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Optimal foraging theory provides a framework to understand how
organisms balance the benefits of harvesting resources within a
patch with the sum of the metabolic, predation, and missed
opportunity costs of foraging. Here, we show that, after accounting
for the limited environmental information available to microorgan-
isms, optimal foraging theory and, in particular, patch use theory
also applies to the behavior of marine bacteria in particle seascapes.
Combining modeling and experiments, we find that the marine
bacterium Vibrio ordalii optimizes nutrient uptake by rapidly switch-
ing between attached and planktonic lifestyles, departing particles
when their nutrient concentration is more than hundredfold higher
than background. In accordance with predictions from patch use
theory, single-cell tracking reveals that bacteria spend less time on
nutrient-poor particles and on particles within environments that
are rich or in which the travel time between particles is smaller,
indicating that bacteria tune the nutrient concentration at detach-
ment to increase their fitness. A mathematical model shows that the
observed behavioral switching between exploitation and dispersal
is consistent with foraging optimality under limited information,
namely, the ability to assess the harvest rate of nutrients leaking
from particles by molecular diffusion. This work demonstrates how
fundamental principles in behavioral ecology traditionally applied
to animals can hold right down to the scale of microorganisms and
highlights the exquisite adaptations of marine bacterial foraging.
The present study thus provides a blueprint for a mechanistic un-
derstanding of bacterial uptake of dissolved organic matter and
bacterial production in the ocean—processes that are fundamental
to the global carbon cycle.
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H eterotrophic bacteria are the primary recyclers of dissolved
organic matter (DOM) in the ocean (1, 2). While numeri-
cally dominant groups of bacteria, such as Pelagibacter, rely on
diffusion to take up DOM at the low nearly uniform concen-
trations that occur in the bulk of the ocean’s water column, other
groups—referred to as copiotrophs—display distinct behavioral
adaptations to take advantage of microscale DOM hotspots
(3-6). Particles, such as marine snow, represent an important
example of such hotspots. Their importance stems from their
role in the biological pump, the large flux of particulate carbon
from surface waters to the deep ocean (1, 2, 7), which is medi-
ated by particle degradation by diverse communities of hetero-
trophic bacteria (8). This microbial influence on the global
carbon cycle is, thus, ultimately dependent on the ability of
bacteria to find and take up nutrients from particles. Borrowing
terminology from behavioral ecology, we refer to this process of
searching for and exploiting particles as foraging (9, 10).
Resource foraging in heterogeneous landscapes is a classic
paradigm in behavioral ecology (11). Birds (12-14) and insects
(15, 16) actively balance the residence time within a resource
patch and the search time for the next patch to optimize their
individual fitness due to energy intake. The behavior most suited
for a given resource landscape is predicted by optimal foraging
theory (OFT) (11), which provides a predictive framework to
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study the trade-off between exploitation of a patch, predation
risk, and dispersal to seek fresh patches. Because the marine
landscape on the microscale is composed of discrete resource
patches at time and length scales commensurate with bacterial
dispersal (9), we hypothesized that the adaptations for nutrient
acquisition of marine bacteria might be understood using the
framework of patch use theory—one pillar of OFT together with
diet choice and habitat selection—with particles as resource
patches. These adaptations include, among others, two pervasive
bacterial behaviors, motility and attachment to surfaces (17). These
behaviors have been studied mostly in isolation, and although it is
known that bacteria can switch from one to the other (18, 19), no
theoretical framework exists to predict the relative performance of
bacterial foraging strategies in a patchy environment.

Here, we show that marine bacteria can display dynamic for-
aging strategies in which they alternate between attachment to
exploit particles and motility to seek fresh particles. Using the
marine bacterium Vibrio ordalii as a model system, we measure
the performance of this foraging strategy on model marine
particles at varying nutrient content and particle concentration.
Interpreting the observations through a mathematical model, we
show that this dynamic foraging strategy increases the fitness of a
cell: Timely detachment from a particle when this is providing
diminishing nutrient returns permits bacteria an early search for
a fresh particle. We show that cells stayed longer on particles of
higher quality and in poor environments or when the search time
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for fresh particles was longer, as predicted by patch use theory. A
mathematical model predicts that this form of bacterial foraging
affords a considerable growth advantage over foraging behaviors
in which the time of detachment is not regulated according to
particle quality and is robust over a wide range of particle con-
centrations typical of coastal seawaters.

Results

Bacteria Switch between Sessile and Planktonic Lifestyles. Visuali-
zation of the marine bacterium V. ordalii 12B09 (20) exposed to
model marine particles revealed that cells rapidly switch between
sessile and planktonic lifestyles (Fig. 1 4 and B, Fig. S14, Movie
S1, and Dataset S1). As a simplified model of marine particles
(21), we used 500-pm agarose spheres loaded with tryptone and
gently added these to a suspension of green fluorescent protein
(GFP)-tagged V. ordalii. Epifluorescent imaging revealed rapid
colonization of the particles on timescales of 1 to 2 min (Fig. 1 A
and B and Fig. S1 4 and B). The colonization is driven by che-
motactic motility: As tryptone diffuses from the particles, it
forms a gradient around them in a manner reminiscent of the
diffusion of DOM from marine particles, and the tryptone gra-
dients attract V. ordalii. Separate microfluidic experiments con-
firmed that V. ordalii is chemotactic toward tryptone (Fig. S1C).

Hotspots of DOM in the ocean, however, dissipate and are
replaced by the appearance of new ones. In our system, agarose
particles run out of tryptone as this diffuses into the surroundings
(Fig. S1D). To mimic particle turnover, we added four to five
particles to the bacterial suspension at regular (25-min) time
intervals. Epifluorescence video microscopy revealed that bac-
teria selectively colonized the freshest particles (Fig. 1 4 and B).
The colonization of each particle was transient, and bacteria
detached and moved back into the surrounding medium within
~5 min after colonization. This resulted in a highly dynamic

sequence of colonization and departure events reflecting the
origin and dissipation of new particles.

Attachment Response Is Regulated by Nutrient Dynamics. Surface
attachment by V. ordalii is strongly dependent on nutrient con-
centration (Fig. 1C and Fig. S24). Exposure to nutrients elicited
the transition from planktonic to sessile in less than 2 min (Fig.
S2B), and attachment was highly reversible, whereby sequential
addition and removal of the nutrient led to a repeated attach-
ment and detachment response (Fig. S2C). Addition of an in-
hibitor of diguanylate cyclase, the enzyme that catalyzes the
formation of cyclic-di-GMP, attenuated the transition from
planktonic to sessile (Fig. S3). Cyclic-di-GMP is an intracellular
signaling molecule that regulates the loss of motility and initia-
tion of surface attachment in the early stages of biofilm forma-
tion (18). This suggests that a regulatory circuit involving
intracellular cyclic-di-GMP concentration is the likely molecular
mechanism for the rapid phenotypic switch between sessile and
planktonic phases of V. ordalii.

The nutrient-regulated attachment response was exhibited by
a significant fraction of cells within V. ordalii populations and
occurred under a broad range of environmental conditions. Ex-
periments under a constant tryptone concentration showed that
the number of cells that become surface attached is on the order
of 10° mm™ for the conditions tested (Materials and Methods).
This value is comparable to that exhibited by another marine
strain, Vibrio cyclitrophicus ZF270 (Fig. S44), known to be an
ecotype that readily attaches and forms biofilms (but which, in
contrast, does not exhibit detachment when nutrients dwindle;
Fig. S2C). Induction of the attachment response by increased
nutrient concentration in V. ordalii occurred under a wide range
of pH values (pH = 5-10.5) and surface chemical properties
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Fig. 1. V. ordalii exhibits a highly dynamic foraging strategy, rapidly attaching to fresh nutrient particles, and detaching from spent ones. (A) Micrographs

showing colonization and decolonization of particles. Particles are color coded according to the order in which they were added (at 25-min intervals starting
at t = 0; see legend below the panel). Solid outlines indicate newly added particles, and dotted outlines indicate those added at previous time points.
Fluorescent bacteria appear as bright pixels on a dark background. (B) Time course of fluorescence intensity (a.u.) of newly added particles. The average
intensity (thick lines) is shown for sets of individual particles (thin lines) added at the same time point. Lines and triangles (time points of addition) are color
coded according to the consecutive additions of particles. (C) V. ordalii's attachment to surfaces (left axis, purple) depends on the local concentration of
tryptone. The fraction of cells adhering to a test surface (the lower surface of a plastic dish) was measured at equilibrium after 1 h of incubation in solutions of
different tryptone concentrations. Circles show the average, and bars show the SD of three replicates. The dashed curve shows the fit with a Michaelis—
Menten equation (K5 = 0.35 + 0.08 mM). Population growth rate of V. ordalii in artificial seawater supplemented with different concentrations of tryptone
(right axis, blue). Circles show the average and bars show the SD of three replicates. The dashed curve shows the fit with a Michaelis—-Menten equation (Kg =
0.14 + 0.02 mM). (D) Schematic of the dynamic foraging strategy used by V. ordalii. Bacteria locate particles, which are rich in DOM, by performing chemotaxis
(Left). The high local DOM concentration rapidly induces cellular surface adhesiveness, and, once attached, cells take up DOM diffusing from the particle
surface. As the DOM concentration declines, cellular adhesiveness decreases, and cells detach from the surface to initiate the search for fresh particles (Right).
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ranging from hydrophilic to more hydrophobic (contact angle =
28°-79°) (Fig. S4 B-D).

The attachment kinetics of V. ordalii are tuned to efficiently
exploit nutrients diffusing from the surface of marine particles.
Experiments with different tryptone concentrations showed that
the dependence of both attachment and growth kinetics on
concentration, each described by a Michaelis—Menten function
(Fig. 1C), have half-saturation constants of the same magnitude
(attachment constant Ko = 0.35 + 0.08 mM; growth constant
Kg = 0.14 + 0.02 mM; Fig. 1C). Taken together, our observa-
tions indicate that bacteria possess the ability, likely obtained
through evolution, to detach from a surface when the nutrient
released from it is no longer supporting a high growth rate. They
achieve this by sensing the dwindling tryptone concentration at the
particle surface by means of their surface chemoreceptors (22),
rapidly shut down the attachment phenotype, and turn on the
dispersal phenotype to swim into bulk seawater (Fig. 1 and Figs.
S1 and S2). This phenotypic plasticity in surface attachment results
in a foraging strategy in which cells selectively colonize resource-
rich particles, which afford a high growth rate, then swiftly leave as
the resource concentration on the particle fades in order to search
for a fresh particle in the water column (Fig. 1D).

Bacterial Foraging Follows Predictions of Patch Use Theory. Bacteria
leave a particle well before the nutrients on it are completely
depleted and stay longer on a rich than on a poor particle as
predicted by patch use theory. To determine the tryptone con-
centration at which each bacterium detached from the surface,
hereafter referred to as the giving-up density (GUD), we
designed a two-dimensional (2D) version of the experiment in
which V. ordalii were exposed to a disk-shaped agarose patch
initially loaded with tryptone. In this experimental arena, tryp-
tone was the sole carbon, nitrogen, and phosphate source as cells
were suspended in unsupplemented artificial seawater. This 2D
system allowed the attachment and detachment of single bacteria
to be monitored by time-lapse microscopy (Movie S2 and
Dataset S2; it also revealed that V. ordalii attached at random
locations on the surface and did not form spatial aggregates; Fig.
S5). Experiments were performed at three different initial tryp-
tone concentrations (0.2, 1.0, and 5.0 mM), hereafter referred to
as the initial prey density (IPD). As in the case of the spherical
model particles, the number of cells attached to the patch in-
creased over time to a peak, then decreased as cells detached
and returned into the surrounding liquid (Fig. 2 B and C). A
quantification of the distribution of residence times of individual
bacteria on the patch from the time-lapse images (Fig. 2D)
revealed that the resident time was dependent on the IPD. The
mean residence time was higher on higher-quality patches, with
35 min for the patch with IPD = 0.2 mM, 49 min for IPD =1
mM, and 81 min for IPD =5 mM. The diffusion of tryptone from
the patch into the surroundings was quantified through a
mathematical model (Fig. 24), which also yielded the time
course of the tryptone concentration at the patch surface C(¢) as
it decreased through time due to molecular diffusion (Fig. 2C
and Fig. S6 and SI Appendix). Bacterial uptake was not included
in the analysis, based on additional simulations that showed it to
be negligible in our experiments (Fig. S7 and SI Appendix).
Combining these results, we obtained a curve for the detachment
probability as a function of the tryptone concentration on the
patch surface for each patch quality (i.e., initial tryptone con-
centration; Fig. 2E). We define the GUD as the tryptone con-
centration on the patch surface at which the number of attached
bacteria dropped to 50% of the maximum number (Fig. 2F).
Surprisingly, this analysis reveals a positive correlation between
the initial patch quality and the concentration at which cells left
the patch. The detachment concentration was 0.03 mM for the
patch with IPD = 0.2 mM, 0.09 mM for IPD = 1 mM, and
0.36 mM for IPD = 5 mM—more than ten times higher for the
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highest-quality patch (IPD = 5 mM) compared to the lowest-
quality patch (IPD = 0.2 mM), indicating that cells regulate
the detachment threshold concentration in response to the IPD
(Fig. 2E). Moreover, these detachment concentrations are on the
order of 10-1000 pM across the three patch qualities (Fig. 2F),
20-fold greater than the background in the experiments at the
time of detachment (Fig. S7 and SI Appendix), and up to 1,000-
fold greater than typical background concentrations Cy, of labile
dissolved organic matter in the ocean (C, < 1 pM, ref. 23). This
suggests that V. ordalii cells spontaneously detach from a patch
that is up to three orders of magnitude richer in nutrient con-
centration than the concentration in the surrounding seawater.

Further experiments were performed to determine the effect
of the quality of the environment on the residence time of bac-
teria on particles in order to test a fundamental prediction of
patch use theory, that residence time on a patch should decrease
with increasing quality of the environment. In these experiments,
bacteria were first allowed to attach to the surface of a glass Petri
dish for 30 min at one of three tryptone concentrations (IPD =
0.2, 1, and 5 mM) and subsequently exposed to a smaller tryp-
tone concentration C (Fig. S8). Monitoring the number of at-
tached bacteria over time revealed that bacteria, indeed, remain
attached for longer when the environment is poorer (IPD =
0.2 mM; Fig. S8C) than when it is richer (IPD = 1 mM; Fig. S8B)
with the smallest residence time occurring in the richest envi-
ronment (IPD = 5 mM; Fig. S84). Furthermore, we quantified
the proportion of cells remaining attached after 120 min as a
function of the ratio C/IPD (Fig. 34). This analysis indicates that
bacteria do not have an intrinsic set point (i.e., concentration) at
which they leave the surface but rather their residence time is set
by the decrease in the nutrient concentration relatively to the
reference environment (C/IPD). This emergent rescaling of the
nutrient concentration at which cells detach aligns with the ob-
servation that cells appear to rescale their GUD by the IPD in
the agarose disk setup (Fig. 2E).

V. ordalii increases its residence time in response to an in-
crease in the search time. We mimicked a long search time by
incubating cells for 3 h under starvation conditions in particle-
free seawater. After starvation, bacteria were again first allowed
to attach to the surface of a glass Petri dish for 30 min while
exposed to 5 mM tryptone (the IPD) and subsequently exposed
to a smaller tryptone concentration C. In these experiments, we
compared the detachment behavior with that of a control pop-
ulation that had not experienced a long search time (Fig. 3B).
Both populations adjusted their detachment probability accord-
ing to the tryptone concentration C, but the behavior was not the
same in starved cells and in the control population. Rather, the
starved population had a higher proportion of cells remaining
attached after 90 min at the lower concentrations of tryptone
(C =0, 0.1, and 0.2 mM). Although starvation is only a proxy for
a long search time, these results suggest that cells adjust their
residence time in response to the search time. We speculate that
the reported increase in the residence time is mediated by
metabolic changes occurring within the cell upon starvation, as
suggested by the progressive loss of motility under starvation
conditions (Fig. S9), rather than by a direct assessment of the
opportunity costs associated with foraging.

Bacterial Foraging in Heterogeneous Nutrient Seascapes. In a het-
erogeneous resource seascape, as coastal seawater often is for
heterotrophic bacteria, the benefit that would be gained from
remaining attached to a particle as its resources dwindle is
eventually balanced by the benefit that could be gained by
seeking and finding a fresh particle—the opportunity cost—
where this benefit is discounted by the lack of resource gain
during the search time. The central prediction of patch use
theory is that an organism should leave a patch when the harvest
rate no longer balances the sum of metabolic, predation, and
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Fig. 2. V. ordalii fine-tunes the detachment time from the surface of a patch according to patch quality. (A) Illustration (side view) of the experimental arena
used to quantify the residence time of individual bacteria on patches. A tryptone-loaded agarose disk (patch; 3.8-mm diameterand 0.5-mm thick) was used as
amodel of a particle, and a bacterial suspension in artificial seawater was introduced into the well containing the patch. The attachment and detachment times of
individual bacteria at the patch surface were quantified from video recordings using a 20x objective as tryptone diffused out from the patch into the surrounding
seawater. Colors show the tryptone concentration at t = 30 min as obtained from a numerical simulation of tryptone diffusion for a patch loaded with 1-mM
tryptone (S/ Appendix). (B) Time series of micrographs showing cells on the surface of the patch loaded with 1-mM tryptone. Cells are color coded according to
their residence time Tg. (C) Time series of the concentration of tryptone at the patch surface, obtained from the numerical model (upper curves) and time series of
the number of cells attached to the patch (lower curves), measured from the video recordings and color coded according to the initial tryptone concentration
(IPD =5, 1, or 0.2 mM). Lines show the SD of three replicates. (D) Probability distribution of the bacterial residence time on patches T, color coded according to
the initial tryptone concentration. (E) Detachment probability as a function of the tryptone concentration at the patch surface, color coded according to the initial
tryptone concentration. The black dashed line denotes the giving up density (GUD), the point at which half of the cells have detached from the patch.
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the number of cells remaining attached after 90 min was quantified. Symbols show the mean and SD of three replicates.
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time at which it detaches, Tr = T; — Ty is the residence time on
the particle, and 7 is the average search time determined by
migration until a new particle is encountered (Fig. S10 and SI
Appendix). The search time depends on the bacterial dispersal
rate (often expressed as an effective diffusivity resulting from
motility, ref. 24), the particle size, sinking speed, and the particle
concentration (24). Therefore, depending on environmental condi-
tions in the ocean, the search time for a bacterium to find a particle
can range from tens of minutes in phytoplankton-bloom-collapse
conditions in coastal seawaters to several hours or even days in oli-
gotrophic conditions in the open ocean (25, 26) (SI Appendix). The
prescient optimal forager—one with perfect information of the cur-
rent patch value and the distribution of patch types and travel times
within the environment—would maximize the time-averaged nutrient
uptake by accordingly adjusting its residence time 7g on a particle
when the search time changes (11).

Classic optimal foraging theory requires that organisms pos-
sess information on the distance between patches—something
that butterflies and birds can readily acquire (14, 27), but which
is beyond the sensory capabilities of bacteria, which are limited
to measurements of local concentration and gradients of dis-
solved compounds (9). In order to account for the lack of in-
formation available to bacteria regarding the particle
concentration, we used a mathematical model to compare the
time-averaged nutrient uptake of V. ordalii accounting for its
foraging under imperfect information with that of a prescient
forager. In these simulations, we quantified the time-averaged
uptake rate for the two strategies in environments with different
particle concentrations—i.e., different search times—and dif-
ferent patch qualities (different IPDs). Borrowing a concept
from patch use theory for animals (28), we computed the relative
foraging efficiency Rg (SI Appendix), a metric of how much the
performance of V. ordalii falls short of that of a prescient forager.
This analysis showed that the residence times of V. ordalii ob-
served in our experiments (Fig. 2D) correspond to a very high
relative foraging efficiency under a wide range of particle con-
centrations and qualities expected to occur in the coastal ocean.
For the three different values of IPDs considered in our exper-
iments (Fig. 2), Rg was found to be greater than 95% for all
search times between 20 and 100 min and greater than 75% for
all search times shorter than 6 h, meaning that Rg is rather in-
sensitive to the search time (Figs. 4 A-C and 54).

Our analysis suggests that V. ordalii, despite being able to in-
crease its residence time under long starvation conditions (ts = 3
h, Fig. 3B), has little or no necessity to precisely adjust its resi-
dence time on a particle in response to variation in the search
time. Our model revealed the relative foraging efficiency Rg to
be high and rather insensitive to variations at small values of the
search time (ts < 3 h)—that is, variations in particle concentra-
tion under rich conditions (Fig. 54). We computed a foraging
optimality index F, defined as the average efficiency Rg over a
range of search times. The maximum of the foraging optimality
index Fp,,, over all possible residence times represents the op-
timal foraging strategy of a marine bacterium when the particle
concentration (and, thus, the search time) is unpredictable.
Based on the experimental observations of the residence time
(Fig. 2D), we find that the foraging optimality index for V. ordalii
is close to the maximum (F > 90% of Fp,x) for the three patch
qualities examined (F/Fnax = 92%, 93%, and 95% for IPD = 0.2,
1, and 5 mM, respectively; colored points in Fig. 4 D-F). We
considered 6 h as an upper limit of the search time in these
analyses but conducted an additional analysis by increasing the
upper limit to 24 h to confirm the insensitivity of the results to
the particular choice of the range of search times (Fig. S11). We
propose to call this a constrained optimal foraging strategy to
reflect the near-optimal foraging performance in the face of the
constraints on bacterial sensory capabilities.
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Fig. 4. V. ordalii's foraging efficiency is high across a broad range of par-
ticle concentrations. (A-C) Relative foraging efficiency R (color coded) as a
function of search time (left axis) (i.e., particle concentration in the ocean;
right axis) and residence time on the particle (lower axis) (i.e., nutrient con-
centration of the particle at the moment of departure; upper axis) for low
(IPD = 0.2-mM tryptone, A), intermediate (IPD = 1-mM tryptone, B), and high
(IPD = 5-mM tryptone, C) patch qualities. Solid colored lines indicate the mean
residence time of a population of cells in our experiments Ty, (Fig. 2D). Dashed
colored lines represent a fixed-threshold strategy Tg in which bacteria leave
the particle at a concentration of 1 pM. Thick black lines indicate the foraging
efficiency of the optimal forager (which regulates residence time as a function
of search time). (D-F) Foraging optimality index F (color coded) as a function
of the half-saturation constant for growth K and the residence time on the
particle (lower axis) (i.e., nutrient concentration of the particle at the moment
of departure; upper axis) for low (D), intermediate (E), and high (F) patch
qualities. Empirically measured values of Kg (Fig. 1C) and residence time T,
(Fig. 2D) are indicated by horizontal and vertical solid colored lines, respec-
tively. Colored circles represent the measured values of Tz and K¢, averaged
over three replicates. Dashed colored lines represent a fixed-threshold strategy
Tg in which bacteria leave the particle at a concentration of 1 pM. Thick black
lines indicate the constrained optimal foraging strategy for different growth
kinetics (i.e., Kg). V. ordalii actively swim for up to 6 h in seawater after which
the proportion of swimming cells sharply decays (Fig. S9). We thus considered
6 h as an upper limit to the search time but tested the sensitivity of the results
by varying the upper limit of the search time up to 24 h (Fig. S11).

By appropriately tuning its residence time on particles of dif-
ferent qualities, V. ordalii increases its fitness compared to other
possible foraging strategies in the ocean. Two alternative strat-
egies that would be physiologically simple to implement would
be for bacteria to detach from a particle: (i) at a fixed threshold
GUD = Cy, where Cy, = 1 uM is the background concentration of
total amino acids in the bulk seawater, or (ii) after a random
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Fig. 5. Vibrio ordalii's foraging strategy is most efficient in rich environ-
ments. (A) Relative foraging efficiency Rg as a function of search time t
(lower axis) (i.e., particle concentration in the ocean; upper axis), predicted
by a mathematical model for different foraging strategies (S/ Appendix): The
constrained optimal foraging of V. ordalii (solid curves; symbol “V”; mea-
sured along the transect shown by vertical solid lines in Fig. 4 A-C); de-
tachment from the particle at random times (dashed curves; symbol “R");
and detachment from the particle at a fixed nutrient concentration
threshold of 1 pM (dotted curves; symbol “T"). Curves are color coded
according to patch quality (represented by tryptone concentration in our
experiments). (B) Biomass growth rate for the foraging strategies shown in
A. (C and D) Ratio of biomass growth rate of a constrained optimal forager
relative to (C) a random detacher and (D) a 1-uM-threshold detacher.

amount of time (SI Appendix) as has previously been assumed by
modeling bacteria—particle interactions as a stochastic process
(29, 30). Our results suggest that, for both of these strategies, the
average uptake rate is reduced compared to the observed con-
strained optimal foraging of V. ordalii, particularly, at high par-
ticle concentrations (or, equivalently, at lower search times, Figs.
4 and 5). Accounting for the growth kinetics of V. ordalii
(Fig. 1C), these alternative strategies would result in a biomass
production over one day that is up to 10-fold lower than that
achieved through constrained optimal foraging at the high end of
the spectrum of particle concentrations (SI Appendix and
Fig. 5 B-D), highlighting the great advantage gained through the
nutrient-dependent dynamic switching between attached and
planktonic lifestyles in V. ordalii.

Discussion

While it has been known for some time that marine bacteria
possess a diverse repertoire of metabolic processes (31), it is only
now beginning to emerge that they also possess a repertoire of
exquisite behavioral strategies (32) that belie their apparent
simplicity and contribute to fine-scale ecological differentiation
and species coexistence. Previous studies have argued that a
fundamental differentiation in foraging strategies exists among
marine bacteria that either irreversibly attach to particle surfaces
or remain planktonic in a fugitive strategy (8), such as the line-
ages of V. cyclitrophicus that are specialized into either sessile
biofilm-forming or planktonic dispersing lifestyles in a
competition—dispersal tradeoff that enables their coexistence
(17). In contrast, the foraging strategy of V. ordalii described
here involves rapidly and repeatedly switching between sessile
and planktonic lifestyles in a manner that we suggest optimizes
their resource gain. In light of the above observations, we pro-
pose that foraging strategies among marine bacterioplankton
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should be considered as forming a behavioral continuum rather
than being characterized by a simple dichotomy of sessile and
planktonic lifestyles. This view as a continuum should also en-
compass biofilm-forming species (33) and bacterial species dis-
playing swarming motility (34), archetypes of a sessile lifestyle
but which are, in fact, capable of spontaneously degrading the
extracellular matrix and dispersing into the surroundings (19) in
what may be a mechanism to allow cells to migrate and colonize
new habitats (18).

We believe that the type of behavioral data obtained from our
experimental setup where the nutrient concentration is a de-
creasing function of time (a “dynamic surface”) is, per se, a
novelty in the field of cell attachment and biofilm formation.
This feature allowed us to track the giving up densities (GUDs)
as a function of different initial prey densities (IPDs), something
that is not possible in traditional microfluidic setups where the
nutrient supply does not come from the substrate to which the
cells attach (Fig. S2B). We observed that bacteria exhibit a de-
tachment pattern where the ratio GUD/IPD remains approxi-
mately constant with changes in IPD (Figs. 2E and 34). This type
of response where the output to a given change in signal is in-
versely proportional to the signal background (here, IPD)—also
known as Weber’s law—occurs broadly in biological sensory
systems, such as the chemotaxis signaling pathway of bacteria.
Cells performing chemotaxis respond to the logarithm of the
concentration gradient (therefore, rescaling the temporal gradi-
ent of concentration by the background concentration as in
Weber’s law) and adapt, within a broad concentration range
(35), to the background concentration through the feedback
provided by methylation of the chemoreceptors (36). Chemotaxis
is a form of search strategy that is effective for nutrient fields
under conditions of scalar symmetry (37) where the fields have
the same pattern up to a multiplicative constant. For example,
the diffusive process of tryptone from the agarose patch fulfills
this requirement (Fig. 2C). The detachment response that we
report (Fig. 34 and Fig. S8) has striking conceptual similarities
with the chemotactic response. We speculate that the detach-
ment response of V. ordalii shares several features of the che-
motactic response, such as obeying Weber’s law. This speculation
is corroborated by the well-documented crosstalk between the
chemotaxis pathway and the intracellular production of
cyclic-di-GMP, which regulates the strength of cell attachment,
and by the recent observation that cyclic-di-GMP acts upon the
methylation state of the chemoreceptors (38). Particularly in-
triguing is the observation of the increased attachment propen-
sity of bacterial cells upon starvation conditions, manifested in
our study as an increased residence time on surfaces (Fig. 3B).
The molecular characterization of this metabolism-dependent
memory likely mediated by cyclic-di-GMP signaling, which im-
pacts on bacterial motility and attachment dynamics, represents
an exciting avenue of research.

Marine bacteria may be exposed to enhanced mortality risks
while on a particle by predators, such as zooplankton, including
copepods, flagellates, and ciliates, and by viral attack (39).
Laboratory experiments and field observations (40) have docu-
mented that predators, including zooplankton, such as copepods,
can localize, attach on, and ingest parts of a marine particle
together with its associated bacteria (41). Copepods are able to
detect and attack a marine particle by sensing and tracking the
plume of dissolved organic matter in the wake of a sinking
particle (42). This mechanism for finding particles suggests that
larger and higher-quality particles, which generate larger and
more intense plumes, will attract more predators. However, a
study of the literature did not reveal direct evidence for any size
dependence of this predation risk. Attached bacteria also suffer
grazing mortality by attached flagellates and ciliates (43)—
potentially a more important factor than the grazing pressure by
copepods (39, 41). By combining modeling with experimental
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measurements and observations of abundances of microbes on
field-collected particles, the mortality rate of attached bacteria
was estimated at 2.7 d™' (disregarding viral attack) (43). The
combined mortality rate of free-swimming bacteria must be on
the same order of magnitude as their growth rate, which, for
copiotrophs, such as Vibrio ordalii, is ~1 d™" in the ocean (44).
This analysis suggests that the mortality risk is somewhat higher
for attached than for free-living bacteria, although the statistical
significance of this difference is currently impossible to quantify.
With regard to viruses, literature indicates that the 100- to 1,000-
fold higher concentrations of bacteria on particles (108—109 cells
mL™") compared to the water column (10°-10° cells mL™") are
associated with higher densities of viruses on particles (45, 46).
Because, on the one side, the encounter rate per bacterium is
directly proportional to the concentration of viruses (24), this
would suggest a higher per-bacterium rate of viral infection on
particles. On the other side, the encounter rate per bacterium is
directly proportional to the diffusion rate of both virus and
bacterium (SI Appendix). The diffusion coefficient of the bacte-
rium is drastically reduced while on a particle where the main
source of diffusion for the bacterium is Brownian motion (Dgy =
4 x 107" m? s7! for a bacterium), compared to the diffusion
coefficient of a free-swimming bacterium (D =2 x 107" m? s™").
The effects on the encounter rate (and, therefore, on the in-
fection rate by viral attack) of an increased concentration and a
decreased diffusion coefficient for a bacterium attached to a
particle seem to compensate each other. Again, however, a study
of the literature did not reveal direct evidence for either higher
per-bacterium viral infection rates on particles or any particle-
size dependence of the viral infection risk. Our paper, thus,
highlights the importance of measuring predation and viral in-
fection risk on particles, ideally with explicit consideration of
particle quality and particle size as bacteria may have additional
strategies to further optimize their foraging in view of any en-
hanced risk of death as classically predicted by optimal foraging
theory (47, 48).

The foraging strategies of marine bacteria, which structure
bacteria—particle interactions and thus the fate of organic carbon
in the ocean, have remained elusive, in part due to the difficulties
of probing the behavioral ecology of marine microbes under
naturally relevant conditions. By directly visualizing bacterial
foraging in patchy microenvironments, we were able to apply and
tailor patch use theory to microorganisms. Bacteria show evi-
dence of conforming to predictions regarding patch use from
OFT, yet bacterial foraging also presents significant differences
compared to the foraging by metazoans for which patch use
predictions were obtained. In patch use theory and its extensions,
an animal is modeled as an independent forager randomly
searching for prey in a patch (49) and possibly operating as a
Bayesian forager (50). Bacteria are endowed with fundamentally
different search and uptake mechanisms. They use chemore-
ceptors and uptake transporters distributed on the surface of the
cell in combination with intracellular transduction pathways (22)
to accurately measure the rates at which nutrient molecules
reach their surface by molecular diffusion (51). Once they have
attached to a surface, such as the agarose disk in our experi-
ments, bacteria can accurately assess the diffusion-driven de-
crease of nutrient concentration over time at the surface of the
patch without the need to move and sample the patch to evaluate
local variations in patch quality (Movie S2) as is, instead, typical
for a predator searching for prey within a patch. For the agarose-
disk experiments since bacteria are randomly distributed on the
surface of the patch (Fig. SS) in relatively low cell concentrations
(Fig. 2B), each bacterium senses a very similar concentration,
and thus bacteria can be modeled as single independent foragers.
On marine particles, cell concentrations can become higher over
time, causing either interference or synergistic effects (52, 53)
that highlight the importance of extending patch use principles
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to account for cell aggregation. If allowance is made for the
obvious physiological differences in sensory capabilities, eco-
logical principles traditionally applied to animals—such as op-
timal foraging theory—can provide guidance and fundamental
principles for the interpretation of microbial nutrient acquisition
strategies and can represent a valuable framework to quantify
and predict the role of marine bacteria in the uptake and cycling
of nutrients in the ocean.

Materials and Methods

Bacterial Isolates and Cell Culture. The isolates and plasmids used in this study
are listed in Table S1. Unless stated otherwise, all experiments used GFP-
tagged V. ordalii 12B09. For routine culture, bacteria were grown in 1/2
strength 2216 medium (54) or on 2216 agar plates at 30 °C. An orbital shaker
(600 rpm) was used for liquid cultures. For isolates harboring pGFP, specti-
nomycin (50 pg/mL) was added to maintain the plasmid.

Artificial Marine Particles Experiment. To study the behavior of bacteria to-
ward marine particles in a model system (Fig. 1), we made particles consisting
of agarose spheres loaded with tryptone and monitored the dynamics of
attachment and detachment by bacteria. A stationary phase cell culture
(optical density at 600 nm [ODggo] = 1.0) was washed with fresh medium,
diluted to ODggo = 0.005 (7.0 x 10° CFU/mL), and then a 1-mL aliquot was
introduced into a well of a 24-well microplate (Falcon). To mimic the dy-
namics of encounter with marine particles, four to five agarose spheres
(~500 pm in diameter) loaded with 0.1% tryptone (Difco) were released into
the cell suspension at 25-min intervals. Particles were preincubated in 0.1%
tryptone solution for >1 h and then released into the system by using a
particle release device made in-house. To do this, particles were held on the
tip of a custom particle holder, which was attached to a microscope con-
denser lens to allow precise vertical movement. The particle holder was
made out of a plastic pipette tip, manufactured to have a crown- shaped tip
with five points. Each point held an agarose sphere with the attachment
being caused by the stickiness of the agarose spheres. By carefully lowering
the condenser lens and, therefore, the tip of the particle holder to the
air-water interface, particles were gently released into the liquid phase,
detaching after contact with the air-water interface. The bacterial distri-
bution over time (Fig. 1A) was visualized and recorded with a fluorescent
microscope (Nikon, Eclipse Ti2) using a 4x objective (numerical aperture
[N.A.] 0.13) and a scientific Complementary metal-oxide-semiconductor
(sCMOS) camera (Andor Neo 5.5, 2,560 x 2,160 pixels). Cellular accumulation
on the surface of the particles was quantified in terms of fluorescence in-
tensity and measured with the NIS Elements software by setting a circular
region of interest around each particle. To visualize simultaneously cellular
attachment on the surface of a particle and chemoattractant diffusion (Fig.
S1D), a 10x objective (N.A. 0.30) was used, and rhodamine B (20 pg/mL,
Sigma-Aldrich) was employed as a diffusion proxy.

Agarose Patch Experiment. To allow visualization of the attachment and
detachment of individual cells (Fig. 2) and thus enable measurement of the
residence time, we carried out experiments using a 2D model particle con-
sisting of an agarose disk (patch) containing tryptone. An agarose (3%-wt/
vol) disk of diameter 3.8 mm and thickness 0.5 mm was placed within a
recess of the same diameter created in a silicone gasket and fitted inside a
35-mm Petri dish (Falcon). The agarose disk was soaked in 0.2-, 1-, or 5-mM
tryptone solution for 1 h prior to the experiments. A stationary phase cell
culture (ODggo = 1.0) was washed with fresh medium, diluted to ODggo =
0.005 (7.0 x 10° CFU/mL), and then a 1-mL aliquot was introduced into the
Petri dish to initiate the experiment. Cells attached to the upper surface of
the patch were visualized and recorded with an inverted microscope (Nikon,
Eclipse Ti2) using a 10x objective (N.A. 0.30) and a sCMOS camera (Andor
Neo 5.5, 2,560 x 2,160 pixels). The number of cells on the agarose disk
surface and their individual residence times were extracted from the video
recordings using a custom MATLAB (The Mathworks, Natick, MA) cell-
tracking routine.

Batch Surface Attachment Assays. The generality of the induction of the
cellular attachment response of V. ordalii following the addition of tryptone
was tested under a range of chemical conditions and in the presence of an
inhibitor using batch surface attachment assays. A stationary phase cell
culture (ODggp = 1.0) was washed with filtered autoclaved seawater, diluted
t0 ODggo = 0.01 (1.5 x 107 CFU/mL), and then a 1-mL aliquot was introduced
into a 35-mm Petri dish and incubated at 30 °C for 1 h. Test solutions (see
below) were then added to determine the effect on bacterial attachment.
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After removing planktonic cells by gently washing twice with filtered
autoclaved seawater supplemented with tryptone (of the same concentra-
tion as the test solution in each trial), images of the bottom of the Petri dish
at three locations were taken by phase contrast microscopy using a 4x ob-
jective (N.A. 0.13) and a sSCMOS camera (Andor Neo 5.5, 2,560 x 2,160 pixels).
Surface attachment was quantified by counting the attached cells using
Image). Three independent replicates were performed for each experiment.
To determine the bacterial attachment kinetics, solutions of different con-
centrations of tryptone (at concentrations varying from 0 to 5 mM) were
added to the cell suspension and the attachment response was quantified.
The fraction of attached bacteria a, extracted from the attachment experi-
ments as a function of the nutrient concentration C was fitted with
Michaelis-Menten kinetics (Fig. 1C) a(C) = amax C/(C + Kp). The half-
saturation constant K4 = 0.35 + 0.08 mM and the maximum number of at-
tached bacteria amax Were extracted by performing a least squares minimi-
zation using Wolfram Mathematica v. 11.3 (Champaign, IL).

Effect of Starvation Period on Detachment Response. To determine whether V.
ordalii adjusts its residence time in response to changes in the search time,
we performed experiments in which we simulated a long search time by
incubating cells for 3 h under starvation conditions in particle-free seawater,
then compared their detachment behavior upon exposure to different
concentrations of tryptone with the behavior of a control population that
had not experienced a simulated long search time. Prior to the assays, cells
were incubated for 3 h in unsupplemented seawater, while for the control
experiment, cells were directly used after harvesting from the preculture (in
tryptone-containing 2216 medium). The kinetics of detachment were ana-
lyzed by exposing the two cell populations to a high tryptone concentration,
then quantifying the fraction of cells that underwent detachment after the
concentration of tryptone was reduced (Fig. S6). A stationary-phase cell
culture (ODggp = 1.3) was washed with filtered autoclaved seawater, diluted
1o ODgo = 0.02 (3 x 107 CFU/mL), and then a 1-mL aliquot was inoculated in
a 35-mm Petri dish for 0.5 h to allow attachment under an initial concen-
tration (IPD = 5 mM) of tryptone. After washing twice with fresh tryptone
solution to remove planktonic cells, cells were exposed to an equal or lower
concentration (C=5, 1, 0.4, 0.1, 0.2, and 0 mM) of tryptone for 1.5 h, causing
cells to undergo detachment. The numbers of attached cells before and after
exposure to C were counted by imaging the lower surface of the Petri dish in
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phase contrast using a 20x objective (N.A. 0.45) with a sCMOS camera
(Andor Neo 5.5, 2,560 x 2,160 pixels).

Growth Experiments. Growth rates of the bacteria under a range of resource
concentrations were evaluated by measuring quasi-2D expansion of colonies
(where the surface covered by the colonies is a proxy for the number of
bacteria). A slab of 2216 agarose medium (agarose concentration = 3% wt/
vol, 0.5-mm thick) was placed onto one of the wells of a 6-well plate, and
colonies were allowed to form at the agarose-solid interface to facilitate
inverted microscopy. Prior to experiments, the agarose slab was soaked in
tryptone (at concentrations varying from 0 to 5 mM) and then inoculated with
a dilute cell suspension. The experimental system was incubated at room
temperature for 17 h on a microscope stage. Colonies were imaged in phase
contrast at 20-min intervals using a 10x objective (N.A. 0.30) with a sSCMOS
camera (Andor Neo 5.5, 2,560 x 2,160 pixels). The 2D projected area of each
colony was measured using a custom MATLAB image analysis routine.

Bacterial Growth Kinetics. The population growth rates extracted from the
quasi-2D expansion of bacterial colonies for different tryptone concentra-
tions (see Growth Experiments) were fitted with Michaelis-Menten kinetics
(Fig. 10). The half-saturation constant Kg = 0.14 + 0.02 mM and the maxi-
mum growth rate rm., = 0.44 + 0.01 h™' were extracted by performing a
least squares minimization using Wolfram Mathematica v. 11.3. The formula
for the growth rate r as a function of the nutrient concentration Cis r(C) =
Fnax CIC + Kg).

Data Availability. Bacterial attachment dynamics under different experi-
mental conditions are available as Datasets S1-53. All study data are included
in the article and S/ Appendix.
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