the flagellum reverses direction, the cell swims backward. This swimming
pattern is marked by 180° reorientations of swimming direction, which would lead to
constant back and forth swimming along the same line if Brownian rotational
diffusion did not introduce randomness in the swimming directionality along each
run. Run and reverse motility was historically considered as the most prevalent
swimming pattern among marine bacteria (Johnson et al. 1992) and reversals have
been proposed—on the basis of a mathematical model—to be more efficient than
tumbles in enabling bacteria to stay close to a nutrient point source under the shear
associated, for example, with turbulence (Luchsinger et al. 1999).

Recently, a new swimming pattern, “run-reverse-and-flick” motility, has been
identified and appears to be widespread among marine bacteria. High-resolution
imaging of V. alginolyticus (Xie et al. 2011) showed that cells follow a strict
sequence of run, reverse (180° change of direction), and “flick,” where the latter
action is the previously unreported form of reorientation. Cell tracking and fluores-
cence labelling of the flagellum revealed that the flick, characterized by a normal
distribution of reorientation angles with a mean of 90°, results from a large, whip-
like deformation of the single polar flagellum. Using this hybrid motility (Stocker
2011), V. alginolyticus achieves a comparable exploration of its environment to that
of E. coli and does so without requiring multiple flagella, which in the nutrient-poor
ocean would be expensive to build. High-speed video microscopy has revealed that
the flick occurs approximately 10 ms after the onset of a forward run rather than at
the end of a backward run (Son et al. 2013). This timescale is faster than the time
between two frames of standard cameras (33 ms), providing a potential reason for
why flicks had not been detected before and why many or possibly all strains
previously characterized as swimming in a “run-and-reverse” mode may actually
be swimming in a “run-reverse-and-flick” mode.

The brief forward motion before a flick provided an important clue as to the
mechanism of the flick: a compressive force exerted by the forward propulsion
causes a mechanical buckling instability in the flagellum’s hook. To what extent
an actual “run-and-reverse” pattern is exhibited by bacteria in the ocean remains an
open question but—on the grounds that the flick provides a much more effective and
rapid form of reorientation than Brownian reorientation coupled with the fact that
rapid navigation is critical to exploit transient microscale hotspots in the ocean—we
propose that a minority of marine bacteria swim in a run-and-reverse mode, whereas
we expect run-reverse-and-flick to be pervasive, considering the large fraction of
marine bacteria that have a single flagellum (Leifson et al. 1964). Finally, the flick
could be instrumental in allowing fast bacteria to accumulate at the top of nutrient
gradients. For instance, Son et al. (2016) investigated the relationship between
swimming speed, flicking motility, and high-performance chemotaxis by tracking
large numbers of individual V. alginolyticus cells in controlled microfluidic
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gradients and found that the strength of bacterial accumulation at the peak of a
gradient was swimming-speed dependent.

An additional mode of flagella-mediated movement has been described in bacte-
ria using a single polar flagellum whereby cells wrap their flagellum around their
body and swim in a screw-like motion to navigate through microenvironments
(Kiihn et al. 2017). Although this form of motility is unlikely to occur in the water
column, it could be advantageous in marine sediments (Kiihn et al. 2017) and has
also been identified in marine symbionts (Kinosita et al. 2018) suggesting that it
might play a role in symbiosis by aiding in host colonization (Raina et al. 2019). This
alternative screw-like motion also indicates that there might be many other models of
bacterial motility that are yet to be described.

Motile archaea explore marine seascapes by alternating forward and reverse
swimming motions as the archaellum switches from clockwise to counter-clockwise
rotation (Alam and Oesterhelt 1984; Kinosita et al. 2016; Shahapure et al. 2014). In
the absence of stimuli, the best-studied motile archaea Halobacterium salinarum and
Haloferax volcanii perform a random walk (Hildebrand and Schimz 1986; Quax
et al. 2018) with swimming patterns more similar to the run-reverse-and-flick motion
of V. alginolyticus (Xie et al. 2011) than to the run-and-tumble swimming of E. coli.

The higher chemotactic efficiency of marine bacteria might also result from
differential signal transduction but this possibility has been not been thoroughly
explored yet. The signal processing of marine bacteria has been suggested to be
much faster than that of E. coli, to allow the detection of chemical gradients at higher
swimming speeds, and this might translate into a higher turning frequency (Barbara
and Mitchell 2003; Mitchell et al. 1996; Seymour et al. 2009a). In addition, it has
been revealed that marine bacteria operate close to the theoretical limits of chemo-
tactic precision allowing them to aggregate in microscale regions of high DOM
concentration before these diffuse to background levels (Brumley et al. 2019).

The ocean imposes unique environmental constraints on chemotaxis including
low nutrient concentrations, ephemeral gradients, and pervasive flow. It is thus not
surprising that marine bacteria exhibit strong phenotypic differences compared to
enteric bacteria such as E. coli, in the form of higher swimming speeds, different
shapes, unique motility patterns, and higher levels of chemotactic performance.

2,5 Recent Insight from Omics Data

During the past 15 years, marine microbiology has been transformed by the advent
of genomic approaches, which have provided unprecedented insights into the taxo-
nomic and functional diversity of marine microbial communities (DeLong and Karl
2005; Sunagawa et al. 2015). Notably, these studies have also confirmed that genes
involved in motility and chemotaxis are common, and their abundance is dynamic in
marine bacterial communities.
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2.5.1 Genomes of Marine Bacteria

While the most abundant clade of marine bacteria, Pelagibacter ubique (Giovannoni
2017; Morris et al. 2002), is nonmotile (Giovannoni et al. 2005) the genomes of
many other marine bacteria, isolated from a wide variety of marine environments,
frequently harbor genes involved in chemotaxis and motility (Gifford et al. 2013;
Glockner et al. 2003; Lopez-Pérez et al. 2012; Ruby et al. 2005; Sunagawa et al.
2015; Thomas et al. 2008; Weiner et al. 2008). In particular, chemotaxis genes occur
in multiple copies in many marine bacteria (Hamer et al. 2010) but are also found in
archaea although less frequently (Salah Ud-Din and Roujeinikova 2017). According
to a survey of sequenced genomes, aquatic bacteria typically contain a higher degree
of duplication of genes associated with chemotaxis than bacteria that inhabit more
environmentally stable environments (Alexandre et al. 2004).

Not surprisingly, chemotaxis genes are also abundant in the genomes of marine
bacteria associated with animal hosts and organic surfaces attesting to the impor-
tance of active, directed motility in reaching these microenvironments (Gosink et al.
2002; Raina et al. 2019; Ruby et al. 2005; Thomas et al. 2008). These genes play a
role in the colonization processes of both symbionts and pathogens. For exam-
ple, chemotaxis and motility are essential for the attachment of the bacterial symbi-
ont Marinobacter adhaerens to its diatom host Thalassiosira weissflogii
(Sonnenschein et al. 2012). Similarly, the deletion of flagellar genes decreases the
pathogenicity of Edwardsiella tarda to zebrafish, directly linking motility with the
capacity of this pathogen to infect its host (Xu et al. 2014).

In some cases, the apparent absence of identifiable swimming and chemotaxis
genes in the genomes of marine bacteria is equally illuminating. For instance, the
model bacterium Ruegeria pomeroyi DSS-3 belongs to the Roseobacter clade, a
group that commonly occurs in association with phytoplankton cells (Landa et al.
2017; Riemann et al. 2000) and often exhibits strong chemotactic performances
(Miller and Belas 2004, 2006; Miller et al. 2004; Seymour et al. 2009b, 2010a).
Analysis of R. pomeroyi’s genome has revealed the presence of genes involved in
motility as well as in a suite of functions that are typically used for the organism’s
association with plankton and particles (Moran et al. 2004). While these
characteristics all point to an organism that is likely to use chemotaxis to exploit
microscale gradients, R. pomeroyi’s genome contains no homologs of known
proteins involved in chemotaxis (Moran et al. 2004). Similarly, analysis of the
genome of the marine non-flagellated motile cyanobacterium Synechococcus
WH8102, which is chemotactic towards nitrogenous compounds (Willey and
Waterbury 1989) has revealed that two unique large cell surface proteins are required
for its motility: SwmA and SwmB (McCarren and Brahamsha 2007; McCarren et al.
2005). These findings suggest that marine bacteria may harbor as yet unrecognized
motility and chemotaxis systems.
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2,5.2 Metagenomics

Metagenomic surveys of marine microbial assemblages have revealed that the
occurrence of chemotaxis and motility genes is strongly affected by environmental
conditions (Dinsdale et al. 2008; Vega Thurber et al. 2009). Depth-related shifts in
the occurrence of motility and chemotaxis genes were observed in a metagenomic
analysis of the water column in the North Pacific Ocean with a higher representation
of these genes in the photic zone (DeLong et al. 2006). This is consistent with the
greater abundance of microenvironments enriched with phytoplankton produced
organic matter within the upper, sunlit layers of the ocean. However, the more recent
and much larger Tara Oceans campaign, which analyzed metagenomics data from
68 sites in epipelagic and mesopelagic waters across the globe revealed a significant
enrichment of chemotaxis and motility genes directly below the photic zone (twilight
zone) (Sunagawa et al. 2015). This enrichment of chemotaxis and motility genes is
potentially of great utility to bacteria in the deep ocean to find and attach to sinking
marine particles and aggregates but also to decrease their chance of encountering
grazing predators (Matz and Jiirgens 2005). The latter argument stands in contrast
with the general understanding that swimming tends to increase encounters includ-
ing with predators (Kigrboe 2008) highlighting instead a mechanism by which
motility may help a bacterium escape from predators.

Metagenomics has also provided access to the genomes of uncultured microbes
(Rusch et al. 2007; Venter et al. 2004). For example, members of the globally
abundant Marine Group II archaea (order Candidatus Poseidoniales) harbor genes
involved in motility, adhesion, and oligosaccharide degradation (Rinke et al. 2019;
Tully 2019). These genomic capabilities suggest that members of the MGII archaea
have a motile heterotrophic lifestyle exploiting oligosaccharide hotspots (e.g.,
phycospheres and particles) in the photic zone.

Metagenomics has shown that environmental variability can lead to shifts in the
occurrence of motility and chemotaxis. Large increases in the abundance of motility
and chemotaxis genes have been reported in coral-associated bacteria following
temperature increases (Vega Thurber et al. 2009). These observations suggest that
the prevalence of motility and chemotaxis varies strongly according to the physical
and chemical features of specific marine habitats. Similarly, chemotaxis and motility
gene abundance and regulation in the coral-associated microbiome is highly depen-
dent on fine-scale chemical gradients emanating from the surfaces of corals ulti-
mately impacting the microbial community structure of corals (Tout et al. 2014).

Perhaps one of the most intriguing observations relating to chemotaxis arising
from metagenomic studies comes from a comparison of microbial and viral
metagenomes across different environments (Dinsdale et al. 2008). High levels of
proteins associated with motility and chemotaxis were observed in several viral
metagenomes, which the authors suggest were not randomly acquired by the viral
community. The role, if any, of these proteins in the phage is not clear but these
observations indicate the potential for the horizontal transfer of genes involved in
chemotaxis between different marine bacteria through phage infection.
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2,5.3 Metatranscriptomics

Marine metatranscriptomic studies have shown that changing physicochemical
conditions can shift the relative expression of motility and chemotaxis genes and
have provided new insights into the processes determining when and where bacterial
chemotaxis is most prevalent in the ocean. A temporal metatranscriptomic study of a
coastal microbial assemblage revealed that transcripts for motility and chemotaxis
followed both seasonal and daily patterns with higher levels of expression during the
night (Gilbert et al. 2010). Daily variations in the transcription of genes for motility
and chemotaxis may be associated with shifts in phytoplankton exudation rates or
particulate organic carbon (POC) production, which would be consistent with
previous direct measurements showing that increased bacterial motility levels in
the early evening are correlated with POC production (Grossart et al. 2001). In a
similar manner, significant upregulation of transcripts related to motility and chemo-
taxis have been recorded after the addition of dissolved organic substrates to a
marine bacterial assemblage (McCarren et al. 2010) and after enrichment of a
water sample from the North Pacific Subtropical Gyre with nutrient-rich deep-sea
water (Shi et al. 2012).

Observations of increased expression of motility and chemotaxis genes in
nutrient-amended samples are consistent with previous direct observations of
increased bacterial motility following enrichment (Mitchell et al. 1995a, b). In
both metatranscriptomic studies (McCarren et al. 2010; Shi et al. 2012), the increase
in expression of motility and chemotaxis genes upon amendment occurred in parallel
with an overall shift in community composition with a substantial increase in an
Alteromonas-like population. This provides support for the hypothesis that increases
in motility following enrichment are driven by shifts in community composition
rather than directly by upregulation of expression in individuals. In contrast, expres-
sion of motility transcripts is decreased following bulk addition of DMSP (Vila-
Costa et al. 2010). This finding is in line with observations that bulk additions of
DMSP decrease bacterial chemotaxis to DMSP (Miller et al. 2004). These responses
potentially occur because bulk DMSP additions eclipse the microscale DMSP cues
surrounding individual phytoplankton cells decreasing the viability of chemotaxis as
a strategy to find and exploit DMSP-rich hotspots (Seymour et al. 2010a).

Temperature is another environmental variable that can influence expression of
chemotaxis and motility genes. For example, the marine bacterium Photobacterium
damselae subsp. damselae, a facultative pathogen causing disease in fish and marine
mammals, upregulates the expression of chemotaxis and flagellar genes at higher
temperatures (Matanza and Osorio 2018). This is correlated with higher expression
of virulence genes (Matanza and Osorio 2018), which highlights the importance of
motility and chemotaxis in bacterial pathogenicity. In addition, increasing water
temperatures considerably augment the performance of the coral pathogen Vibrio
coralliilyticus in tracking the chemical signals of its coral host, Pocillopora
damicornis (Garren et al. 2016). Indeed, when water temperature exceeded 30 °C
the pathogen increased its chemotactic performance by >60%, and its swimming
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speed by >57% (Garren et al. 2016) substantially enhancing its ability to find
its host.

The dynamic patterns in the occurrence of motility and chemotaxis genes in
ocean metagenomes and transcriptomes confirm that these phenotypes are
ecologically important features of natural marine bacterial assemblages that are
often tightly coupled to the physicochemical nature of the environment.

2.6 Influence of Microscale Gradients on Large-Scale Processes

The physical, chemical, and biological processes that we have described above all
take place over small spatial scales (micrometer) and short time periods (seconds to
minutes). However, they underpin the behavior, physiology, ecological
relationships, and genomic characteristics of planktonic marine microorganisms.
An important question to answer is, do processes occurring at the microscale in
the heterogeneous seascape inhabited by marine bacteria have large-scale impacts?
Or can we instead neglect this heterogeneity and consider that its impact will
“average out” over larger scales?

2.6.1 Impacts on Oceanic Primary Production

The productivity of the marine food web is governed by phytoplankton primary
production, which means that interactions that directly affect phytoplankton growth
have fundamental importance for ocean-scale processes. In addition to being con-
trolled by dissolved nutrient availability in the bulk seawater phytoplankton growth
is also influenced by processes occurring in the microenvironment surrounding their
cells (i.e., the phycosphere). Reciprocal interactions with specific bacterial partners
played out within this microenvironment can profoundly influence the provision of
limiting nutrients and other essential growth factors to phytoplankton cells. In its
simplest form, this reciprocal exchange can involve the uptake of exuded
photosynthates (e.g., sugars) by the bacteria and the return of inorganic nutrients
back to the phytoplankton cell (Azam and Malfatti 2007). However, more complex
and specific chemical exchanges have been uncovered involving bacterial synthesis
of important minerals, B-vitamins, and growth promoting hormones (Amin et al.
2009, 2012; Croft et al. 2005) that affect the growth and survival of phytoplankton
cells.

Some microscale interactions may also negatively affect primary production in
the ocean. Bacteria may outcompete phytoplankton for nutrients (Currie and Kalff
1984) while specific bacteria can inhibit phytoplankton cell division (van Tol et al.
2017) or produce algicidal compounds that kill these primary producers (Barak-
Gavish et al. 2018; Furusawa et al. 2011; Seyedsayamdost et al. 2011). When
considering the cumulative impact of these positive and negative relationships, it
is clear that the microscale interactions between phytoplankton and bacteria
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influence phytoplankton growth and are a determinant of primary production in the
ocean, ultimately affecting the functioning and productivity of marine ecosystems.

2.,6.2 Impacts on Symbiont Recruitment

The acquisition of microbial symbionts enables host organisms to expand their
metabolic capabilities, inhabit otherwise hostile environments, and carve new eco-
logical niches, which promotes species diversity and ecosystem services (Margulis
1981; Ochman and Moran 2001). Many important marine symbioses such as those
of corals, tube worms, squid, mussels, protists, and phytoplankton rely on the
acquisition of microbial partners from the environment (Raina et al. 2019). The
importance of bacterial motility and chemotaxis in the establishment and mainte-
nance of symbiotic interactions is well established in a small number of model
systems but is likely to be important across a wide range of hosts (Raina et al.
2019). One of the most well-studied model systems in the marine environment is the
symbiosis between the bioluminescent bacterium Aliivibrio fischeri and the Hawai-
ian bobtail squid (Euprymna scolopes) where the host uses the light produced by the
symbionts as camouflage against predators during its nocturnal foraging (Nyholm
et al. 2000). In the few hours following hatching, bacterial symbionts are selectively
taken up from the environment (Nyholm and McFall-Ngai 2004) and actively
migrate toward the pores of the light organ using chemotaxis (Mandel et al. 2012).
Another example of the use of motility and chemotaxis to recruit symbiotic partners
is the marine macroalga Ulva mutabilis, which attracts its growth-enhancing symbi-
ont Roseovarius by releasing the chemoattractant DMSP (Kessler et al. 2018). In
addition, chemotaxis- and motility-deficient mutants of Marinobacter adhaerens
were unable to locate and attach to their phytoplankton partners, negatively
impacting the growth of the algal cells (Sonnenschein et al. 2012) and implying
that chemotaxis is key to the establishment of a symbiotic exchange between
bacteria and phytoplankton cells. As evidence of the ecological importance of
symbioses to the fitness and survival of key marine organisms continues to emerge,
the chemotactic encounter of symbiotic partners is likely to be a pervasive
mechanism.

2.6.3 Impacts on Rates of Chemical Transformations

The behavioral responses of marine microorganisms to microscale heterogeneity in
the water column are predicted to strongly affect the rates of carbon cycling through
the base of the marine food web. Results derived from both experimental
observations and mathematical models suggest that chemotaxis and motility signifi-
cantly increase bacterial uptake rates of dissolved organic carbon (DOC) (Blackburn
et al. 1997, 1998; Fenchel 2002; Smriga et al. 2016; Stocker et al. 2008). It is
important to note that even in the absence of chemotactic bacteria, DOC derived
from hotspots would ultimately diffuse into the bulk seawater and become available
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to non-chemotactic bacteria. This suggests that, while the rates of DOC uptake may
increase due to chemotaxis, the absolute amounts of carbon cycled may not change
(Stocker 2012; Stocker and Seymour 2012). However, behavioral exploitation of
microscale DOC hotspots might enhance total carbon flux if these elevated
concentrations of organic compounds support an increase in bacterial growth effi-
ciency (Azam and Malfatti 2007). This process would ultimately lead to a higher
proportion of DOC being converted into biomass and would therefore channel more
carbon into the marine food web.

2.6.4 Impacts on Exchanges Between Ocean and Atmosphere

A large variety of biogenic volatile organic compounds (BVOCs) are produced by
marine microorganisms and emitted to the atmosphere (Lawson et al. 2020; Moore
et al. 2020). One of the best studied volatile compounds is the sulfur-containing
dimethyl sulfide (DMS) because its release into the atmosphere represents the largest
flux of biogenic sulfur on Earth and its subsequent oxidation forms sulfate aerosols
that act as cloud condensation nuclei (Sievert et al. 2007; Sim6 2001). The precursor
of this gas is DMSP, which is produced in high concentrations by many phytoplank-
ton taxa (with intracellular concentration reaching 1-2 M) (Caruana and Malin 2014;
Keller 1989). At the scale of bacteria, large concentrations of DMSP are introduced
into the environment via point source events including exudation into the
phycosphere, viral lysis, and grazing events (Seymour et al. 2010a). Given the
diffusivity of this molecule and its high concentration in patches, it is perhaps not
surprising that DMSP is a potent chemoattractant for many species of marine
bacteria (Garren et al. 2014; Miller et al. 2004; Seymour et al. 2010a; Zimmer-
Faust et al. 1996). In addition, DMSP is also an important growth substrate,
supporting up to 13% of the bacterial carbon demand and nearly all their reduced
sulfur needs in surface waters (Kiene et al. 2000). However, not all marine bacteria
use DMSP in the same way: some demethylate this compound to assimilate its sulfur
and carbon into their cell (Howard et al. 2006) whereas others cleave DMSP and
thereby produce the volatile DMS (Curson et al. 2011). These two competing
pathways are often both present in marine bacteria (Curson et al. 2011) and chemo-
taxis toward DMSP has been demonstrated among bacterial strains that employ both
the cleavage and demethylation pathways (Miller et al. 2004; Seymour et al. 2010a).

Twenty years ago, the DMSP availability hypothesis proposed that the relative
importance of the two DMSP degradation pathways—and thus the amount of DMS
produced—is regulated by the DMSP concentration in the environment (Kiene et al.
2000). According to this hypothesis, the utilization of DMSP in concentrated patches
leads to the production of more DMS compared to utilization in dilute background
concentrations. This long-standing hypothesis was recently validated experimen-
tally, confirming that external DMSP concentration dictates the relative expression
of the two pathways with an increase in DMSP cleavage (and therefore DMS
production) measured close to the surface of phytoplankton (Gao et al. 2020).
Bacterial exploitation of microscale DMSP hotspots such as the phycosphere
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surrounding a DMSP-producing phytoplankton cell, which is governed by motility
and chemotaxis, is thus likely to be an important determinant of the release of sulfur
into the atmosphere as DMS, influencing the cycling of sulfur.

2.6.5 Impacts on Exchanges Between Ocean and Sediments

The flux of sinking particles from the sunlit upper ocean to the deep ocean forms the
basis of the biological carbon pump, which leads to the sequestration of carbon into
marine sediments for millennia (Ducklow et al. 2001). This vertical carbon flux is
responsible for the export of more than 50 Gt of carbon per year. From the
perspective of a planktonic bacterium, sinking organic particles represent a localized
resource hotspot. As particles sink, they are colonized and degraded by marine
bacteria, which recycle the carbon they contain. Due to bacterial degradation, only
25% of the organic particles sink deeper than the photic zone and only 1% reach the
ocean floor (Azam and Long 2001; Cho and Azam 1988). These particles are thus
hotspots of microbial activity that influence the global biogeochemical cycles of
carbon and nitrogen.

The decomposition of sinking particles involves specific behavioral and meta-
bolic responses by marine bacteria and archaea. As discussed above (Sect. 2.2),
motility and chemotaxis enhance the rate of encounter with particles by a factor of
100-1000 (Kigrboe and Jackson 2001; Kigrboe et al. 2001; Lambert et al. 2019).
Observations of community assembly on model particles revealed a strong correla-
tion between trophic level and motility (Datta et al. 2016). Early colonizers (arriving
less than 48 hours after the exposure of particles to seawater) were not only motile
and chemotactic but were also primary degraders of polymers (Datta et al. 2016).
Conversely, late colonizers relied on metabolites from primary degraders to sustain
their growth and were non-motile (Datta et al. 2016). These microscale processes
have large-scale implications for carbon cycling because they directly control the
quantity of particulate carbon that reaches the seafloor (Buesseler et al. 2007).

The metabolic activity of microbes on particles creates strong and persistent
micrometer- to millimeter-scale oxygen gradients (Paerl and Prufert 1987). Impor-
tant nitrogen transformation processes generally occur near oxic interfaces. As a
result, particles are likely to support microscale partitioning of bacteria involved in
nitrification (aerobic), denitrification (anaerobic), and nitrogen fixation (anaerobic)
(Alldredge and Cohen 1987; Glud et al. 2015; Paerl and Prufert 1987). High levels of
both nitrification and denitrification have been measured in organic aggregates
derived from cyanobacteria (Klawonn et al. 2015). Similarly, direct stimulation of
N, fixation has been measured in the presence of particles (Pedersen et al. 2018;
Rahav et al. 2016) indicating that particles also represent important microscale
hotspots for nitrogen cycling in the water column.

In summary, microbial processes occurring at the microscale in response to
chemical gradients directly influence phytoplankton primary productivity, the
recruitment of symbionts, the rate of biogeochemical transformations, the production
of climate-active molecules, the cycling of limiting elements, and the long-term
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storage of carbon in the ocean. When reconsidering the question, does microscale
heterogeneity matter, we can therefore safely answer in the affirmative. Microscale
processes must be considered if we wish to achieve an accurate mechanistic under-
standing and realistic models of large-scale oceanic processes (Azam 1998; Stocker
2012).

2,7 Summary and Future Directions

¢ From the viewpoint of bacteria, seawater contains many nutrient hotspots and
microhabitats that are either ephemeral or persistent. These hotspots arising from
different micro- and macroorganisms, sinking particles, and decaying organic
matter represent resource islands that can be exploited by copiotrophic bacteria
for their growth.

* The physics of fluid dynamics and its impact on microorganisms at the microscale
diverges from that ruling larger geophysical phenomena. In a world mostly
dominated by diffusion, the microscale remains relatively unaffected by turbu-
lence allowing the steady emission of chemical gradients that are accessible for
uptake by heterotrophic microorganisms. Turbulence enhances microscale het-
erogeneity by stirring nutrients in the water column and creating microscopic
nutrient filaments.

e The large distances separating microorganisms in the water column, relative to
their body size, renders nutrient uptake highly challenging if it only relies on
random encounters. Heterotrophic bacteria have therefore evolved active
behaviors such as high-speed motility and sensitive chemotaxis to increase the
frequency at which they encounter resource hotspots. The performance of marine
bacteria differs from that of the well-studied enteric model organisms and has
been demonstrated to yield higher profitability, through higher swimming speeds,
efficient swimming patterns, and directed chemotaxis.

* The ocean’s microscale seascape gives rise to a diverse range of interactions
within multiple microhabitats such as the phycosphere or sinking marine
particles. Gradients also mediate interactions between microorganisms and larger
eukaryotes, such as corals and fishes, directly impacting the ecology and dynam-
ics of the oceans.

* Although microscale behaviors and interactions may happen within a fraction of a
drop of seawater, they have global-scale consequences. The impacts of these
interactions do not average out over larger scales but instead microbial cycling of
chemicals often occurs exclusively within localized microenvironments.

As we become more aware of the microscale complexity of bacterial behaviors
and interactions ruling the foundations of marine microbial ecology and their global
impact on biogeochemical cycles, it appears that the scale of classic sampling
techniques used in oceanography (e.g., Niskin bottles) is fundamentally discon-
nected from the microscale interactions at work. New technologies and mathematical
models (Stomka et al. 2020; Stomka and Stocker 2020) have been developed to
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decipher the microbial ecology of our oceans at more realistic scales. Single-cell
genomics is beginning to reveal heterogeneity in gene expression (Blainey 2013;
Gao et al. 2020; Kalisky and Quake 2011). Raman microscopy and mass spectrom-
etry imaging now allow measurement of the chemical signatures of individual cells
(Lee et al. 2019, 2020). Atomic force and electron microscopy are revealing the
structural characteristics and the spatial configuration of cells (Mittelviefhaus et al.
2019; Turner et al. 2016). In addition, developments in microfluidics now allow
researchers to unravel microbial behavior in response to chemical landscapes in the
laboratory (Behrendt et al. 2020; Salek et al. 2019; Seymour et al. 2010a, b; Stocker
et al. 2008) and directly in situ (Clerc et al. 2020; Lambert et al. 2017; Tout et al.
2015).

Despite these advances, key parameters needed to understand the survival of
microbes in a sea of gradients are still poorly characterized. Work is required to
determine (1) the fraction of motile bacteria in the ocean and how this fluctuates with
daily cycles, seasons, nutrient abundance, and ocean depth; (2) the principal chemi-
cal currencies in the water column used for growth or as signaling molecules and
their impact on microbial community assembly and composition; (3) the distribution
of particle sizes and abundance through the water column and their impact on rates
of bacterial encounter, degradation, and remineralization; and (4) the variables that
drive relations between heterogeneity and diversity, motility, and chemotaxis.
Obtaining realistic estimates of these parameters that truly represent the heterogene-
ity of the oceans will not be easy, but the payoff will be a better understanding of the
exquisite adaptations of bacteria and archaea to the complexity of marine
environments and their contributions to the element cycles and climate of our planet.
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