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ABSTRACT

In this study, we document hydrodynamics-mediated trapping of microorganisms around a moving
spherical nutrient source such as a settling marine snow aggregate. There exists a range of size and
excess density of the nutrient source, and motility and morphology of the microorganism under which
hydrodynamic interactions enable the passive capture of approaching microorganisms onto a moving
nutrient source. We simulate trajectories of chemotactic and non-chemotactic bacteria encountering a
sinking marine snow particle effusing soluble nutrients. We calculate the average nutrient concentra-
tion to which the bacteria are exposed, under regimes of strong and weak hydrodynamic trapping.
We find that hydrodynamic trapping can significantly amplify (by ~ 40%) the nutrient exposure of
bacteria, both chemotactic and non-chemotactic. The subtle interactions between hydrodynamic and
chemotactic effects reveal non-trivial variations in this ‘hydrodynamic amplification’, as a function of
relevant biophysical parameters. Our study provides a consistent description of how microorganism
motility, fluid flow and nutrient distribution affect foraging by marine microbes, and the formation of
biofilms on spherical nutrient sources under the influence of fluid flow.
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1 Introduction

Chemotaxis—the directed motion of bacteria along favorable gradients in chemical concentration—is one of the primary
mechanisms through which marine bacteria locate nutrition, from sources like phytoplankton, marine snow and oil
drops [1]. In the past, researchers have studied how chemotaxis helps in the colonization of settling particles [2], and of
the nutrient plumes that trail these particles [3, 4, 5]. Besides, chemotaxis is also vital in following nutrient sources
with inherent motility, e.g., the tracking of the motile algae Pavlova lutheri by the marine bacteria Pseudoalteromonas
haloplanktis [6]. Bacteria utilize a number of strategies, like ‘run-and-tumble’ or ‘run-reverse-flick’, to bias their motion
to chemical cues, and find and populate nutrient-rich regions in their environment [7, 5, 8]. These strategies are actively
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regulated on the level of an individual cell, via chemosensing, i.e., feedback mechanisms involving membrane receptors
and intracellular signals [9].

In addition to external chemical cues, microorganism locomotion is also affected by the ambient fluid flow. Mi-
croorganisms are translated and rotated by background flows and they undergo changes in their swimming motion
by ‘interacting hydrodynamically’ with their surroundings [10, 11]. As a bacterium swims, its appendages disturb
the fluid around it, setting up a flow. The presence of bounding surfaces and/or obstacles—especially within a few
body-lengths from the bacterium—affects this flow, which in turn affects the motion of the microorganism itself. This
mechanism, wherein an alteration of the fluid flow around a microorganism—due to nearby surfaces/interfaces, or even
other microorganisms—changes its motion, is called a hydrodynamic interaction. Hydrodynamic interactions have
been used to successfully describe a number of non-trivial phenomena, like the circular trajectories of E. coli in the
vicinity of plane walls [12, 13] and air-fluid or fluid-fluid interfaces [14, 15, 16]; the tendency of microorganisms to
be attracted to and accumulate near walls [17, 18]; the enhanced residence time of bacteria and microswimmers near
plane and curved solid surfaces [19, 20, 21]. Examination of the flow fields around bacteria reveals that hydrodynamic
interactions are most important at small cell-surface separations [19], which suggests that they can affect the trajectories
of bacteria that encounter sinking particles either by chance or through chemotaxis.

The influence of near-surface hydrodynamic interactions on foraging by marine bacteria is thus an interesting topic,
which has not been considered in detail in prior studies on chemotaxis toward settling particles. Recently, Desai
and Ardekani analyzed the influence of hydrodynamic interactions in the motion and distribution of chemotactic
bacteria around stationary, spherical nutrient sources, and concluded that hydrodynamic interactions greatly assist in the
colonization of nutrient sources [22]. This significance of hydrodynamic interactions in the accumulation around fixed
nutrient sources motivates us to examine the combined effects of hydrodynamic interactions and chemotaxis on the
distribution of marine microbes around moving (due to gravity) nutrient sources. Our study is particularly relevant in
the context of microbial colonization of sinking marine snow particles, and of rising oil drops emanating from natural
or anthropogenic oil spills [23]. We wish to identify the factors affecting a bacterium’s average nutrient exposure
under these conditions. This is pivotal in determining the overall uptake rates by marine bacteria and the subsequent
microbiological processes dictating bacterial populations in particular, and the marine biogeochemistry in general [24].
We formulate, and solve, a mathematical model which incorporates the essential features of the mechanisms governing
bacterial motion: (i) run-and-tumble chemotaxis toward a nutrient/chemoattractant emanating from a spherical, sinking
nutrient source (e.g., an aggregate like marine snow), (ii) fluid flow caused by the source, and, (iii) hydrodynamic
interactions caused by proximity to the nutrient source (a rigid obstacle). We emphasize here that the first response is an
active motility trait of most bacteria, and the latter two are passive, i.e., driven solely by hydrodynamics. While the
chemotactic response may be specific to bacterial species, the hydrodynamic effects are more generally valid. Through
our analysis, we identify the effect of hydrodynamic interactions on the average nutrient exposure of marine bacteria
swimming close to sinking nutrient sources. We quantify it as a function of important environmental (size of nutrient
source and the diffusivity of the nutrient) and biological factors (mean run-time of the bacterium and magnitude of the
force its appendages exert on the surrounding fluid).

2 Influence of Hydrodynamics and Chemotaxis

We consider a spherical aggregate or marine snow particle of radius a (shown in Fig. 1), which also acts as the source of
a chemoattractant/nutrient, sinking under the influence of gravity with a force F.,: = ApV, g acting on it; where, Ap is
the excess density of marine snow [ranging from 10~° g/cm?® to 1073 g/cm?; [25]], V,, = %Wag’ is its volume and g is
the acceleration due to gravity. The nutrient diffusing out of the source is carried by the fluid and forms a downstream
plume as shown. At a position X, with respect to the center of this particle, lies a microorganism of size b. The fluid
flow is affected by both the sinking particle and the microorganism. The presence of the particle is expected to affect
the swimming motion of the microorganism through hydrodynamic interactions, and vice-versa. As the aggregate sinks,
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Figure 1: A schematic of the problem being solved. A marine snow aggregate of radius a sinks under the influence
of an external force (gravity) F.,:. A chemoattractant emanates from the surface of marine snow, and forms a plume
‘behind’ the marine snow. We consider a system of IV, bacteria (of size ) that are not interacting with each other but can
perform chemotaxis toward nutrient hot-spots (the concentration boundary layer and the plume around the aggregate),
and interact hydrodynamically with the aggregate upon encountering it. We consider the motion of each bacterium by
simulating its trajectory, i.e., the time evolution of its position with respect to the aggregate X», and its orientation p, as
dictated by hydrodynamic and chemotactic effects.

it encounters bacteria either because they lie in its path, or because they are attracted, via chemotaxis, to its surface.
Once the bacterium-aggregate separation reduces to within a few bacterial body-lengths, chemotaxis becomes less
important and hydrodynamic interactions become significant. On the other hand, bacterial motion far from the marine
snow is affected primarily by chemotaxis. We, thus, first consider the motion of bacteria due to hydrodynamics and
chemotaxis separately, and then get the complete description obtained by combining the two effects.

2.1 Bacterium as a force dipole

Fig. 1 shows the bacterium’s location x5 with respect to the center of the marine snow, and its orientation p. These
govern the bacterium’s trajectory and evolve in time according to

dxs dp

— =ug; — U, + Vyp, T Qpr xp, (D

where uy and Q1 are the hydrodynamically induced linear and angular velocities of the bacterium, respectively;
U, is the velocity of the marine snow particle; and V; is the swimming speed of the bacterium. Eqn. 1 shows that
in the absence of hydrodynamic interactions—say, in an unbounded quiescent fluid—the bacterium simply swims
along its instantaneous direction p. In order to calculate ug;, Qg7 and Uy, we need knowledge of the fluid flow
around the bacterium. The typical size of marine bacteria ranges from 1-10 pm; for these length scales, the Reynolds
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Figure 2: The drag, fyp, and thrust, —f, exerted by a (a) pusher, and, (b) puller, on the surrounding fluid. p is the
direction in which the microorganism swims in an unbounded, quiescent fluid.

number—which is the ratio of inertial forces to viscous forces—associated with fluid flow is exceedingly small. In
addition, we only consider marine snow particles of diameter d and settling speed U,, such that their associated Reynolds
number, Re,,s = pUpd/p << 1, where p and p are the density and viscosity of the suspending fluid, respectively.
This allows us to safely neglect the effect of fluid inertia in our analysis.

The fluid flow is governed by the equations describing the conservation of mass and momentum. We incorporate the
effect of the bacterium on the fluid flow by considering it as a ‘force dipole’, i.e., two equal and opposite forces being
exerted on the fluid by the bacterium’s cell body and its flagellum/flagella [19]. The force exerted by the cell body is
called the drag (say f = fyp), and that by the flagellum is called the thrust (-f). The force dipole representation arises
because of the small separation between the points of application of the drag and the thrust. An important parameter
in our study is the ‘dipole strength’ of the bacterium, denoted by F'p. Physically, it is the scalar product of the drag
force exerted by the bacterium on the fluid, fyp, and the position of the point of application of the drag, with respect
to the center of the bacterium, i.e. , Fip =~ fyp - Xp (see Fig. 2). The magnitude of Fp ranges from 0.1-1 pN-um,
for a wide range of bacterial species, e.g., Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, Salmonella
typhimurium, Vibrio alginolyticus [17, 19, 26]. A stronger influence of the microbe on the flow, and thus a stronger
hydrodynamic interaction, occurs for larger values of F'p. From Fig. 2 and the definition of Fp, it is clear that F'p > 0
for microorganisms that exert thrust near their tail (called pushers, e.g., most bacteria) and Fp < 0 for microorganisms
that exert thrust near their head (called pullers, e.g., algae); in this work, we consider the former case. The details of
the mathematical formulation are given in Appendix A, and the expressions for the various hydrodynamically induced
velocities are given in Appendix B.

The dynamics described by eqns. 1 is most accurate when the separation between the bacterium and the aggregate is
large; as this separation reduces, the accuracy of the model deteriorates. Specifically, [17] measured the distribution of
E. coli in a suspension confined by parallel glass plates and concluded that the force dipole model ceases to be a valid
approximation at distances of around 10 body lengths (i.e., at (|x2| — a) ~ 10b) from the surface. For (|x2| — a) < 10b,
the effects of finite size of the bacterium, its shape asymmetry and flagellar rotation become important and these are not
captured by a force dipole. As the bacterium approaches to within touching distance from the aggregate the force dipole
model results in unrealistic effects like the penetration of the bacterium through the rigid surface of the aggregate. This
can be remedied using more involved hydrodynamics but for the sake of simplicity we model the near-field interaction
between the bacterium and the aggregate as a hardcore repulsion. This means that upon contact, we ensure that the
bacterium doesn’t penetrate into the aggregate, but moves tangentially along its surface while being free to rotate. Thus,
the bacterium cannot penetrate into the aggregate but can still rotate away and escape from it after spending some time
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on its surface. Such rigid-body or steric interactions are not uncommon and have indeed been observed for a number of
microorganisms in contact with rigid surfaces [27, 28].

The force dipole model just described has been used in the past to explain the hydrodynamic trapping of microswim-
mers/bacteria impinging on stationary rigid spheres [21] and drops [29]. This trapping phenomena has been observed
experimentally as well, for both artificial micro-swimmers [20] and for the bacterium E. coli and its predator Bdellovib-
rio bacteriovorus [30]. In this study, we show that such trapping can also occur when a bacterium encounters a sinking
sphere (see Section 3.1).

2.2 Bulk nutrient distribution and chemotaxis

Many bacteria follow a run-and-tumble behavior, wherein their orientation, p, can change abruptly depending on
the instantaneous rate of change of chemoattractant concentration in their vicinity. In our case, the chemoattractant
concentration, C, satisfies the steady-state convection-diffusion equation

V- (vs:C) = DeV3C, )

where D is the nutrient diffusivity, and vg; is the flow field due to a sphere sedimenting under gravity, in an unbounded
fluid. This is a simplification, because we are not accounting for the effects of the hydrodynamic interactions on the
convection-diffusion equation. In reality, hydrodynamic interactions would cause the sphere to rotate as it settles and
the presence of the bacterium would disturb the fluid flow, making it different from vg;. Thus, the fluid flow—and
through it, the nutrient transport—will be affected by both the rotation of the marine snow and by the bacterium. But for
the parameter range of our study (see Table 1), the fluid flow associated with the marine snow particle’s rotation, and
also with the bacterium’s locomotion, is negligible in comparison to that associated with the marine snow particle’s
gravitational settling (see eqns. 25 to 28 in Appendix). Therefore, we can justify the simplification made in eqn. 2. We
solve eqn. 2 subject to the conditions that C' = Cj at the sphere surface, and C' — 0 at large distances away from the
sphere. Note that a fixed surface concentration of the nutrient corresponds to transport limited nutrient transfer [31].

Once the concentration C' is known, the run-and-tumble chemotaxis is implemented by prescribing the run-time 7 of the
bacterium as a function of DC'/ Dt, i.e., the instantaneous rate of change of the chemoattractant concentration as seen
by the bacterium. This is done by providing a bias to the mean run-time of the bacterium in absence of chemoattractant,
To, according to the relation (see Appendix C for details):

K DCY\ DC DC
T = T, €XP 0@7’3 5——|,—= >0; and, 7 = 79, — <0, 3)
(Kp+C)~ Dt Dt

" Dt

where o is a time-constant and K p is the half-saturation constant of the receptors that bind to the chemoattractant.
Eqn. 3 shows how chemotactic bacteria can climb up nutrient gradients: by increasing their run-time whenever they
swim along regions with increasing ambient nutrient concentration. One important point is that bacterial tumbling is
significantly hindered when they are near solid surfaces and most tumbles are limited to the tangent plane at the surface
[32]. Therefore, we restrict near-surface tumbling, and any bacterium that comes into contact with the nutrient source
cannot simply tumble away and escape. Finally, we introduce stochasticity to the bacterium’s orientation—stemming
from flagellar imperfections and other inherent fluctuations—in between tumbles (when its orientation is governed by
the second equation in eqn. 1) by allowing for rotational diffusion of the orientation p with a diffusivity D,.. This
changes the second equation in eqn. 1 to:

p(t+A) — p () = At (R (1) x p(t)) + /4D, Atz x p (1), )

where nr is a Gaussian white noise term over the unit-sphere.
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3 Results

The major bio-physical parameters, and their respective dimensionless representations in our study are: the bacterial
dipole strength, ap = Fp /(87 ub®V}); the mean run-time of the bacterium, 7* = 7,V /b; the rotational diffusivity of
the bacterium, D = D,.b/V; the nutrient’s molecular diffusivity D¢, represented by the Schmidt number, S¢ = v/ D¢,
where v is the kinematic viscosity of the surrounding fluid (water); the radius of the settling aggregate R = a/b; and
the excess density Ka, = 2Apgb?/(9uVs). Another important parameter is the Péclet number Pe = U,a/Dc, which
is the ratio of advective transport of the nutrient to its diffusion. The values of all these parameters are calculated by
using the corresponding dimensional values listed in Table 1.

3.1 Hydrodynamic trapping: with and without orientational diffusion

We first discuss how hydrodynamics affects a bacterium’s behavior in close proximity to sinking marine snow, in
the absence of tumbling (and hence, chemotaxis), and rotational diffusion (D,. = 0 in eqn. 4). The idea is that fluid
flow caused by a bacterium, if strong enough, causes it to rotate toward a nearby rigid surface and approach it. This
‘hydrodynamic attraction’ is balanced by hardcore repulsion, which results in the bacterium swimming tangentially to
the surface. In the following discussion, the dimensionless radii (of spherical marine snow) are represented by ‘R’.

Microswimmers/bacteria encountering stationary spherical obstacles—like rigid spheres or liquid drops—can get trapped
onto their surface due to hydrodynamic interactions, if the obstacle radius is larger than a critical radius, say R [21].
This is shown in the trajectories in Fig. 3(a). The dipole strength is the same for the bacterium trajectory marked by
diamonds and the one by circles; in the former, the radius of the sphere is larger than R, while in the latter, it is smaller
than R.o. Recent experiments on the motion of B. bacteriovorus near beads also observed this interesting dependence
of hydrodynamic trapping on sphere radius [30]. A different interpretation is that spherical obstacles of a prescribed
radius can (hydrodynamically) trap bacteria with dipole strengths larger than a critical value, say ap .o. Therefore, a
bacterium with dipole strength less than ap o, does not get trapped around a sphere [the blue trajectory marked by
circles in Fig. 3(b)], while one with dipole strength greater than o p .o does get trapped [the red trajectory marked by
diamonds in Fig. 3(b)]. For a stationary liquid drop, the dimensionless critical trapping radius can be estimated as,

64 A+1

AT 5
302 3A + 2 ®)

Rc,d'r‘op ~
where ) is the ratio of the drop’s viscosity to the viscosity of its surrounding fluid. Eqn. 5 has been obtained from
numerical calculations of the critical trapping radius for clean drops, reported in [29]. The critical trapping radius for
a stationary rigid sphere, R, can be obtained by taking the limit A — oo in eqn. 5, which yields R.o ~ 64/(9a%)
[21]. This variation is shown by the circles in Fig. 3(d). Alternatively, one can also evaluate the critical dipole
strength for which a bacterium will trap around a rigid sphere of radius R by inverting the previous expression, i.e.,
ap.co ~ 8/ (3R1/ 2). If we use the diameters of marine snow particles (0.4 - 100 mm) as a reference, we obtain the
corresponding critical dipole strength values in the range 0.05 < ap o < 0.6. Measurements and calculations for E.
coli estimate a wide range of dipole strengths, 0.01 < ap < 2 [33, 19], owing to heterogeneities among different cells
[34]. The same is also true for other genera, like the uniflagellated marine bacterium V. alginolyticus [26, 8]. Therefore,
one can conclude that there do exist scenarios under which most motile bacteria can get hydrodynamically trapped
around stationary, rigid spherical obstacles.

Does hydrodynamic trapping occur if the obstacle encountered by the bacterium is moving, instead of being fixed? To
answer this, we numerically simulated (without tumbling and rotary diffusion) the dynamics of a bacterium located
initially at x(0) = (0.1,0,—R — 15), and orientated along the direction opposite gravity, i.e., p(0) = (0,0,1), as
shown in Fig. 3(c). Thus, the bacterium lies directly in the path of the sinking aggregate and eventually collides with
it, after which its motion is dictated by hydrodynamic interactions with, and hardcore repulsion from the aggregate
surface. In addition to dipole strength and the sphere radius, we have a third factor that governs the bacterial dynamics
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Figure 3: (a) The critical trapping radius for a stationary sphere: a bacterium gets trapped (resp. escapes) if the radius
of the sphere being encountered is larger (resp. smaller) than a critical value. (b) Bacterium with dipole strength larger
(resp. smaller) than the critical dipole strength, ap o is trapped (resp. escapes) around a sphere of given radius R. (c)
Trapping around a settling sphere: the trajectories are plotted in the frame of reference moving with the sphere and
gravity acts along the —z direction; ap .. is the critical dipole strength above which hydrodynamic trapping occurs (for a
settling sphere). (d) Variation of the critical trapping radius of a sphere settling under gravity, R.;, with the bacterium’s
dipole strength, for different values of dimensionless excess density K a,. R is the value of the critical trapping radius
for a stationary sphere. Note that the external force acting on the particle is a function of its radius. Also shown in
panel (d), via filled symbols, are the values of the upper limit of aggregate radii R.,, above which the faster settling of
the aggregate dominates the hydrodynamic attraction effect and thus prevents bacterium capture. These values of R,
exist only for the three cases shown; in all other situations, the aggregate Reynolds number exceeds O(1) (wherein our
theory becomes inapplicable) before such ‘rapid-settling induced escape’ is seen. (e) An illustration of the fact that
hydrodynamic capture fails to occur if the dimensionless excess density K, exceeds 4 x 1072, The dimensionless
bacterial dipole strength used in the simulation is ap = 2, which is the maximum value used in this paper; and the
dimensionless radius is R = 10, which is the minimum value considered across all our analyses. Note that trajectories
for Ka, < 0.0218 are not shown to improve clarity, as they all overlap over the one marked by diamonds.

when the sphere is settling under gravity: the density difference between the sphere and the ambient fluid, denoted,
in dimensionless form, by Ka,. A major difference due to gravitational settling is that if the settling speed is very
large (due to large aggregate radius and/or excess density), then the bacterium cannot ‘keep up’ with the sphere and
thus cannot be trapped, as seen in the magenta trajectory in Fig. 3(c). This is particularly true for low dipole strengths,
i.e., when the hydrodynamic interactions between the bacterium and the sphere are weak. But there exists a range of
sizes (0.2 mm < a < 0.65 mm) and excess densities (10™% g/cm?® < Ap < 1072 g/cm?) of marine snow for which
hydrodynamic trapping occurs [25], specifically if the bacterium’s dipole strengths are large. Fig. 3(d) shows that for
excess density values that are representative of our system, substantial differences between the critical trapping radii
of the stationary (R.o) and the translating (R.;) case occur only for small bacterial dipole strengths. In this regime
[ap < 0.6 in Fig. 3(d)], the critical trapping radius for the case of a sinking aggregate increases as the excess density
of the aggregate increases. However, there is no R.; shown corresponding to aup = 0.3 for K, = 1.09 x 104, and
corresponding to ap = 0.3,0.4 for Ka, = 2.18 x 10~*. For these parameter values, trapping does occur at larger
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values of R, but the Reynolds number of the aggregate corresponding to these large values is ~ O(1), and so our
theory is not valid in those regimes. It is interesting that even though larger spheres settle faster, they also have a
greater ‘hydrodynamic pull’ on a bacterium with large enough dipole strength. Intuitively, one would expect larger
spheres/aggregates to be less effective hydrodynamic traps as they settle faster and so an approaching bacterium might
not be able to keep up with the settling sphere. But for the range of excess density considered (10~* g/cm? to 1073
g/cm?), our analysis shows that an increase in aggregate radius also strengthens the hydrodynamic interaction between
the aggregate and the bacterium. This enables larger aggregates to act as more effective traps for nearby bacteria. In
this way, a sphere of radius less than the critical trapping radius sinks slowly but still doesn’t trap an approaching
bacterium (as the hydrodynamic interaction effects are weak), while one with radius larger than the critical trapping
radius sinks more rapidly yet it manages to trap oncoming bacteria with large enough dipole strength (due to stronger
hydrodynamic interactions). But this effect of larger aggregate radii being more conducive to trapping might not
extend indefinitely, as eventually the aggregate Reynolds number will become ~ O(1), and the ideas presented here
will become inapplicable. In the low Reynolds number regime discussed here, there is an upper limit of aggregate
radii—albeit in a few cases—above which bacteria with smaller dipole strengths fail to remain hydrodynamically bound
to the aggregate. This upper limit, 17, is shown whenever it exists, via filled symbols in Fig. 3(d). This upper limit of
aggregate radius exists because the hydrodynamic trapping effect competes with the settling rate of the sphere, and
there does exist some threshold settling speed above which the sphere’s fast settling precludes hydrodynamic capture
altogether. In accordance with this idea, we also see that if the excess density is too high (Ka, > 4 X 1072) then
hydrodynamic trapping does not occur for realistic values of the bacterium dipole strength and marine snow radius.
This upper limit of K », was computed by simulating the encounter of a bacterium of dipole strength aup = 2 (which is
the maximum value used in our work), with an aggregate of radius R = 10 (which is the minimum value used in our
work). As the value of K a, was increased from 2.18 x 1075, the bacterium got trapped until K, = 4.36 x 1072 [see
Fig. 3(e)]. Thus, when K, > 4.36 x 102, even the bacterium with highest dipole strength considered will fail to get
trapped to any aggregate that we have considered in this study. An increase in the sphere size at this value of the excess
density also does not favor trapping, because it further increases the sphere’s settling speed, without yielding greater
advantages for hydrodynamics based trapping. Since even intra-species bacterial dipole strengths can span a wide
range—owing to their dependence on cell size, shape and swimming speed—one can expect a multitude of behaviors in
reality. The conclusion therefore is that hydrodynamic trapping around a sinking sphere depends acutely on the sphere’s
excess density and the bacterium’s dipole strength.

The above behavior is deterministic because we have neglected the bacterium’s rotational diffusivity. In the deterministic
case, a bacterium encountering a sinking obstacle is either trapped, or it escapes, depending on the sphere’s radius,
its excess density and the bacterium’s dipole strength. But stochasticity is introduced because of noise/rotational
diffusion in the bacterium’s orientation, quantified by the dimensionless parameter D = D,.b/V;, where D,. is the
rotary diffusivity of the bacterium. If the bacterium’s rotary diffusivity is large, then its escape is possible even if the
radius of the spherical obstacle is larger than the critical values shown in Fig. 3. A large enough rotary diffusion may
overpower the fluid-flow induced rotation of the bacterium toward the aggregate. This can cause it to reorient away
from the surface of the nutrient source, and simply swim away to escape the hydrodynamic entrapment (see [21] and
[22] for details). In presence of noise, the bacterium’s interaction with the aggregate is no longer binary (i.e., either
trap or escape), and the time a bacterium spends at the surface of the aggregate is a random variable which we call the
‘trapping time’, shown qualitatively by the trajectories in Fig. 4(a).

The distribution of the trapping time, 7}, depends on the size and excess density of the aggregate, and the dipole
strength and rotational diffusivity of the bacterium. We use it to quantify the trapping fraction, F;,4,, defined as the
mean trapping time in a simulation of 1000 bacteria divided by the total simulation time, i.e., Fiyqp = T /Tend, Where
Ty, is the mean over all trial simulations. Fig. 4(c) shows that for typical values of the bacterial rotational diffusivity,
hydrodynamic trapping is still very likely for ap > 1; thus suggesting that the trapping mechanism is quite robust
to noise [see also Fig. 4(b)]. As an example of bacteria with ap > 1, consider E. coli cells (in water) of size b ~ 1
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Figure 4: (a) Ten trajectories of bacteria/micro-swimmers (dipole strength ap = 0.6, dimensionless rotary diffusivity
D = 10?) encountering a sinking sphere of radius R = 40, K, = 4.36 x 10~*. Note that even though the sphere
radius is larger than the corresponding critical trapping radius (R.; = 28.3), only a few swimmers are trapped if their
rotary diffusion is high. The swimmers spend different amounts of time on the sphere surface, before escaping from it.
(b) Ten trajectories of micro-swimmers with a higher dipole strength (ap = 1.2) than case (a), but same dimensionless
rotary diffusivity (D = 10~2) encountering the same sinking sphere as in (a). In this case, all the swimmers stay
hydrodynamically trapped upon encountering the sphere, because of their much larger dipole strengths. (c) The trapping
fraction Fi,q; as a function of the dipole strength for parameter values given in the title, with 7¢,,q = 500. Clearly,
Firap — 1 if the swimmer’s dipole strength is large enough. (d) The trapping fraction as a function of the aggregate’s
settling speed (U,) normalized by the bacterium’s swimming speed (V). The legend contains values of the dipole
strength, along with the parameter that was varied (to vary U),) in each case. In the plots marked by circles and squares,
Tena = 500; U, is changed by changing the excess density (Ap) of the aggregate from 107* g/em?® to 2 x 107 g/em?,
and aggregate radius is fixed at ¢ = 45 pm. In the plots marked by triangles, T¢,,q = 3000; U,, is changed by changing
the aggregate radius from 20 pm to 450 um, and excess density is fixed at 5 x 10~% g/cm?.

pm, swimming speed 22 4+ 5 um/s, and dipole strength Fp = 0.4 — 0.6 pN-um [19], or V. alginolyticus cells of
similar size but under conditions where the availability of sodium (Na™) is somehow inhibited [26]. This is because
the flagellar motor of V. alginolyticus is driven by transmembrane Na™ gradients, so Na™ deficient conditions reduce
its swimming speed from ~ 100 pum/s to = 20 pum/s, thus increasing the value of ap [26, 1]. In Fig. 4(d), we plot
the trapping fraction as a function of U, / V5, i.e., the aggregate’s sinking speed in an unbounded fluid, divided by the
bacterium’s swimming speed. The aggregate’s speed depends on its excess density Ap and radius a; and we have
plotted Fi,q; for the cases where Ap or a is varied independently. An increase in Ap increases the settling speed and
weakens the hydrodynamic attraction effect, therefore F;,, reduces monotonically with U, /V. Noticeably, if the
bacterium’s dipole strength is large then hydrodynamic trapping is quite likely (F4,q;, ~ 0.8) even when U, /V; = 10.
The nature of F;,q;, vS. @ is non-monotonic because an increased aggregate radius affects both the settling speed and
the hydrodynamic interactions (as seen in Fig. 3). Higher settling speeds on account of larger aggregate radii do not
necessarily diminish hydrodynamic capture, reflected in the gradual initial increase of Fi,.qp as U,/ Vs increases from
~ 1 to =~ 6. This was also apparent in the results shown in Fig. 3(d), and is attributed to the fact that hydrodynamic
attraction is enhanced for larger radii. But this enhancement does not last indefinitely and as the aggregate’s radius
increases further [i.e., when U, /V; > 6 in Fig. 4(d)] we begin to see a decline in the trapping fraction. This is because
hydrodynamic attraction is now being overpowered by the more rapid settling of the aggregate and the rotary diffusion,
making it exceedingly difficult for the bacterium to be retained on the surface of the sinking aggregate.

It is to be noted that the trapping behavior discussed above depends on whether a ‘direct encounter’ takes place
between the bacterium and the sphere. The most common way such an encounter may happen is if the bacterium
lies in the swept volume below a settling marine snow particle. Another possibility is chemotaxis toward the surface
of the nutrient-effusing marine snow, although this will depend strongly on the relative speeds and on the strength
of chemotaxis. Irrespective of the mechanism of the initial contact, hydrodynamic interaction plays a crucial role in
enhancing the nutrient exposure of marine bacteria. In the subsequent sections, we demonstrate this enhancement and
explain the factors affecting it.
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3.2 Average nutrient exposure and the hydrodynamic amplification

In this section, we combine the hydrodynamic and chemotactic effects described in Sections 2.1 and 2.2 to simulate
the trajectories of marine bacteria encountering a sinking nutrient source. The complete details of the simulation
methodology are given in Appendix C. In case of a stationary source, the nutrient concentration is spatially symmetric
and the solution to eqn. 2 (with v = 0) is just C/Cy = a/r; thus there is abundant nutrient availability all around the
source. This changes as the source settles under gravity because the nutrient which diffuses out of its surface gets
convected downstream as a plume [see Fig. 6(a)]. The width of this plume can be thought of as a measure of the spatial
‘nutrient availability’, with wider plumes being more amenable to location and population by bacteria via chemotaxis.
An equivalent metric is the concentration boundary layer thickness, denoted by d¢. It is defined roughly as the (small)
radial distance from the source, transverse to the settling direction, within which the nutrient concentration C' drops
from C{ to within 1% of C{y. This boundary layer thickness depends on the nutrient’s Péclet number as ¢ ~ aPe~1/3,
for Pe >> 1, and Reynolds number, Re,,s; << 1 [35]. Fig. 6 shows how the boundary layer thickness reduces as Pe
increases due to reducing nutrient diffusivity.

In our simulations, as the bacteria swim past the sinking source they either (i) encounter it (via chemotaxis or otherwise),
(ii) enter the boundary layer but do not come into contact with the source, (iii) swim past the sphere but into the plume,
or, (iv) just swim past the sphere with minimal hydrodynamic interaction and/or nutrient exposure. The behaviors are
shown in Figs. 5 and 9. Chemotaxis is key for cases (i) through (iii), while hydrodynamics is most important for the case
(1). Our aim is to compute the bacteria’s nutrient exposure as a function of various bio-physical parameters governing
the problem’s hydrodynamic and chemotactic influences. Towards this, we define the average nutrient exposure as:

Nb Tend
> f Ci(t)dt/CoTena

~ _i=1 0
C = N, , (6)

where C;(t) is the nutrient history of the i-th bacterium and 7,4 is the simulation-time for it. We use the subscripts Ch.
and N.Ch. to refer to the average nutrient concentrations for chemotactic and non-chemotactic bacteria, respectively.
We simulate the system for four different ‘bacteria types’: either chemotactic or non-chemotactic, with either high
or low dipole strengths [see the legend description of Fig. 6(b)]. Next, we define a term called the ‘hydrodynamic
amplification’, i.e., the (possible) increase in the nutrient exposure, attributable to hydrodynamic interactions:

(Cn—C)

Ac = x 100, @)
where the sub-scripts H and L refer, respectively, to the cases in which the hydrodynamic interactions are high/strong
and low/weak. The varying strengths of these hydrodynamic interactions could be due to the aggregate’s size and excess
density, or the bacterium’s motility characteristics represented via the dipole strength a.p. In our study we focus on
the amplification stemming from the dipole strength, and use ap = 2 (resp. ap = 0.1) for the case of strong (resp.
weak) hydrodynamic interactions. Thus the value of Ao will be indicative of whether hydrodynamics is of significant
nutritional benefit or not. We postulate that near-surface hydrodynamic interaction significantly increases nutrient
exposure as it affects colonization of moving nutrient sources, particularly by the bacteria having large dipole strengths.
As explained in Section 3.1, this is because strong hydrodynamic attraction results in the bacteria getting trapped on the
surface of the nutrient source, instead of just glancing the surface and getting swept away [recall the trajectories in Fig.

3(0)].

Fig. 5 shows that there is indeed a gentle increase in the value of C' as the (dimensionless) dipole strength, o, increases
from 0.1 to 2, both for chemotactic (Cy,.) and non-chemotactic (Cy cp,.) bacteria. Naturally, chemotaxis enables the
former to have more than two-folds higher average nutrient exposure, as also remarked by [3]. It is the reinforcing effect
of the hydrodynamic interactions with an increase in the dimensionless dipole strength which is of major significance.
The increment is not exactly monotonic and most of it occurs over the range 0.5 < ap < 1.5. There are upper (resp.
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Figure 5: Variation in average nutrient exposure, C, as a function of the dimensionless bacterial dipole strength ap,
for chemotactic (Ch.) and non-chemotactic (N.Ch.) bacteria. Inset: The trajectories of three chemotactic bacteria
with different a.p values (these are given in the legend). It can be seen that all three trajectories begin just outside the
aggregate’s swept volume but are able to ‘chemotax’ onto the surface. The amount of time each bacterium spends
on the surface of the source depends on their dipole strengths. The other parameters are: & = 45, Ka, = 0.0109,
Sec=1000, 7* = 1.

lower) limits beyond which an increased (resp. reduced) dipole strength doesn’t yield proportionate increments (resp.
reductions) in C. The reason simply is that for very low dipole strengths, any bacterium encountering the source just
doesn’t spend enough time swimming along its surface. In fact, the time a bacterium spends on the source increases
as the dimensionless dipole strength increases, to an upper limit after which the bacterium gets trapped and does not
escape. This can be seen in the inset of Fig. 5: the dipole strength is highest for the red (trapped) trajectory, followed by
that for the green and then the blue trajectory. Clearly, the time spent in contact with the source—and thus in a region
of maximum nutrient concentration—is directly related to the dipole strength. Therefore, ap < 0.5 (resp. ap > 1.5)
represents very weak (resp. strong) hydrodynamic interactions, leading to negligible changes in C in those regimes. In
the former case, the bacterial residence time (on surface) is not long enough, and in the latter case there is a saturation
due to sufficiently strong hydrodynamic interactions. The intermediate region reflects the non-trivial balance between
deterministic trapping and stochasticity, as explained in Section 3.1.

We saw that hydrodynamic interactions indeed enhance the average nutrient exposure for both chemotactic and non-
chemotactic bacteria. More precisely, the hydrodynamic amplification, A¢, as defined in eqn. 7 is &~ 20% for both
chemotactic and non-chemotactic bacteria, when comparing the C' values in Fig. 5 for the weakest and the strongest
hydrodynamic interactions. Next, we analyze the dependence of the average nutrient exposure on the nutrient’s
diffusivity, quantified in our simulations by the Schmidt number, Sc. Note that lower values of nutrient diffusivity mean
higher values of Sc.

Fig. 6(a) shows how the nutrient is restricted to a narrower region around the source as its diffusivity decreases, and the
effect of this is seen in the reduction of the average nutrient exposure with increasing values of the Schmidt number for
all combinations of chemotactic/non-chemotactic bacteria with strong/weak hydrodynamic interactions in Fig. 6(b).
This is to be expected though, as in general, a reduction in nutrient diffusivity will reduce the number of bacteria that
encounter the source due to chemotaxis, and will also reduce the likelihood of most bacteria in the bulk—chemotactic or
otherwise—to populate the nutrient-rich plume. The more interesting aspect can be seen in the inset, wherein stronger
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Figure 6: (a) Spatial variation of the nutrient’s (normalized) concentration around the sinking sphere. The thickness of
the concentration boundary layer, ¢, reduces as the nutrient diffusivity reduces. The corresponding values of the Péclet
number are 100, 2000, 5000. (b) The variation in the average nutrient exposure, C', for chemotactic and non-chemotactic
bacteria, with strong and weak hydrodynamic interactions, as a function of the Schmidt number. The legends in the
main figure are as follows: {—chemotactic, «p = 2; [J—chemotactic, ap = 0.1; >—non-chemotactic, ap = 2;
(O—non-chemotactic, ap = 0.1. The filled symbols (for Sc = 2500) correspond to simulation results with N, = 5000
bacteria. Inset: The hydrodynamic amplification, A¢, as a function of Sc, comparing separately the percentage increase
in nutrient exposures for chemotactic and non-chemotactic bacteria (recall the definition of A¢ from eqn. 7). The other
parameters are: R = 45, Ka, = 0.0109, 7* = 1.

hydrodynamic interactions become much more beneficial as the nutrient availability reduces; particularly for the
non-chemotactic bacteria wherein they experience more than double the nutrient exposure if hydrodynamic interactions
are strong enough. The reason is that hydrodynamic interactions, being a purely passive phenomenon, do not depend on
the nature of the nutrient that bacteria seek. They are influenced only by the morphology of the bacteria (via dipole
strength, rotational diffusivity) and the size of the sinking nutrient source. Non-chemotactic bacteria can experience
nutrient-rich regions in the bulk only by chance. If they do encounter the nutrient source, then the bacteria with low
dipole strengths spend very little time on the aggregate surface. In essence, non-chemotactic bacteria with low dipole
strengths have no way to maximize their nutrient exposure. Non-chemotactic bacteria with high dipole strengths on the
other hand, get trapped onto the nutrient source whenever they encounter it, which greatly benefits them, particularly
when nutrients are scarce (high values of Sc¢). The same explanation applies to chemotactic bacteria as well, but the
amplification is not as high. This is because chemotaxis, if reasonably strong, enables chemotactic bacteria with lower
dipole strengths to remain in the proximity of the source or in the nutrient-rich plume behind the source. This somewhat
reduces their nutrient deficit as compared to their counterparts with higher dipole strengths.

We saw through Fig. 6 that thicker concentration boundary layers around sinking aggregates favor foraging. This was
because bacteria could easily enter the boundary layer and increase nutrient availability. This idea can be succinctly
explained by considering the system of /V;, non-interacting bacteria as a continuum with ‘self-diffusion coefficient’ Dy,
which scales as ~ VszTo, and then defining a bacterial Péclet number Pe, = U,a/D; (see [36] and [37] for details
and applicability of such a simplification). Now, because the ‘bacterial boundary layer’ around the nutrient source
scales as 65 ~ aPe; "/*, and the nutrient boundary layer scales as 5¢ ~ aPe~'/3, the ratio 6 /5c = (Pe/Pe,)!/3
decides whether bacteria can effectively colonize the nutrient hot-spots. In the present study, Pe; ranges from 50

to 40000. As long as Pe, > Pe, the bacteria can form a boundary layer thinner than the nutrient boundary layer,
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Figure 7: The variation in the average nutrient exposure, C, for chemotactic and non-chemotactic bacteria, with strong
and weak hydrodynamic interactions, as a function of the (dimensionless) mean run-time 7*. The legends in the
main figure are as follows: {—chemotactic, o«p = 2; O—chemotactic, ap = 0.1; >—non-chemotactic, ap = 2;
(O—non-chemotactic, «p = 0.1. Inset: The hydrodynamic amplification, A, as a function of 7*. The other parameters
are: R = 45, Ka, = 0.0109, Sc = 1000.

i.e., 0p < ¢ and so chemotaxis will be profitable. As Pey reduces, so does the bacterial accumulation around the
nutrient source and thus the average nutrient exposure should decline. This concept is borne out in our simulations
too—especially for the chemotactic bacteria—as the plots of C' versus the dimensionless mean run-time 7* show in Fig.
7. For non-chemotactic bacteria with aup = 2, the variation is fairly non-monotonic because there is no ‘directionality’
to their motion. Their nutrient exposure depends mostly on their direct encounter with the aggregate. [37] predicted
that the encounter rate E, of non-chemotactic bacteria with the aggregate varies non-monotonically with 7y via a
scaling E, ~ 7'02 131 (70). The function I(7y) decreases as 79 increases, thus leading to non-monotonic variation of the
encounter rate, F/,.; based on the results for smaller 7 values, this is also reflected in our simulations. The inset in
Fig. 7 shows that the hydrodynamic amplification, for chemotactic bacteria, varies non-monotonically as 7* increases
and a maximum of Ac mas ~ 35% is reached at 7 ,,, ~ 2. A physical interpretation is that chemotaxis is too strong
for 79 < 79,0pt, and thus even weak hydrodynamic interactions cannot prevent the bacteria with the smallest mean
run-times from either locating nutrient-rich regions in the bulk (the concentration boundary layer), or from staying close
enough to the sinking nutrient source. As a result, the amplification is only = 5% for the lowest self-diffusion coefficient
of bacteria (D yin. = 5 X 10~7 cm?/s) being considered in our study. On the other hand, for the larger mean run-times
of 79 > To,0pt, the reduction in the hydrodynamic amplification can be explained by the weaker chemotaxis leading to
lesser colonization of the aggregate surface by bacteria with high dipole strengths. Due to this, hydrodynamics is unable
to affect the nutrient exposure as severely as it does for 79 < 7 opt, resulting in obtained reduction in the values of Ac.

In the foregoing discussions, the size of the sinking aggregate, and thus its sinking speed, was fixed. The effect of
hydrodynamic interactions entered the discussion via the different dipole strengths of the bacteria, with trapping (resp.
escaping) being favored by high (resp. low) dipole strengths. Fig. 8 details the changes in the nutrient exposure and the
corresponding hydrodynamic amplifications as a function of the aggregate size. A change in the aggregate size has two
implications: the first is that larger aggregates sink more rapidly and thus it becomes difficult for chemotactic bacteria
to ‘catch up’ and get trapped onto them. Therefore, even though higher aggregate radius is suitable for hydrodynamic
trapping (Section 3.1), it doesn’t help because of the large initial separations between the bacteria and the aggregate in
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Figure 8: The variation in the average nutrient exposure, C, for chemotactic and non-chemotactic bacteria, with strong
and weak hydrodynamic interactions, as a function of the (dimensionless) radius of the marine snow particle R. The
legends in the main figure are as follows: {—chemotactic, «p = 2; J—chemotactic, ap = 0.1; >—non-chemotactic,
ap = 2; (O—non-chemotactic, ap = 0.1. Inset: The hydrodynamic amplification, A, as a function of R. The other
parameters are: K, = 0.0109, 7* = 1, Sc = 2000.

our simulations. On the other hand, smaller aggregates sink slowly, giving plenty of time for chemotactic bacteria with
high dipole strengths to locate the nutrient source and get trapped onto it. This is why the hydrodynamic amplification
reduces as the size of the aggregate increases: the significance of hydrodynamic interactions diminishes and so does the
difference between the behaviors of bacteria based on their dipole strengths.

3.3 Motile, non-chemotactic bacteria versus non-motile bacteria

The locomotion of motile bacteria—both chemotactic and non-chemotactic—was discussed in detail in Sections 2.1,
2.2 and the Appendix. In comparison, the motion of non-motile bacteria in the ocean is fairly simple: they just act
as passive tracers being carried by the fluid flow. It has been shown in the past that the nutrient exposure is more or
less the same for motile, non-chemotactic bacteria when compared to non-motile bacteria, over a wide range of initial
conditions and Péclet numbers [3]. This is indeed accurate if hydrodynamic interactions are negligible, as seen in the
comparison between the pentagrams and circles in Fig. 9(a). In fact, for our simulations, C'x s was slightly larger than
Cn.cn. for a wide range of marine snow radii, when hydrodynamic interactions were particularly weak [see Fig. 9(b)].
But stronger hydrodynamic interactions greatly improve the nutrient exposure for the non-chemotactic bacteria with the
percentage increase

Cn.ch. — Onm)

Aco = ( x 100, ®)

Cnm
being even greater than 100% (i.e., more than two-fold increase) for the case of the scarcest nutrient availability
(Sc = 2.5 x 10%, Pe = 5000). The amplification is a little less drastic as a function of aggregate size though, with
enhanced hydrodynamic interactions enabling the non-chemotactic bacteria to profit by Aco ~ 40% for the highest
aggregate size, and by ~ 20% for the lowest. This is a significant contribution and hints at potential motility induced
advantage, irrespective of the chemotactic nature of marine microorganisms. Needless to say, the (motile) chemotactic
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bacteria are always at an advantage with respect to the non-motile bacteria and therefore we do not discuss their
comparison in this section.
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Figure 9: A comparison of the average nutrient exposure, C', between motile but non-chemotactic bacteria and non-
motile bacteria, as a function of (a) the nutrient diffusivity, and (b) the (dimensionless) radius of the marine snow particle,
R. (c) Sample trajectories for the three cases whose nutrient exposures are plotted in panels (a-b), with correspondence
based on line colors. The blue and brown trajectories are indistinguishable until they near the aggregate, and the latter
gets trapped. Notice the ‘smoothness’ of the non-motile trajectory (black) versus that of the non-chemotactic trajectory
of bacterium with weak hydrodynamic interaction (blue). The nutrient exposure for motile, non-chemotactic bacteria
has been evaluated for both strong (ap = 2) and weak (ap = 10~3) hydrodynamic interactions. The other parameters
are: K, = 0.0109, 7* = 1.

4 Conclusion

In this paper, we investigated the combined influence of hydrodynamics and chemotaxis on the colonization of
sinking nutrient sources by marine bacteria. We first developed and simulated a comprehensive mathematical model
incorporating bacterial swimming as influenced by: (i) fluid flow, and, (ii) chemotaxis toward the nutrient-rich regions
surrounding and trailing a sedimenting marine snow aggregate. In addition to swimming with respect to the ambient
fluid, bacteria are rotated and translated due to hydrodynamic interactions with nearby surfaces, such as the sinking
aggregate in our case. These interactions, if sufficiently strong, can passively trap bacteria that stray too close to the
aggregate and thus play a major role in enhancing a bacterium’s stay in the nutrient hot-spots in marine ecosystems. We
quantified the critical value of aggregate radius above which oncoming bacteria are trapped, and its dependence on the
aggregate’s excess density and the bacterial dipole strength (dimensionless propulsive force exerted by a bacterium on
the fluid). The critical trapping radius was lowest for the smallest excess densities and largest dipole strengths. We
note however, that the analysis of the critical trapping radius was carried out in absence of noise/rotational diffusion
of the bacterium. In presence of noise, the bacterium’s interaction with the aggregate was quantified via a trapping
fraction, F,qp. This is a measure of the likelihood of a bacterium being captured onto the aggregate surface, when
its orientation is affected by thermal and/or athermal fluctuations. We showed that the phenomenon of hydrodynamic
trapping is robust to noise, and discussed how factors such as the aggregate’s radius and excess density can affect the
trapping fraction.

Even though the attractive nature of the hydrodynamic interactions is restricted to within a few body-lengths from the
aggregate, we showed that it can drastically alter a marine bacterium’s nutrient exposure. For example, chemotactic
bacteria with higher dipole strengths had ~ 40% greater nutrient exposure, as compared to chemotactic bacteria
with relatively lower dipole strengths. A quintessential scenario when such large amplifications could occur is the
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bacterial encounter of sinking phytoplankton cells (d ~ 100um) exuding low molecular weight glycolates [38, 39].
Interestingly, this advantage is not restricted to chemotactic bacteria alone. Due to the purely hydrodynamic nature of
the trapping phenomenon, any motile bacteria lying downstream in an aggregate’s swept volume can potentially get
trapped onto its surface. Hydrodynamics therefore, can yield substantial nutritional benefit even to non-chemotactic,
but motile bacteria, when compared to the non-motile bacteria. These benefits depend on a variety of environmental
conditions and biological parameters, like the size of the marine snow, the molecular diffusivity of the nutrient under
consideration and the average run-length of bacterial species. We systematically studied these variations and provided
an explanation for the obtained trends based on the influence of hydrodynamic and/or chemotactic effects. In particular,
we demonstrated that hydrodynamics becomes progressively more important as the bulk nutrient availability —quantified
by a concentration boundary layer thickness—declines, especially for non-chemotactic bacteria. This is particularly
significant because the diffusion coefficients of the nutrients consumed by marine bacteria vary over a few orders of
magnitude (1078 cm?/s < D¢ < 1075 cm?/s). Our results thus suggest that bacteria can accrue substantial nutritional
gains due to motility, particularly when foraging for high molecular weight (thus low diffusion coefficient) solutes
which form a major part of available dissolved organic matter in oceans [40]. In contrast, we showed that larger
aggregates (marine snow particles with radii greater than 1 mm) proved too fast for the bacteria to get trapped onto,
thus diminishing the role played by hydrodynamics in those regimes. An implication of the nutrient source’s speed
being very high is that rising crude oil drops are not amenable to hydrodynamic trapping. Their ‘excess’ densities are
quite large (Ap ~ —0.15 g/lcm?), thus preventing hydrodynamic trapping to occur at all, even for the smallest drops
of diameter ~ 1 mm. We performed simulations like those discussed before, for rising oil drops and found that the
amplification is practically non-existent, irrespective of bacteria being chemotactic or non-chemotactic. Therefore,
bacteria must attach onto the rising oil drops via interfacial phenomena other than near-surface hydrodynamics, possibly
via adsorption after a random encounter [41, 42]. However, surfactant addition breaks down larger oil drops into
droplets ranging from 20-60 pm in diameter [23], which are almost neutrally buoyant and get trapped in sub-surface
hydrocarbon plumes [43, 44] or pycnoclines [45]. In these cases, hydrodynamics does affect the accumulation of
bacteria around oil drops. Specifically, hydrodynamics enables surfactant-laden drops to trap bacteria more effectively
than surfactant-free drops [29], and strong hydrodynamic interactions increase the bacterial colonization of oil drops by
~ 60% [in comparison to weak hydrodynamic interactions; [22]].

Our study reveals a passive, non-trivial mechanism that can enable marine bacteria to reside on, and populate, moving
nutrient sources in the ocean. A key insight is the generality of the hydrodynamic aspects of the results, which do
not depend heavily on the details of the bacteria involved. This enables one to use the derivations presented here in
combination with different active behaviors—chemotactic or otherwise—to investigate a variety of phenomena involving
motile bacteria in fluid flows past nutrient sources. The present work reveals some intricacies of the initial stages of
microbial colonization of nutrient sources, and extensions can be developed over the framework presented here. If the
rate of aggregate consumption is slow, then our analysis can be extended to the case of time-varying aggregate size by
simply replacing the constant F.,; by some time-dependent F.;(¢). The number of bacteria in the simulation would
have to be continuously updated over such longer time scales, with possible alterations to their surface motility, e.g.,
a change from near-surface swimming/swarming to surface twitching/gliding [46]. Other details in the bacterium’s
intrinsic motility—like chemokinesis, near-surface tumbling—are also easy to add in the present study, given the
availability of experimental data [32, 47, 8]. In this way, the model described can be extended, in conjunction with
observations, to incorporate finer details like evolution of microbial demographics based on surface accumulation and
substrate consumption. We thus envision rich applications of this study toward analyzing complex processes involving
close association of fluid flow and active motility, e.g., bioremediation, microswimmer sorting/isolation, predator-prey
interactions at the micron scale.
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Table 1: List of parameters and their values used in the numerical simulations. The parameter values have been
borrowed from following references: marine snow size and density [25], bacterium size, speed, dipole strengths
and rotational diffusivity [17, 19, 26], bacterium run-times and other chemotactic parameters [48, 38, 7, 2], nutrient

diffusivities [38, 39].

Symbol Description Value range (units)
Flow

W Viscosity of suspending fluid 0.01 (poise)

P Density of suspending fluid 1.00 (g/cm?®)
d=2a Diameter of marine snow 0.04 - 0.13 (cm)
Ap Excess density of marine snow 1074 - 1073 (g/cm?)
Uy, = (2/9)Apga®/ Settling speed of marine snow 0.004—0.046 (cm/s)
Reyp = pVisb/u Reynolds number for bacterium 107°-104

Reps = pUpd /1 Reynolds number for marine snow 0.02-0.6

Bacteria

Vs Swimming speed 10 - 50 (pum/s)

b Size 1-10 (um)

ac Chemotactic time constant 1200 (s)

To Mean run-time 0.4-10(s)

D, Brownian rotational diffusivity 1073-1072 (s7h
Fp Bacterial dipole strength 0.1-1 (pN-um)

ap = Fp/(87ub*Vy) Dimensionless dipole strength 0.1-2

Nutrient

Co Reference concentration 25 (uM)

Kp Half-saturation constant of chemoreceptor 2.5 - 250 (uM)

D¢ Diffusivity 4x1077-2x 1075 (cm?/s)
Sc=v/D¢ Schmidt number 500 - 25000

Pe =U,a/Dc Péclet number 100 - 5000

Pey, = Upa/(VZ70/6) bacterial Péclet number 50 - 40000

dc ~ (9uDc/20pg)

Concentration boundary layer thickness

0.0026—0.0132 (cm)

Simulation

At Dimensionless time step 1073

Ny Number of bacteria in simulation 1000 - 5000
Lyp = 5a Upstream bacteria starting distance 0.1-0.38 (cm)
Ryisk = 2a Radius of disk of bacteria’s initial positions 0.04 - 0.13 (cm)
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Figure 10: Schematic depicting the coordinate systems, the vectors and the symbols used to describe the linear and
angular velocities of the aggregate and the bacterium. The simulations are performed in the coordinate system xyz,
which is fixed to the center of the marine snow particle, with the y axis pointing into the plane of the figure. The
coordinate system defined by the orthogonal vectors #, #- and #1 x # can translate and rotate with respect to zyz. Note
that h is the dimensionless separation of the bacterium (assumed to be spherical in our analysis) from the aggregate and
0 is the in-plane angle, i.e., the angle between the bacterium’s orientation p and the unit vector #+.

The fluid velocity, v, and pressure, P, are governed by the conservation of mass,
V.v=0, )
and the conservation of momentum under negligible inertia (Stokes equations),
—VP +uV* +Fp =0, (10)

where, p is the dynamic viscosity of the suspending fluid. F, is the contribution of the bacterium to the fluid flow,
which is well approximated by a force dipole. Mathematically it can be represented as a difference between two point
forces separated by a distance b (which is the characteristic size of the microorganism):

Fp = fapd {x — (x2 + bp/2)} — fapd {x — (x2 — bp/2)}, (11
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where ¢ is the three dimensional Dirac delta function, X is the location of the bacterium’s center and p is the bacterium’s
orientation. More formally, a Taylor series expansion of the two terms in eqn. 11 yields the force dipole to be the
gradient of a point force along p, taken in the direction of p itself,

Fp=Fp(p-V){pd(x —x2)}, (12)

the quantity Fp = fyb is called the dipole strength of the microorganism.

Eqgns. 9 and 10 need to be solved subject to the boundary condition
v (xs) =U, +Q, X X, (13)

where X, corresponds to the surface of the marine snow particle, U,, is the velocity with which the particle is sinking and
2, is its angular velocity. Note that if the bacterium is not present (i.e., Fip = 0), then £2,, = 0, and U, is given by the
Stokes settling velocity F.,./(67ua). But the presence of the bacterium, and concomitant hydrodynamic interactions,
mean that U, and €2, are not known a priori. So, we utilize a well-known technique called the ‘method of reflections’
[49] to obtain ugr, L7, U, and . The resulting expressions are provided in Appendix B [eqns. 14 to 21]. Itis very
important to note the dependence of these expressions on the quantity a.p, which is the dimensionless dipole strength.

Appendix B: Expressions for hydrodynamically induced translational and angular velocities

The relevant expressions on the right-hand-side of eqn. 1 in the main manuscript are obtained after the application of
the ‘method of reflections’ and Faxén laws for the marine snow particle and the bacterium [49]. They are represented in
terms of the unit vectors # and #1. # is directed along the line joining the center of the aggregate to the bacterium, and
# is perpendicular to #, as shown in Fig. 10. The coordinate system defined by the unit vectors f, # and #- x # can
rotate and translate with respect to the body-fixed coordinate system xyz. The expression for ugy is:

Ugy

v = uH +ugr2+Ugr3, (14)
with,
u —§LF 1+1i2 + (Fege - £) B 1— LQ (15)
HLT Y R+ n " 3\R+h ert R+h ’
3Rap (1 - 3sin26) (R+h). 3R3ap (2R2 + 6Rh + 3h2) sin26 |
Ugro = — P} r+ 2 3 r-, (16)
2h2(2R+ h) 4h?(2R+ h)*(R+ h)
and ) )
s apr | (#%) {3 +1() }sin (20) #+
WIS = (R+h)® 2 a( R Y 1(_r )\ a7
—2(1—3sm 9){1_3(1%441) +§<T+h) }r
The expression for Qg is:
it _ g 9) Q 18
Vb 11+ Q12+ Qyr3, (18)
with 5 R
Qury = Zm (Fext X f') ) (19)
3R3ap (2R? + 6Rh + 3h?)sin20 ,_ .
Qpre=— D { 3 )2 (#+ x 1), (20)
4h3(2R + h)* (R + h)
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and 5
3 R
Q = - ———— % sin(20) (¢ x 7). 21
HI3 2@D{(R+h)2} sin (26) (8- x ) 1)
All the terms in the right-hand-side of eqns. 15 to 17, 19 to 21 are dimensionless, and are given by:
a (|X2‘ - a’) Fp = Feut
R=—- h=—— =——— Fep = . 22
b’ b ) D Smub?V, "7 6ruaV, 22)

In the above equations, & is the dimensionless separation of the microorganism from the surface of the marine snow, and
the 6 is the angle between the bacterium’s orientation p and the unit vector #* (see Fig. 10). The terms given by eqns.
16, 17, 20 and 21 arise due to the flow generated by the bacterium (hence the contribution of « p); while those given by
eqns. 15 and 19 arise due to the fluid flow cause by the settling sphere. Although the latter terms dominate when |x5] is
large, the former terms can become significant as |xo| reduces, i.e., as the bacterium approaches the sphere/aggregate.

The velocity of the settling marine snow particle, as altered by the presence of the microorganism, is given by:
2

Up Fewt ap Cl2 . ~ 1 .2 a ~
—2 — + sin (20) 1t~ — (1 — 3sin“0) < 1 — — > 1|, (23)
Vs 67T,[LCLV5 ‘X2|2/b2 [X2|2 ( ) ( ) ‘X2|2

and the angular velocity induced due to hydrodynamic interactions is:
Q, 3ap

= sin (260) (1 x #) . (24)
‘/;,/b 2 <|X2|3/b3) ln( ) ( )

The second term on the right hand side of eqn. 23 is the correction to the Stokes settling speed due to the presence of
the microorganism. The quantity |X2| > a, and thus the effect of the microorganism on the marine snow’s settling speed
(and consequently, on the fluid flow and nutrient distribution) can be neglected if

|Feact‘ ap

-2 25
6ruaVs = R2’ (25)

where, recall from eqn. 22 that R = a/b. Now, considering F.,; = 4/37a®/Apg (the marine snow particle is sinking
under gravity), we have,
167 Apga*
9 Fp
which is typically satisfied for the parameter values listed in Table 1 in the main manuscript. Similarly, the effect of
rotation of the marine snow on the nutrient transport can be neglected based on the inequality |U,| >> |2, x af|, or,

> 1, (26)

‘Fert| 3OCD
— 27
6mpaV 2R2’ @7
which yields,
321 Apga*
— 1. 28
o7 Fp @)

Eqns. 26 and 28 allow us to neglect the effect of aggregate-bacterium hydrodynamic interactions on the nutrient
transport (eqn. 2 in the main manuscript). In addition, the Reynolds number corresponding to the marine snow
aggregates considered in this work, Re,,,s << 1; hence, we use,

3a ad 3a 3a3
Vse = —Upo + <4r + 4T:;> Upo + (4T3 - 47~5) x (Upo - %), 29

in eqn. 2 in the main manuscript. Eqn. 29 is the flow field due to a sphere being acted upon by an external force F.,,
in the regime of negligible inertia. In eqn. 29, r = |x| and U, o = F.;;/(67pa) is the velocity of a sphere of radius
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a in presence of an external force F.,; and negligible inertia, obtained by substituting ap = 0 in eqn. 23, hence the
sub-script ‘0.

Appendix C: Simulation details

Nutrient concentration

We solved eqn. 2 in the main manuscript using a finite element method, and validated our code by comparing the value
of the Sherwood number (as a function of Péclet number) with analytical and numerical predictions (see Fig. 11 in the
Appendix).

25
- -1.249Pe'/3 4 0.922 ,
5o 1+ (142Pe)"?
e numerical
15t 1
wn
10+ 1
5 L i
107 107 1 10> 5x 10°
Pe

Figure 11: The Sherwood number—a dimensionless measure of the mass transfer rate at the sphere surface—as a
function of the Péclet number evaluated using numerical simulations and compared against analytical predictions for
Pe >> 1 [dashed line, by [50]] and numerical predictions valid for all Péclet numbers [solid line, by [S1]].

Bacteria trajectories

We simulate the mathematical model described in sections 2.1 and 2.2 of the main manuscript, for a system containing
N, = 1000 non-interacting bacteria, placed uniformly within a disk of radius 2a at a vertical separation 5a below the
sinking marine snow particle. The simulations are run until either the bacteria are at separations greater than 7;,,, = 50a
from the center of the marine snow, or the maximum simulation time is reached. As we are only considering bacteria
upstream from the settling marine snow and from within the disc, we are actually neglecting any bacteria that could drift
in from above the marine snow, or from ‘the side’. However, as long as the aggregate settles at a rate much faster than
the bacterial swimming speed, we can safely neglect the drifting in of any bacteria from above the marine snow. Also,
the time taken by a bacterium to diffuse in from the sides via a random walk is t; ~ a?/(V:270/6). Therefore, as long
as the aggregate falls a distance greater than a in this time, i.e., as long as Uptq >> a, the diffusion of bacteria from the
sides can also be neglected. In our case, the minimum value of the ratio Upt4 /a is & 50, and so bacteria diffusing in
from the sides would not get ample time to locate the nutrient source [4].

We emphasize that the value of the threshold bacteria-aggregate separation above which the simulations are stopped
(i.e., 7im), has a minor quantitative effect on the final results, with all our descriptions of the possible qualitative
behaviors staying the same. Fig. 12 shows that increasing 7;,, by a factor of two is seen to affect the C' values of
chemotactic bacteria most acutely—by almost 10% —for the case of strongest hydrodynamic interaction. The values of
C for chemotactic bacteria with weak hydrodynamic interaction, and those for non-chemotactic bacteria do not change
appreciably. The maximum change in the values of A¢ for chemotactic bacteria is by only 3%, suggesting that our
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predictions are robust against changes to r;;,,. It can also be seen that using larger number of bacteria, say, N, = 5000,
does not have a very significant quantitative effect on our results (see Fig. 6B in Section 3.2 of the main manuscript).

We march the equations governing X2 (t) and p(¢) in time using an explicit Euler method, and track the position and
the nutrient concentration to which the bacteria are exposed. We compute DC'/ Dt for the bacteria at each time-step
At, and effect a tumble if the quantity At/7 > %, where 7 is given by eqn. 3 in the main manuscript, and % is
a uniformly chosen random number from [0,1] [52, 53]. The tumble is implemented by changing the bacterium’s
orientation from p to p’, with there being no correlation between p and p’ (isotropic tumbles). The implementation of
correlated tumbles, including the ‘run-reverse-flick” strategy, is straightforward in that the angle between p’ and p must
be chosen from a prescribed, non-uniform distribution. We also assume that the tumbles are instantaneous. It is easy
to see that whenever DC'/Dt > 0, the tumbling probability At/ is smaller than the unbiased tumbling probability
At /79, and so a bacterium moving up a nutrient gradient is less likely to veer off in a different direction.

0.2 ! 1‘20
100
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Figure 12: The variation in the average nutrient exposure, C, for chemotactic and non-chemotactic bacteria, with
Tiim = 25 (thick lines) and ry;,,, = 50 (thin lines). The legends in the main figure are as follows: {—chemotactic,
ap = 2; O—chemotactic, ap = 0.1; >>—non-chemotactic, ap = 2; ()—non-chemotactic, ap = 0.1. Note how 7;,,
affects C' the most for chemotactic bacteria with aup = 2: this is because the bacteria that get hydrodynamically trapped
contribute the same amount to the overall mean nutrient exposure irrespective of the value of 7;,,.

References

[1] R. Stocker and J. R. Seymour. Ecology and Physics of Bacterial Chemotaxis in the Ocean. Microbiology and
Molecular Biology Reviews, 76(4):792-812, dec 2012.

[2] T. Kigrboe, H.-P. Grossart, H. Ploug, and K. Tang. Mechanisms and Rates of Bacterial Colonization of Sinking
Aggregates. Applied and Environmental Microbiology, 68(8):3996-4006, aug 2002.

[3] George A. Jackson. Simulation of bacterial attraction and adhesion to falling particles in an aquatic environment.
Limnology and Oceanography, 34(3):514-530, may 1989.

[4] Thomas Kigrboe and George A. Jackson. Marine snow, organic solute plumes, and optimal chemosensory behavior
of bacteria. Limnology and Oceanography, 46(6):1309-1318, sep 2001.

[5] R. Stocker, J. R. Seymour, A. Samadani, D. E. Hunt, and M. F. Polz. Rapid chemotactic response enables marine
bacteria to exploit ephemeral microscale nutrient patches. Proceedings of the National Academy of Sciences,
105(11):4209-4214, mar 2008.

22



A PREPRINT - APRIL 26, 2019

[6] Greg M Barbara and James G Mitchell. Bacterial tracking of motile algae. FEMS Microbiology Ecology,
44(1):79-87, may 2003.

[7] H. C. Berg. E. coli in Motion. Springer-Verlag, New York, NY, 2004.

[8] Kwangmin Son, Filippo Menolascina, and Roman Stocker. Speed-dependent chemotactic precision in marine
bacteria. Proceedings of the National Academy of Sciences, 113(31):8624-8629, aug 2016.

[9] M. Eisenbach, J. Lengeler, M. Varon, D. Gutnick, R. Meili, R. Firtel, J. Segall, G. Omann, A. Tamada, and
F. Murakami. Chemotaxis. Imperial College Press, London, 2004.

[10] M. Ramia, D.L. Tullock, and N. Phan-Thien. The role of hydrodynamic interaction in the locomotion of
microorganisms. Biophysical Journal, 65(2):755-778, aug 1993.

[11] Eric Lauga and Thomas R Powers. The hydrodynamics of swimming microorganisms. Reports on Progress in
Physics, 72(9):096601, sep 2009.

[12] Willow R. DiLuzio, Linda Turner, Michael Mayer, Piotr Garstecki, Douglas B. Weibel, Howard C. Berg, and
George M. Whitesides. Escherichia coli swim on the right-hand side. Nature, 435(7046):1271-1274, jun 2005.

[13] Eric Lauga, Willow R. DiLuzio, George M. Whitesides, and Howard A. Stone. Swimming in Circles: Motion of
Bacteria near Solid Boundaries. Biophysical Journal, 90(2):400-412, jan 2006.

[14] L. Lemelle, J.-F. Palierne, E. Chatre, and C. Place. Counterclockwise Circular Motion of Bacteria Swimming at
the Air-Liquid Interface. Journal of Bacteriology, 192(23):6307-6308, dec 2010.

[15] R. Di Leonardo, D. Dell’ Arciprete, L. Angelani, and V. Iebba. Swimming with an Image. Physical Review Letters,
106(3):038101, jan 2011.

[16] Diego Lopez and Eric Lauga. Dynamics of swimming bacteria at complex interfaces. Physics of Fluids,
26(7):071902, jul 2014.

[17] Allison P. Berke, Linda Turner, Howard C. Berg, and Eric Lauga. Hydrodynamic Attraction of Swimming
Microorganisms by Surfaces. Physical Review Letters, 101(3):038102, jul 2008.

[18] Gaojin Li and Arezoo M. Ardekani. Hydrodynamic interaction of microswimmers near a wall. Physical Review E,
90(1):013010, jul 2014.

[19] K. Drescher, J. Dunkel, L. H. Cisneros, S. Ganguly, and R. E. Goldstein. Fluid dynamics and noise in bacterial
cell-cell and cell-surface scattering. Proceedings of the National Academy of Sciences, 108(27):10940-10945, jul
2011.

[20] Daisuke Takagi, Jérémie Palacci, Adam B. Braunschweig, Michael J. Shelley, and Jun Zhang. Hydrodynamic
capture of microswimmers into sphere-bound orbits. Soft Matter, 10(11):1784, 2014.

[21] Saverio E. Spagnolie, Gregorio R. Moreno-Flores, Denis Bartolo, and Eric Lauga. Geometric capture and escape
of a microswimmer colliding with an obstacle. Soft Matter, 11(17):3396-3411, 2015.

[22] Nikhil Desai and Arezoo M. Ardekani. Combined influence of hydrodynamics and chemotaxis in the distribution
of microorganisms around spherical nutrient sources. Physical Review E, 98(1):012419, jul 2018.

[23] Ronald M. Atlas and Terry C. Hazen. Oil Biodegradation and Bioremediation: A Tale of the Two Worst Spills in
U.S. History. Environmental Science & Technology, 45(16):6709-6715, aug 2011.

[24] D. L. Kirchman. Microbial Ecology of the Oceans. Wiley, New York, 2008.

[25] Alice L. Alldredge and Chris Gotschalk. In situ settling behavior of marine snow. Limnology and Oceanography,
33(3):339-351, may 1988.

[26] Kwangmin Son, Jeffrey S. Guasto, and Roman Stocker. Bacteria can exploit a flagellar buckling instability to
change direction. Nature Physics, 9(8):494-498, jul 2013.

23



A PREPRINT - APRIL 26, 2019

[27] Guanglai Li, James Bensson, Liana Nisimova, Daniel Munger, Panrapee Mahautmr, Jay X. Tang, Martin R. Maxey,
and Yves V. Brun. Accumulation of swimming bacteria near a solid surface. Physical Review E, 84(4):041932,
oct 2011.

[28] Silvio Bianchi, Filippo Saglimbeni, and Roberto Di Leonardo. Holographic Imaging Reveals the Mechanism of
Wall Entrapment in Swimming Bacteria. Physical Review X, 7(1):011010, jan 2017.

[29] Nikhil Desai, Vaseem A. Shaik, and Arezoo M. Ardekani. Hydrodynamics-mediated trapping of micro-swimmers
near drops. Soft Matter, 14(2):264-278, 2017.

[30] Hossein Jashnsaz, Mohammed Al Juboori, Corey Weistuch, Nicholas Miller, Tyler Nguyen, Viktoria Meyerhoff,
Bryan McCoy, Stephanie Perkins, Ross Wallgren, Bruce D. Ray, Konstantinos Tsekouras, Gregory G. Anderson,
and Steve Pressé. Hydrodynamic Hunters. Biophysical Journal, 112(6):1282—1289, mar 2017.

[31] L. Karp-Boss, E. Boss, and P. A. Jumars. Nutrient fluxes to planktonic osmotrophs in the presence of fluid motion.
Oceanography and Marine Biology: an Annual Review, 34:71-107, 1996.

[32] Mehdi Molaei, Michael Barry, Roman Stocker, and Jian Sheng. Failed Escape: Solid Surfaces Prevent Tumbling
of Escherichia coli. Physical Review Letters, 113(6):068103, aug 2014.

[33] N. C. Darnton, L. Turner, S. Rojevsky, and H. C. Berg. On Torque and Tumbling in Swimming Escherichia coli.
Journal of Bacteriology, 189(5):1756—1764, mar 2007.

[34] S. Chattopadhyay, R. Moldovan, C. Yeung, and X. L. Wu. Swimming efficiency of bacterium Escherichia coli.
Proceedings of the National Academy of Sciences, 103(37):13712-13717, sep 2006.

[35] L. G. Leal. Advanced Transport Phenomena. Cambridge University Press, Cambridge, 2007.

[36] Kevin C. Chen, Peter T. Cummings, and Roseanne M. Ford. Perturbation Expansion of Alt’s Cell Balance
Equations Reduces to Segel’s One-Dimensional Equations for Shallow Chemoattractant Gradients. SIAM Journal
on Applied Mathematics, 59(1):35-57, jan 1998.

[37] R. N. Bearon. A Model for Bacterial Colonization of Sinking Aggregates. Bulletin of Mathematical Biology,
69(1):417-431, jan 2007.

[38] James D. Bowen, Keith D. Stolzenbach, and Sallie W. Chisholm. Simulating bacterial clustering around phyto-
plankton cells in a turbulent ocean. Limnology and Oceanography, 38(1):36-51, jan 1993.

[39] G. A. Jackson. Seascapes: the world of aquatic organisms as determined by their particulate natures. Journal of
Experimental Biology, 215(6):1017-1030, mar 2012.

[40] Rainer M. W. Amon and Ronald Benner. Rapid cycling of high-molecular-weight dissolved organic matter in the
ocean. Nature, 369(6481):549-552, jun 1994.

[41] Liana Vaccari, Mehdi Molaei, Tagbo H.R. Niepa, Daeyeon Lee, Robert L. Leheny, and Kathleen J. Stebe. Films
of bacteria at interfaces. Advances in Colloid and Interface Science, 247:561-572, sep 2017.

[42] Ryan B. McLay, Hang N. Nguyen, Yuly Andrea Jaimes-Lizcano, Narendra K. Dewangan, Simone Alexandrova,
Debora F. Rodrigues, Patrick C. Cirino, and Jacinta C. Conrad. Level of Fimbriation Alters the Adhesion of
Escherichia coli Bacteria to Interfaces. Langmuir, page acs.langmuir.7b02447, oct 2017.

[43] R. Camilli, C. M. Reddy, D. R. Yoerger, B. A. S. Van Mooy, M. V. Jakuba, J. C. Kinsey, C. P. McIntyre, S. P.
Sylva, and J. V. Maloney. Tracking Hydrocarbon Plume Transport and Biodegradation at Deepwater Horizon.
Science, 330(6001):201-204, oct 2010.

[44] T. B. Ryerson, R. Camilli, J. D. Kessler, E. B. Kujawinski, C. M. Reddy, D. L. Valentine, E. Atlas, D. R. Blake,
J. de Gouw, S. Meinardi, D. D. Parrish, J. Peischl, J. S. Seewald, and C. Warneke. Chemical data quantify
Deepwater Horizon hydrocarbon flow rate and environmental distribution. Proceedings of the National Academy
of Sciences, 109(50):20246-20253, dec 2012.

24



A PREPRINT - APRIL 26, 2019

[45] Claire B. Paris, Matthieu Le Hénaff, Zachary M. Aman, Ajit Subramaniam, Judith Helgers, Dong-Ping Wang,
Vassiliki H. Kourafalou, and Ashwanth Srinivasan. Evolution of the Macondo Well Blowout: Simulating the
Effects of the Circulation and Synthetic Dispersants on the Subsea Oil Transport. Environmental Science &
Technology, 46(24):13293-13302, dec 2012.

[46] Marco G Mazza. The physics of biofilms—an introduction. Journal of Physics D: Applied Physics, 49(20):203001,
may 2016.

[47] Mehdi Molaei and Jian Sheng. Succeed escape: Flow shear promotes tumbling of Escherichia colinear a solid
surface. Scientific Reports, 6(1):35290, dec 2016.

[48] H. C. Berg and D. A. Brown. Chemotaxis in Escherichia coli analysed by Three-dimensional Tracking. Nature,
239:500-504, 1972.

[49] S. Kim and S. Karrila. Microhydrodynamics: Principles and Selected Applications. Butterworth- Heinemann,
Boston, 1991.

[50] Andreas Acrivos and J. D. Goddard. Asymptotic expansions for laminar forced-convection heat and mass transfer.
Journal of Fluid Mechanics, 23(02):273, oct 1965.

[51] R. Clift, J.R. Grace, and M.E. Weber. Bubbles, drops and particles. Academic Press, New York, 1978.

[52] Paul D. Frymier, Roseanne M. Ford, and Peter T. Cummings. Analysis of bacterial migration: I. Numerical
solution of balance equation. AIChE Journal, 40(4):704-715, apr 1994.

[53] K.J. Duffy, P.T. Cummings, and R.M. Ford. Random walk calculations for bacterial migration in porous media.
Biophysical Journal, 68(3):800-806, mar 1995.

25



	Introduction
	Influence of Hydrodynamics and Chemotaxis
	Bacterium as a force dipole
	Bulk nutrient distribution and chemotaxis

	Results
	Hydrodynamic trapping: with and without orientational diffusion
	Average nutrient exposure and the hydrodynamic amplification
	Motile, non-chemotactic bacteria versus non-motile bacteria

	Conclusion

