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Copiotrophic marine bacteria contribute to the control of carbon storagein
the ocean by remineralizing organic matter. Motility presents copiotrophs
with arisk-reward trade-off: it is highly beneficial in seeking out sparse
nutrient hotspots, but energetically costly. Here we studied the motility
endurance of 26 marine isolates, representing 18 species, using video
microscopy and cell tracking over 2 days of carbon starvation. We found
that the trade-off results in a dichotomy among marine bacteria, in which
risk-averse copiotrophs ceased motility within hours (‘limostatic’), whereas
risk-prone copiotrophs converted -9% of their biomass per day into energy
toretain motility for the 2 days of observation (‘limokinetic’). Using machine
learning classifiers, we identified a genomic component associated with
both strategies, sufficiently robust to predict the response of additional
species with 86% accuracy. This dichotomy can help predict the prevalence
of foraging strategies in marine microbes and inform models of ocean

carboncycles.

Thereisaprofound dichotomyin ecological strategiesamong marine
bacteriabetween oligotrophic and copiotrophic bacteria'. This dicho-
tomy is associated with a suite of ecological and behavioural adapta-
tions that allow oligotrophic bacteria to more readily survive in the
more oligotrophic regions of the ocean? and allow copiotrophic bac-
teriato proliferate through feast-famine cycles driven by encounters
withresource-rich hotspots**. At these hotspots, the strong metabolic
activity of copiotrophic marine bacteria substantially contributes to
marine carbon cycling and to the attenuation of carbon storage in
the ocean, which ultimately affects atmospheric carbon levels’.
Outside of these hotspots, low concentrations of labile carbon® makes
copiotrophs experience strong growth limitation due to nutrient or
energy starvation”®,

Flagellar motility® can be highly beneficial for navigating het-
erogeneous environments'® but is associated with a high demand on
cellular resources' ™, especially during starvation. Reports on the
effect of starvation on motility have been mixed. It has been shown that
some bacteria increase their investment in motility with decreasing
nutrient-limited growth rate', and some species have been reported to
remain motile during starvation''*, However, most experiments so far
show that starvation hampers motility”*2. Despite the high energetic
requirements, motility potentially brings great rewards in the marine
environment, by enhancing the encounter rate with localized nutrient
hotspots, such as phytoplankton cells* or organic matter particles®,
by 10 to 10*-fold* 2%, These hotspots provide marine bacteria withrich
nutrient resources, meaning a successful colonization of a sub-mm
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Fig. 1| Marine bacteria exhibit adichotomy in their motility response to
carbon sstarvation. a, Marine bacteria often experience carbon starvation (C-)
during the time between encounters with carbon-replete hotspots that support
growth (C+, dark circles). During starvation, bacteria may opt to cease motility
(orange) to conserve resources, or sustain motility (blue) to increase chances
of encountering a hotspot. b, Distribution of cellular velocities in V. splendidus
FF-500 (left) and V. anguillarum12B09 (right) before starvation (C+; top) and at
different times during carbon starvation (1 hto 47 h; bottom). Dashed grey lines
mark the velocity of 12 um s™, used to differentiate motile from non-motile cells
(Supplementary Fig. 2b). Pdf, probability density function. ¢, Average cellular

Starvation time (h)

velocity of the population as a function of starvation time for 26 marine strains;
15 strains show a rapid decrease of velocity (orange), to onaverage 5 +2 ums™,
whereas 11 strains retain a high velocity (blue), with an average of 18 + 9 pms™.
d, Fraction of motile cells (as given by the colour bar at top) for the 26 strains as a
function of starvation time. C+ denotes the condition before starvation. Fifteen
strains reveal a rapid decline of the motile fraction during starvation (orange
species names), 11strains show persistent motility during starvation (blue
species names). A total of 580 video microscopy experiments were performed;
the number of experiments for each condition (2-5 per strain) are given in
Extended DataFig. 2.

sized particle may lead to amanyfold increase in biomass**’, This high
potential search reward, combined with the risk of wasting limited
cellular resources, makes bacterial motility under starvation subject
toarisk-reward trade-off, and raises the question of which strategy is
adopted by marine bacteria.

Here we report onthe motility behaviour upon carbonsstarvation
for 26 strains of 18 species of copiotrophic marine bacteria. We did
not find a continuum of endurance timescales, but rather a behav-
ioural split between species that cease motility within afew hours and
species that retain motility for multiple days, revealing an ecologi-
cal dichotomy among motile copiotrophic bacteria. This dichotomy
reflects a different risk assessment of starvation by different bacteria:
risk-averse foragers cease motility to conserve resources until condi-
tionsimprove, whereas risk-prone foragers retain motility to enhance
their chance of large search rewards.

Results

Behavioural split in motility endurance upon carbon
starvation

We measured the motility response of different marine bacteria to
carbon starvation. Carbon starvation was imposed experimentally

by growing the cells in carbon-replete marine broth (MB), then wash-
ing and placing the cells in carbon-depleted starvation medium. This
procedure models, for example, the rapid loss of access to nutrients
that cells experience when leaving a nutrient hotspot (Fig. 1a). We
sampled cells immediately before washing and thenat1hand -3, 7,
22,30 and 46 h after the onset of starvation. For every time point, we
used video microscopy and cell tracking to quantify the cellular veloc-
ity (the velocity averaged over the cell’s trajectory) of ~300 cells. Our
measurements reveal astriking divergence in the motility response to
starvation, even among closely related species. As an example between
closely related species (see the phylogenetic tree in Extended Data
Fig.1),in carbon-replete medium, Vibrio splendidus FF-500 and Vibrio
anguillarum 12B09 (previously known as Vibrio ordalli*°) were both
highly motile, with population-averaged velocities 0f 29 +18 ums™
and 41+ 21 pm ™, respectively (Fig. 1b, and Supplementary Videos 1
and 2). However, their motility upon entering carbon starvation was
strikingly different. Within1 h of starvation, the velocity of V. splendidus
FF-500 diminished to 4 + 4 um s, whereas the velocity of V. anguil-
larium 12B09 during the 2 days of starvation remained high, with an
average of 31+ 21 um s™ (Fig. 1b, and Supplementary Videos 3 and 4).
Experiments with an additional pair of strains from the same two
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species showed similar results (Extended Data Fig. 2a). These observa-
tions show that bacterial species can have strongly divergent motility
responses upon carbon starvation.

We performed these carbon starvation experiments to measure
the motility of 26 strains from 18 species belonging to the Gammapro-
teobacteria class (Supplementary Videos 5-10). For each strain, we
computed the population-averaged velocity (Fig. 1c) and the fraction
of motile cells (Fig. 1d) as afunction of starvation time (Methods). Fol-
lowing carbon starvation, the fraction of motile cells revealed a clear
dichotomy: for some strains the motile fraction decreased rapidly to
near zero, whereas for other strains it remained considerably above
zero throughout starvation (Fig. 1d and Supplementary Videos 5-10).

To have anobjective criterion to determine which strains retained
and which strains relinquished motility, we computed the kernel den-
sity estimate (KDE) of the log-transformed motile fraction, averaged
forall starvation times exceeding1 h, for each strain. The KDE exhibits
abimodal distribution with a minimum at a motile fraction of 0.033,
providing a clear separation into two classes (Extended Data Fig. 2c).
We used this criterion to separate the motility response of each strain
into two classes: 15 out of 26 strains had a motile fraction below this
threshold upon starvation (on average 0.01 + 0.01; unless noted oth-
erwise computed as the average + 1s.d. of the average value per strain),
whereas the remaining 11 out of 26 strains retained a higher motile frac-
tion thanthis threshold (on average 0.23 + 0.16) (Fig. 1d). By contrast, in
acarbon-replete environment, the 26 strains exhibited no dichotomy
in motility behaviour even though motility-retaining strains were on
average more motile than motility-relinquishing strains (Extended Data
Fig.1d-f, Fig. 1d and Supplementary Table 1). We propose to call the
motility-retaining response ‘limokinetic’ (from the Greek Aiqu6o mean-
ing ‘starvation’) and the motility-relinquishing response ‘limostatic’.

To test the robustness of the observed dichotomy, we repeated
experiments by using a different treatment to impose carbon starva-
tion. Instead of washing the cells, we measured the motility of cells
during nutrient-limited stationary phase. For 12 strains, we compared
thetime-averaged motile fraction for each strainin the stationary phase
to that obtained in the previous experiments in starvation medium,
and found that these were highly correlated (Extended Data Fig. 3,
Pearson’s p = 0.91). Furthermore, the classification into limokinetic
and limostatic strains (based on the motile fraction criterion) was the
same under the two treatments, with asingle exception (Alteromonas
sp. 4B03). Together, these results indicate that the loss of motility is
not specific to our starvation medium, and the dichotomy is robust
to differencesin the mode in which carbon starvationisimposed and
is primarily a species-specific trait.

Differential flagellar loss indicates commitment to non-motile
and motile lifestyles

Loss of flagellar filaments during nutrient limitation has been reported
for other bacteria®*, prompting us to investigate the flagellation
of limokinetic and limostatic strains during carbon starvation. We
first measured the flagellation of 11 strains in nutrient-replete
conditions. The average fraction of cells with O or 1 flagellawas 97.2%,
indicating that the dominant mode of flagellation was a single polar
flagellum (Extended Data Fig. 4), as is common for marine bacte-
ria®. This is also consistent with bacteria performing run-reverse or
run-reverse-flick random walks in our tracking experiments (Supple-
mentary Videos 1-10), the hallmark of single flagellation®**,

We then used scanning electron microscopy (SEM) to quantify
the flagellation in response to starvation in two limostatic strains
and three limokinetic strains (Fig. 2a). The flagellation during starva-
tionrevealed a strong difference between limostatic and limokinetic
strains.Inacarbon-replete environment, the flagellation was similarin
the two classes, with an average flagellated fraction of 0.65 + 0.11and
0.69 + 0.26 for limostatic and limokinetic strains, respectively. After
24 hof starvation, the fraction of flagellated cells was only 0.04 + 0.01
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Fig. 2| Limokinetic and limostatic strains differ in the prevalence of
flagellation upon starvation. a, Representative SEM images from 5 strains,

2 limostatic and 3 limokinetic, from exponentially growing cultures (that s,
before the onset of starvation). Flagellar filaments are highlighted (purple). Scale
bars, 10 um. b, Fraction of flagellated cells (purple lines) determined from SEM
images as a function of starvation time, for 2-3 replicates per strain (symbols).
The number of cellsimaged by SEM per strain and time point was at least 34. For
comparison, the average fraction of motile cells for the same strains are shown
(orange for limostatic, blue for limokinetic; data from Fig. 1d) along with 95%
confidence intervals (Cl; shaded areas).

in limostatic strains, whereas in limokinetic strains it was 0.75 + 0.20
(Fig.2b). The average filament length (3.9 pm) did not show a difference
between the two classes, or between starving or growing conditions
(Extended Data Fig. 4), indicating that during flagellar loss, the fila-
ments are lost in their entirety. Additional experiments showed that
the flagellar loss was not due to shear stress*** (Extended DataFig. 4).
Overall, this shows that during starvation, limostatic strains lose flagel-
lar filaments, whereas limokinetic strains retain them.

Comparing the fraction of flagellated cells with the fraction of
motile cells shows that bacteria can cease motility without losing
flagellar filaments: for all strains the fraction of flagellated cells
was higher than the fraction of motile cells (Fig. 2b). The difference
is especially strong for the limokinetic strains V. anguillarum FS144
and V. coralliilyticus YB1, where the respective flagellated fractions
were 3.8 and 1.9 times larger than the motile fractions (Fig. 2b). This
suggests that limokinetic bacteria have the ability to pause motility,
by temporarily stopping flagellar rotation, without flagellar loss.

Flagellar loss prevents bacteria from rapidly responding when
conditions improve, as flagellar synthesis is slow: even a relatively
short flagellar filament of 1.5-pm length requires at least 30 min to be
synthesized*****.Indeed, additional experiments on strains starved for
24 hrevealed that limostatic strains only recovered motility 30-60 min
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after nutrientaddition (Extended DataFig. 5). These observations indi-
cate that limostatic strains not only stop swimming but also commit
toanon-motile lifestyle.

Limokinetic strains convert biomass into energy to fuel
motility

During starvation, the synthesis of new motility machinery diminishes
and the dominant cost of motility is the operation of the flagellar motor
for propulsion'. The average power spent on motility per cell can
be estimated as € :fsQ/(nN)Ziul? ,where v, is the average swimming
velocity of motile cell i, Nthe number of motile cells, f; the fraction of
motile cells, n the efficiency of the flagellum (2%)® and Q the resistance
coefficient of the bacteriumincludingits flagellum (2=4.1x 10 Ns m™
(ref. 39)). We used the motile fraction and the swimming velocities
(Fig.1d, Extended DataFig. 6a,b and Supplementary Table1) tocompute
the power spent on motility per cell for each strain as a function of
time (Fig.3a). The energy expenditure of limokinetic strains on average
decreased more than3-fold duringstarvation (from4.1+ 0.4 x 10* ATP s™*
before starvation to 1.2 + 0.4 x 10* ATP s during starvation, mean +
s.e.m.), assuming a conversion factor of 8 x 1072° J ATP (ref. 11). The
maintenance energy flux during starvation is estimated at1x 10* ATP s™
per cell*>* (this estimate is for E. coli; the higher starvation survival
rates of some marine bacteria**** do suggest that much lower mainte-
nance energies are possible). Hence, by remaining motile, limokinetic
strains at least double their energy requirements during carbon
starvation compared with limostatic strains.

We hypothesized that cells use internal energy sources to fuel
motility, sacrificing part of their biomass to generate energy**. To
test this hypothesis, we performed starvation experiments for 7 days
with 3 limostatic strains and 3 limokinetic strains, which were motile
over the 7-day period (motile fraction of 0.27 + 0.20, average swim-
ming velocity 40 + 7 pm s™, Fig. 3b). We measured the biomass of six
strains using optical density (OD)* during the starvation experiment.
The 3 limokinetic strains lost on average 62 + 3% of their biomass over
7 days. In contrast, the biomass of the limostatic strains remained
approximately constant (99 +16%) (Fig. 3¢) during the same period.
A linear fit of OD, =1 -yt over all individual measurements on limo-
kinetic strainsyielded a good fit (R” = 0.88), with abiomass decay rate
rate of y=0.094 day™ (95% CI: [0.085, 0.103]). The same fit yielded
y=-0.011day™ (95% CI: [-0.025, 0.003], R? = 0.04) for the limostatic
strains. These data indicate that motility endurance was associated
with abiomass loss of 9.4% per day.

We confirmed that the biomass decrease is due to a conversion
of biomass to energy, rather than a decrease in the number of cells.
Flow cytometry measurements of the cell number during the 7-day
starvation experiment revealed that the number of cells increased
or remained constant compared to the onset of starvation (Fig. 3d).
Alternative estimates based on colony counts and the number of cell
tracks confirmed that the number of cells did not decrease during
starvation (Extended Data Fig. 6). The increase in cell number was
probably due to reductive divisions, a well-known starvation response
where the populationbiomassis redistributed over more, but smaller,
cells””. With a decreasing population biomass and non-decreasing
cell number, this implies that on top of any reductive divisions, the
conversion of biomass to energy in limokinetic strains reduces the
cellular biomass in limokinetic strains.

To further investigate the biomass loss at the single-cell level, we
measured the dry mass distributions from quantitative phase imag-
ing (QPI) on individual bacterial cells***”. We compared the biomass
of limokinetic Vibrio coralliilyticus YB1 and limostatic Vibrio cyclitro-
phicus ZF270. During growth we found respective average biomasses
of 308 +100 fg (mean + s.d. of 3 biological replicates; 1fg=1x 10" g)
and 333 + 60 fg (Extended Data Fig. 6f). We then measured the biomass
at-5,76 and 125 h after starvation onset (Fig. 3e). At 5 h after starvation
onset, the biomasses of YB1 and ZF270 were similar (P = 0.9, Tukey’s
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Fig. 3| Limokinetic bacteria convert biomass to energy to fuel motility.

a, Estimated motility power requirement per cell for each of the 11 limokinetic
strains (grey lines) and average of the 11 limokinetic strains (blue, 95% Cl shown as
shaded area) as afunction of starvation time for 2 days of starvation. b, Fraction

of motile cells as afunction of starvation time for 3 limokinetic strains. Shown are
the mean + 95% Cl (vertical lines). Number of biological replicates for ¢ > 2 days is
1(FS144) or 2 (3B05 and YBI). For number of replicates for ¢ < 2 days, see Extended
DataFig. 2. ¢, Optical density as a function of starvation time, normalized by the
optical density at the onset of starvation (¢ = 0), for 3 limostatic (orange) and
3limokinetic (blue) strains for 7 days of starvation. Shown are the mean + s.d.
(vertical lines) of 3independent experiments. Different strains are denoted by
differentline types. Grey linesindicate linear fits to the change in optical density
of limokinetic and limostatic strains, with respective slopes of -0.094 day " and
+0.011 day* (see main text). d, The number of cells N, after prolonged starvation,
normalized by the number of cells at the onset of starvation (¢ = 0), for 3 limostatic
(orange) and 3 limokinetic (blue) strains for 7 days of starvation. Strains and error
barsasinc.e,Single-cell dry mass distributions for YB1 (blue) and ZF270 (orange) as
measured using quantitative phase imaging. Number of cells per condition (n) and
statistical significance using a two-sided post hoc Tukey’s HSD test are indicated.

f, Average dry mass of a population (solid lines) as a function of starvation time for
ZF270 (orange) and YB1 (blue). Error bars denote the 95% Cl on the average of all the
single-cell data, and the circles denote the average of a single biological replicate.

honestly significant difference (HSD)) at 139 fgand 138 fg, respectively.
Thereductionindry mass compared with the dry mass during growth
indicates that the cells have engaged in at least 1 reductive division
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Fig. 4| Genomic basis of the limokinetic-limostatic dichotomy. a, Bayesian
classifier for the prediction of limokinetic behaviour. Top: classifier prediction
ofthe limokinetic (blue) and limostatic (orange) behaviour for all strains.
Strain names are colour-coded according to their experimentally determined
classification (Fig. 1). Bottom: prevalence of orthogonal groups (OG) associated
withalimokinetic response for both limokinetic and limostatic strains,

as obtained by RFE (Methods) and clustered into 5 functional categories
(Supplementary Note 3). Circles indicate the gene copy number of each

OG (size) and the probability of association with the limokinetic response
(colour). Underlined OGs indicate significance corrected for phylogeny of
P<0.10,*P<0.05 (full list of Pvalues in Supplementary Table 3, Methods and
Supplementary Note 4). b, Mean likelihood averaged over all OGs in each
functional category for both limokinetic (blue) and limostatic (orange) strains
as predicted by the classifier for the limokinetic response (a). ¢, Asin b, but for
aclassifier based on genes associated with the limostatic response (classifier

features in Extended Data Fig.10).d, Prediction and measurement of the
motility response to starvation based on the genomic classifiers for 7 strains
notincluded in classifier training (squares) for both the limokinetic (K) and
limostatic (S) classifiers. Red crosses indicate that the prediction deviates from
the experimental result. e, Predicted relative abundance (z-score) of limokinetic
(blue) and limostatic (orange) taxa as a function of depth, computed by applying
the classifiers to 1,038 field samples from the Ocean Microbiomics Database’.
For limostatic taxa, the z-score of individual samples (dots) was computed as the
abundance of limostatic taxa after subtraction of the depth-averaged abundance
and normalization to1s.d. The same procedure was applied for limokinetic

taxa. For both strategies, amoving average (solid lines) computed with alocally
estimated scatterplot smoothing (LOESS) filter using a window of 2/3 of the data
is also shownwith 95% CI (shaded area). The relative abundances of limokinetic
and limostatic taxa are anti-correlated with depth (Pearson’s p = -0.79).

duringthe firsthours of starvation. However, after 5 days of starvation,
the average dry mass of limostatic ZF270 did not significantly change
(P=0.9, Tukey’s HSD), but the dry mass of limokinetic YB1 decreased
to 86 fg (P < 0.001,Tukey’s HSD) (Fig. 3e). Thus, the limokinetic strain
lost onaverage 54 fg per cell (Fig. 3f), corresponding to ~11 fg cell* day ™.
Suchabiomassloss would be insurmountable for marine oligotrophs,
with typical cell mass of 20 fg*®. For copiotrophs, however, it represents
adaily loss of only ~11/139 = 8% (close to the estimate based on popu-
lation biomass loss).

Additional experiments allowed us to exclude three alternative
energy sources for motility. First, we considered the recycling of
necromass*>*’. Live/dead staining showed that the fraction of dead cells
was comparable between the two classes (0.07 + 0.06 and 0.11 + 0.07
for limostatic and limokinetic strains, respectively) when averaged
over the week of starvation (Supplementary Note 1 and Extended
Data Fig. 6). Given the small difference in death rates, and consider-
ing that necromass recycling is typically inefficient (10-20%)*, this
means necromass recycling does not represent a large energy source
for motility in our starvation experiments. Second, we found that the
energy source is not photonic in nature, as limokinetic strains lack
rhodopsin genes and remained motile when starved in the dark (Sup-
plementary Note 1 and Extended Data Fig. 6g,h). Third, we excluded
the effect of any residual nutrients in the starvation buffer, by showing
that there was no negative dependence of the motile fraction on cell
concentration (Supplementary Note 1and Extended Data Fig. 6i).

The biochemical nature of the biomass conversion remains to
be determined. Assuming all converted biomass is stored as glucose

(vielding -30 ATP per molecule), 11 fg day* would yield an energy flux
of 1x10* ATP s, close to the average motility power requirement of
limokinetic strains during starvation (Fig. 3a), indicating that biomass
conversion can fuel bacterial motility for several days. Fluorescence
staining of storage compounds indicated no significantaccumulation
of polyphosphate, buta potential role for polyhydrobutyrate (PHB) to
actas an energy source in limokinetic strains (Supplementary Note 2
and Extended DataFig. 7).

The genomic basis of the limokinetic and limostatic lifestyles
We investigated the genomic basis of the difference between limo-
kinetic and limostatic behaviours using assembled genomes of all
strains to identify further differences between limokinetic and limo-
static strategies and to predict the motility behaviour under starvation
inotherbacterial species. We constructed a Bayesian classifier, select-
ing genetic features that are associated with limokinetic behaviour
through recursive feature elimination (RFE; Methods). The classifier
was able to separate the two behavioural classes with good accuracy
(88%, Fig. 4a and Supplementary Fig. 3), defined as the fraction of
correctly predicted strains.

The classifier relies on a set of 22 orthologous groups (0OG), or
geneswith conserved function, associated with alimokinetic response
to carbonstarvation (Fig. 4a). We grouped the genesinto 5 functional
categories on the basis of their annotated function (Supplementary
Note 3). Genes selected by RFE include mechanisms for resource
conservation (N, = 5 genes, average likelihood £ =0.76), capsule and
biofilm formation (N, =5, £=0.91), regulatory elements of motility
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and chemotaxis (N, =6, £ =0.88), cysteine/methionine synthesis
(No=3, £=0.82)and oxidative stress response (N, = 3, £=0.91) (Fig. 4b
and Supplementary Note 3). Despite the high associated likelihood of
oxidative stressinthe environment, we found no significant differences
in oxidative stress sensitivity between limokinetic and limostatic
strains (Extended Data Fig. 8 and Supplementary Note 3).

We also trained the classifier in the inverse direction, selecting
for genes that are associated with alimostatic response to starvation.
Thisyielded amuchlarger list of genes (121) inarange of cellular func-
tions (Fig. 4¢), although with similar accuracy (88%) to the limokinetic
classifier. Comparing these genomic signatures suggests that the
limokinetic/limostatic dichotomy may be connected to other traits
associated with oxidative stress defence, metabolism, uptake and
surface-associated lifestyles (Fig. 4b,c).

We used the classifiers to predict the motility response to star-
vation of 7 additional marine strains not included in the training of
the classifiers. The limokinetic and limostatic classifiers each pre-
dicted allbut one correctly (86%) (Fig.4d). Interestingly, the classifier
predictions for the enteric species Escherichia coli and Salmonella
typhimurium were ambiguous in that these strains were predicted to
be both limokinetic and limostatic. In experiments, their motile frac-
tiondecreased more gradually (11-14 h) compared with the limostatic
marine strains (2.4 h, P<1x10’, t-test) (Extended Data Fig. 10). This
contrast with enteric bacteria indicates that the dichotomy we have
described is a feature of marine bacterial communities: the extent
to which it may occur in other microbiomes will require dedicated
investigation.

Finally, we used the Global Ocean Microbiomes dataset® in
combination with our classifiers to predict the prevalence of the two
strategies among assembled metagenomes in the ocean (Methods),
asthe classifier was originally trained and tested using gammaproteo-
bacterialtaxa, and we limited our prediction to this group. Limokinetic
taxa were predicted to dominate in 97.3% of 1,038 field samples
(Extended Data Fig.10). Certain environments may favour a limostatic
strategy, asindicated by the fact that the samples with predicted limo-
static dominance (2.8%) all come from the euphotic zone (geometric
mean depth of 70 m). The relative abundances of limokinetic and
limostatic taxa as a function of depth are anti-correlated (Pearson’s
p=-0.79,Fig.4e),suggesting the presence of environmental variables
that affect the abundance of both strategies. This could, for example,
be dueto the concentration of dissolved and/or particulate nutrients,
yet more work is needed to determine the environmental drivers of
the prevalence of one versus the other strategy.

Discussion
Copiotrophic marine bacteria contribute to the marine carbon cycle by
remineralizing alarge fraction of the carbon stored in sinking marine
particles before they reach the ocean floor*>*, Since these particles are
sparse, the bacterial contribution to particle degradation depends not
only on their degradation activity but also on their ability to localize
and colonize the particles (Supplementary Discussion 1). However,
bacterial behaviours are rarely explicitly included in oceanic carbon flux
models™, making these models less predictive. Thisisin part due to the
challenge of accounting for the enormous diversity among microbes
in models. Dichotomies are widely used as simplifying principles to
help understand the daunting diversity of microbes in natural environ-
ments, permitting generalization across traits from behaviour to cell
physiology. Our results reveal animportant dichotomy that separates
motile copiotrophs into limokinetic and limostatic species: we pro-
pose this to be a useful concept for more explicitly including micro-
bial behaviour in models of marine particle dynamics and microbial
ecology overall.

Traditionally, bacterial motility and chemotaxis have been
understood as strategies to enhance foraging'*, particularly in
nutrient-poor environments**”’, yet recent work has emphasized the

benefit of motility in nutrient-replete environments* . Limostatic
strains appear to use motility to disperse and colonize hotspots only
during growth, when motile fractions are high. This strategy may be
especially effective under algal bloom conditions, when the number
of hotspotsis high and sois the background level of dissolved organic
matter, alleviating starvation. Limokinetic species probably also use
motility for this purpose, but unlike limostatic species, we propose that
they also use motility to actively search for hotspots in oligotrophic
environments, even at the expense of sacrificing a sizeable fraction
of their biomass to fuel motility, which could reduce typical search
times from months to a day (Supplementary Discussion 2). Search
times could be even further reduced if cells would suppress reorienta-
tions, but our datashow noindication for this (Supplementary Discus-
sion 3). Chemotaxis may add a further reduction in search times, but
less thantheboost from random encounters as gradients do not extend
far beyond the particles (Supplementary Discussion 4).

In oligotrophic environments, limostatic copiotrophs will cease
to be motile and conserve biomass until conditions improve again.
Marine bacteria have been observed to survive starvation for periods
of up to several months*’, suggesting that limostatic strains could
be specialists in overcoming large temporal intervals of oligotro-
phy, whereas limokinetic strains could be specialists in overcoming
larger spatial distances in oligotrophic environments. While certain
environments will favour one or the other phenotype (Fig. 4), some
of the limokinetic and limostatic strains studied here were isolated
together (Supplementary Table1), suggesting that the two behaviours
can co-exist.

Testing our predictions of the motility in natural environments
requires more direct observations of motility from the field". Our
current prediction of prevalence of the limokinetic strategy stands in
contrast to the findings from most laboratory-based studies predict-
ing motility loss upon nutrient depletion'”?%, Direct measurements
of motility in field samples report variable fractions of motile cells
(<10% up to 70%)°"**** but are limited to coastal surface waters where
the concentration of dissolved nutrients is probably higher. There-
fore, amore systematic mappingis required that extends the horizon
of motility sampling to the open ocean as well as the ocean interior.

Our results show that limostatic strains lose flagella, but limo-
kinetic strains mostly retain them. The flagellar retention confirms
thatitis not necessary for marine bacteria to cease motility and indi-
cates pausing behaviour within limokinetic populations (Supplemen-
tary Discussion 5). Therefore, flagellar loss in limostatic strains?*>
seems wasteful from a resource perspective. There must thus be
non-energetic reasons for the ejection of flagella under starvation.
One example could be the avoidance of predation, which plays a sig-
nificant role in oligotrophic environments®*. Motility can affect pre-
dation by increasing encounter rates with predators®>*, but it is also
possible that even the mere presence of a flagellum could increase
predation risk, for example, by bacterivores®” and phages®**’. There-
fore, it is possible that cells eject their flagella to decrease predation
risk. Thisindicates that the dichotomy between limokinetic and limo-
static behaviour is shaped not only by energetics, but probably also
predation pressure. Our results highlight a dichotomy in bacterial
motility behaviour that results from a risk assessment between the
anticipated biomass gain of motile behaviour and the biomass loss
due to conversion to energy and possibly predation. The dichotomy
serves as a simplifying principle that can help predict the ecological
and biogeochemical functions of marine microorganismsin the face
of their astounding degree of diversity.

Methods

Bacterial cell culture and starvation protocol
Cellswereinoculated fromafrozen (-80 °C) glycerol stock and grown
overnight in 100% 2216 Marine Broth (BD Difco, Fisher Scientific,
hereafter ‘MB’) at 27 °C on a rotary shaker (200 rpm). On the day of
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the experiment, cells were diluted 1/100 into half-strength MB with
50% artificial seawater (Instant Ocean, Aquarium Systems, hereafter
‘ASW’). After 3.5-4 h, the cultures reached mid-exponential phase (OD
0.1-0.5) and were collected by centrifugation (5,000 x g for 6 min).
Pelleted cells were resuspended in starvation medium consisting of f/2
minimal medium without carbon (made by supplementing ASW with
nitrogen, phosphorous, trace metals and vitamins (Provasoli-Guillard
f/2Mediakit, NCMA), withadded 1 mM NH,CI). This washing protocol
was repeated three times, after which bacterial cells were diluted ten-
fold compared with the original culture (leading to a cell concentra-
tionof -107 cells per ml) and placed in a shaking incubator (175 rpm) at
room temperature for the duration of the experiment. Bacteria were
sampled from the medium immediately before washing the cells and
at1(1),2-4(3),5-9(7),19-24 (22),28-32 (30) and 43-48 (46) h after
the washing protocol started, where the number in brackets refers to
the weighted average of each time window, rounded to 1 h, that was
used for averaging over multiple experiments. Bacteriawere observed
within15 min after sampling (their motility parameters were relatively
stable during this period of time, Supplementary Fig. 1c). The optical
density of bacterial cultures was measured with a cuvette-based spec-
trometer (WPA Biowave Cell Density Meter, Biochrom) on samples
that were starved as described above but without the final dilution
step (leading toan OD of 0.05-0.4, corresponding to ~10° cells per ml).

Choice of bacterial strains

The strains used in experiments originated mainly from two prin-
cipal collections. First, a collection of Vibrionaceae isolated off the
Massachusetts coast’’, which has been extensively characterized for
antagonistic interactions”, colonization-dispersal behaviour’ and
alginate degradation’. Second, a collection of coastal seawater isolates
associated with chitin particles®. We also included Vibrio coralliitycus
YB1, a highly motile strain isolated from corals™. Using publicly avail-
ablegenomes, we selected those likely to be motile, on the basis of their
number of motility and chemotaxis genes. Of the 107 available strains,
we selected 36 strains to test for motility and growth, some of which
were from the same speciesto encompassintraspecies and interspecies
variation, and all with both chemotaxis and motility genes. Of the 30
remainingstrains (4 strains did not grow in marine broth and 2 strains
did not show motility during growth in marine broth), we randomly
selected 26 strains to be used in this study.

The following species were selected to test classifier predictions
(but were not used to train the classifier): Vibrio fortis KT626460,
isolated fromahealthy coral”; Pseudoalteromonas haloplanktis ATCC
700530, amodel organism for chemotaxis studies in marine bacteria’;
Vibrio cholerae C6706 was a gift from K. Drescher (U. Basel); Vibrio
campbellii BB-120 (ATCC BAA-1116) was a gift from K. Jung (LMU,
Munich); Vibrio furnissiiDSM 14383 (NCTC 11218) was obtained through
the German Collection of Microorganisms and Cell Cultures (DSMZ);
Marinobacter adhaerensHP15is amodel organism for algae-bacteria
interactions’” and a gift from M. Ullrich (Jakobs University, Bremen).
The HP15 strain contained a YFP-encoding plasmid but was grown and
measured as the other, non-fluorescent bacteria.

Microscopy and cell tracking

Cell samples of 45 pl were placed in the centre of a chamber (created
by fixing a coverslip on a standard microscopy slide separated by
silicone rubber of 1 mm thickness) and observed mid-plane using
phase-contrast microscopy (Nikon) with a x20 (0.45 NA) air objec-
tive (S Plan Fluor ELWD, Nikon). For very high cell densities and
very low densities, x10 (0.30 NA) and x40 (0.60 NA) objectives were
used, respectively. Videos recorded at x40 were processed with a fast
radial symmetry transform algorithm to remove diffraction rings’
before applying the tracking routine. Videos with acquisition rate of
25-30 frames per second were recorded using a CMOS camera (ORCA
Flash 4.0, Hamamatsu) for 30 s, at aresolution of 2,044 x 2,048 pixels

(0.326 um pixel ™ for x20). Cell tracking was performed using TrackPy
(v.0.4.2 and v.0.5.0)” after removing the background from each
image by subtracting the median image computed over the entire
video (Supplementary Fig. 1). In the analysis, a maximum displace-
ment per frame of 31 pixels (corresponding to a swimming velocity of
~200 pms™) and minimum separation between particles of 51 pixels
were allowed. Trajectories shorter than 15 frames were removed from
the analysis. Trajectories were then corrected for drift and cell posi-
tions were averaged over a time window of 5 frames in the calcula-
tion of velocity. Cellular velocity was defined as the velocity averaged
over its trajectory, and the population-averaged velocity is the mean
cellular velocity of a population. Cells with a cellular velocity lower
than12 pm s were classified as non-motile (Fig. 1a and Supplementary
Fig.1b). A velocity of 12 um s™ corresponds to an approximate appar-
ent displacement of 1 pixel between frames due to diffusion and/or
localization inaccuracy. For each frame i, the number of motile (N, ,)
and non-motile (N; ) cells was determined. The motile fraction was
then defined as (1/ 1) XN, /(N ; + Ny, ), where T is the total number
of frames in the video. The average swimming velocity was defined
asthe average cellular velocity of all motile cells. Videos with a motile
fraction lower than 0.075 were inspected and corrected manually.
Reorientation events were detected as described previously*>*°, First,
cellular positions were processed with a second-order Savitzky-Golay
filter® with a time window of 5 frames to compute the angle and velo-
city between frames. For each trajectory, reorientation events were
identified as time points at which both (1) the absolute change in angle
exceeded 25° and (2) the velocity was lower than 75% of the average
velocity of the trajectory. The minimal time between two reorientation
events was limited to 2 frames (60-80 ms). The run time was defined
as the time between detected reorientation events. The first run
(from the start of the trajectory to the first event) and the last run
(fromthe last detected event to trajectory length) were used as lower
bound estimates of the runtime. The reorientation frequency per cell
was calculated as the inverse of the mean average run time per cell.
To prevent detection of spurious reorientation events in slowly
moving cells, the analysis was only applied to trajectories with a
minimum length of 30 frames and a minimum velocity of 12 pm s™
based on average-filtered positional data with a time window of
9 frames. Data analysis was performed in Python (v.3.7 or newer) and
visualization was performed using the packages Matplotlib (v.3.5.0)
and Seaborn (v.0.11.2).

Phylogenetic tree construction

A phylogenetic tree was constructed using Phylophlan (3.0)*%.
Phylophlan was run according to instructions using all reference
genomes for all 4,788 strains as the initial dataset. Reference genomes
were downloaded from RefSeq. Three outgroups were also added
fromRefSeq (GCA 000012345, GCA 000168995 and GCA 002355955).
Additional references were added using ‘phylophlan_get_reference’
withthe-gc_Gammaproteobacteria-n-1'options. ‘phylophlan_write_
config file’wasrunwiththe‘-da-db_aadiamond -map_dnadiamond
-map_aadiamond -msa mafft -trim trimal -treeliqtree’ options, and
the final phylophlan run was executed using ‘phylophlan’ with the
options ‘-d phylophlan -diversity medium —-accurate -t a". The result-
ing IQTree file was used for phylogenetic analysis and as the basis for
the tree in Supplementary Fig. 1, and Shimodaira-Hasegawa values
were added by re-running the datasetin IQTree using the original seed
(857,918) and resampling 10,000 times.

Electron microscopy

Flagellation was measured using SEM. SEM was rendered using an
extreme highresolution (XHS) TFS Magellan 400 (ScopeM, ETH Zurich)
outfitted with afield emission gun and operated at2.00 kV and 50 pA.
Images of fixed bacteria were obtained using a secondary electron
through-the-lens detector. Liquid culture samples were collected at
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different time points and fixed with 1% (w/v) glutaraldehyde. Samples
were then deposited on hydrophilized silicon wafers treated with
0.01% poly-L-lysine. The wafers were successively submerged in 2.5%
glutaraldehyde (salinity 27 psu), seawater, 1% osmium tetroxide and
ASW for 5 mineach. This was followed by an ethanol drying series (30%,
50%,70%, 90% and 100%, with samples submerged for 2 min for each
step), followed by final washing three times in water-free ethanol. The
samples were then critical-point dried using the cell-monolayer pro-
gramme (CPD 931 Tousimis, ScopeM) and mounted with silver paintto
aluminumstubs. The stubs were then sputter coated with 4 nm of Pt-Pd
(CCU-010 Metal Sputter Coater Safematic, ScopeM) to prevent sample
charging. Cell and flagellar lengths were determined using Image].

Cell counting and viability measurements

Cell counting was performed by diluting cells by a factor of 100 and
staining them with SYBR Green I (Thermo Fisher). For samples where
the dead fraction was determined, a second sample was stained with
with SYTOX Green (Thermo Fisher). Cells were stained at a final con-
centration of 5 uM for both stains and incubated in the dark for 10 min
at room temperature. After staining, cells were counted using a flow
cytometer (Beckman Coulter, CytoFLEX S) equipped with a488 nm
laser. Cell counts were determined after gating on the basis of the
fluorescence and forward scatter signals (Supplementary Fig. 2).
Plate counts to determine the colony-forming units were performed
on MB (1.5% agar) plates with 15 ml liquid per plate. Only plates with
20-350 colonies were included in the analysis.

Staining of storage granules

DAPI staining to probe polyphosphate levels was based on methods
described previously®*®*. A 5 mg ml™ DAPI (4,6-diamidino-2-
phenylindole dihydrochloride, Thermo Scientific) solutionin filtered
(milliQ) water, stored at—20 °C, thawed and diluted to 25 pg ml™in ASW
as a working stock on the day of the experiment. Samples of 1 ml cell
suspensionwith -1 x 107 cells (OD 0.01) were fixed with 3.7% paraform-
aldehydefor1handthenaddedtoafilter tower pulled through afilter
column by pressure difference. Thefilters (25 mm diameter) consisted
of anitrocellulose backing filter (0.4 pm, Thermo Scientific) covered
by ablackIsopore membrane filter (0.2 um). After filtration, the black
membrane filter was placed on 500 pl DAPI solution for 10 minin the
dark. The filter was then gently washed by sweeping it through adrop of
milliQwater and dried for 10 min. The filter was then placed on astand-
ard glass slide under a 24 x 50 mm coverslip, with asmall drop (20 pl)
of a photostability mixture consisting of 4 parts Citifluor (Citifluor)
and1partVectashield (Vector Laboratories). Samples were measured
using an oil immersion objective (x100, 1.4 NA, Nikon) and a Canon
EOS 80D DSLR camera (ISO 800, 0.25 sexposure), with excitationbya
broad-spectrum mercury lamp (Prior Scientific) with DAPIfilter cube
(Chroma, ex: 350/50 nm, di: 400 nm, em: LP420 nm).

The neutral lipid stain Bodipy 493/503 (Thermo Fisher) was used
to visualize PHB granules®. A stock solution of 1 mg ml™ in DMSO was
diluted 10-fold in DMSO to obtain a working stock of 100 pg ml™. To
stain cells, 5 pl dye solution was added to 0.5 ml cell suspension with
~1x108cells per ml (OD 0.1), briefly vortexed and incubated on ice for
10 min in the dark. Cells were then immobilized by placing them on
poly-L-lysine (Sigma) coated coverslips for 30 min. Cells were imaged
using an oil immersion objective (x100, 1.4 NA, Nikon) and CMOS
camera (ORCAFlash 4.0, Hamamatsu) under epifluorescentillumina-
tion provided by amercury lamp (Prior Scientific) with Chroma EGFP
filter cube (ex: 470/40 nm, di: 495 nm, em: 525/50 nm). To determine
the PHB content per cell, the raw fluorescence signal F of a rectangle
with one cell was integrated, and the background fluorescence value
of an area without cells in the same image subtracted. For each cell,
F was then normalized to F according to F = F*/(F}, ) —1, with the
autofluorescence (F}; ) value averaged over all cells of a strain without
PHB synthesis genes.

Quantitative phase imaging

Quantitative phaseimages were obtained using amicroscope equipped
with digital holography microscopy (Lynceetec, Switzerland)*°.
For each measurement, 100 pl of cell suspension was placed on
dry ice for 2 min to cease motility. Then the sample was thawed and
20 pl was placed in an observation well consisting of two coverslips
separated by a single parafilm layer, for at least 15 min to ensure cells
were settled. Quantitative phase images were obtained at 100 posi-
tions per sample, with each position consisting of an averaged stack
of25autofocusedimages, each displaced -2 pmto average out aberra-
tions due to the optical path. Simultaneously, bright-field (BF) images
were recorded for each of the 100 positions. Image segmentation
was performed using llastik®. Objects were first detected using BF and
the cell contour was then determined by a watershed detectionon the
QPI. Only objectsidentified bothin QPland BF were analysed. Thedry
mass for each object was computed from the integrated intensity of
the QPI and using a refractive index increment of = 0.175ml g™, as
described elsewhere”’. Objects witha pixel area>500 pixels and amass
density <0.1 (w/v) % and >0.8 were removed from the analysis, as well
asobjects withamass <20 fgand >400 fg (1,000 fg for growing cells).

Training and usage of a naive Bayesian classifier

Protein-coding sequences from all strains were re-annotated using
EGGNOG-mapper®. KEGG orthologous group (KOG) assignments®®
from EGGNOG annotations were tabulated for all strains. KOGs were
filtered to remove KOGs with representation only from a single strain
or KOGs with uniform representation. In the limokinetic classifier,
genes with higher relative abundance in the limostatic strains were
excluded as potential features (and vice-versa). The feature matrix was
thenbinarized, reducing counts of each KOG to presence/absence data
for eachstrain. Recursive feature elimination wasimplemented using
the ‘FeatureTerminatoR’ package and attempting training from 2 to
1,000 features using ‘leave-one-out’ cross-validation for each strain,
assuming aPoissondistribution and using a Laplacian smoothing value
of 1. A value of 22 features was chosen as the smallest, high-accuracy
feature set that would not be prone to overfitting (Extended Data
Fig. 9). Training of the final Bayesian classifier was performed by the
‘naivebayes’ and ‘caret”®’ packagesin R. Training was performed using
128 train/test splits, training on 2/3 of the dataand reserving 1/3 of the
dataset for prediction.

For the depth profiling using the classifiers, the limokinetic
and limostatic classifiers were applied to field datain the Ocean Micro-
biome Database (OMDI; https://microbiomics.io/ocean,™) to profile
patterns of occurrence for each phenotype as a function of depth.
Feature presence or absence was extracted from pre-calculated KOG
for each metagenome-assembled genome (MAG) in the dataset. Abun-
dance was calculated as the coverage of unambiguously (limokinetic
positive AND limostatic negative or vice-versa) gammaproteobacterial
MAGs divided by the total coverage or total coverage of gammapro-
teobacterial MAGs. For the normalized depth profiles, the fractional
abundance in each sample was log-normalized, mean-centred and
scaled independently for each group.

Logistic regression analysis to test for phylogenetic bias of feature
selection was performed using the R package phylolm (v.2.6.2)°°. Of the
22and1210Gsinthelimokinetic and limostatic classifiers, respectively,
6 and 56 OGs have relationships with classification outcome that can-
not be explained by phylogeny alone with high certainty (P< 0.05),
and 9 and 5with moderate certainty (P < 0.10) (Fig. 4, Supplementary
Table 3 and Supplementary Note 4). The Pvalues for all features were
computed using atwo-sided z-test (logistic regression) or two-sided lin-
ear regression for each feature individually (no multiple comparisons
adjustment). We found that the limokinetic and limostatic classifiers
performed better than a taxonomic classifier (P= 0.07) and were able
to accurately predict variation within the Vibrionaceae (Supplemen-
tary Note 4).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used to support statements in this manuscript, including all
bacterial cell trajectories, are available through figshare at https://doi.
org/10.6084/m9.figshare.26195339 (ref. 91). This repositoryincludes
figure source data. Raw microscopy data (>6 TB) can be obtained upon
request. Genome accession numbers of the bacterial strains are listed
in Supplementary Table 1. Ocean Microbiome Database v.1.1., used in
this study for model prediction, is available at https://microbiomics.
io/ocean/.

Code availability

Code for cell tracking, analysis, classifier training and testing is avail-
able on figshare at https://doi.org/10.6084/m9.figshare.26195339
(ref.91).
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Extended DataFig. 1| Phylogenomic tree of all strains used in this study.
Isolates spanning 3 orders of gammaproteobacteria were used in this study,

with high representation among the Vibrionaceae. The names of studied strains
are colored according to their behavioral response to starvation: limokinetic
strains in blue; limostatic strains in orange. The names of additional strains used
to test the predictive ability of the classifier are shownin red (‘test cases’, see

Fig. 4 and Main Text). Node values represent Shimodaira-Hasegawa (SH)-like test

values with 10,000 resamplings (obtained using the -alrt option in IQTree2°?).
Phylogenomic tree was constructed using PhyloPhlAn 3.0%’ The tree is rooted
on Pelagibacter ubique 1062 (SAR11) (NCBIl accession: CPO00084.1; not shown).
Tree pruning, ordering and aesthetics were carried out using ETE3. Scale bar
represents 0.01 nucleotide substitutions per site. For Vibrio fortis KT626460,
strain LMG21557 has been used for prediction.
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Extended DataFig. 2 | Response of marine bacteria to starvation reveals
adichotomy in metility endurance. a: Distribution of average swimming
velocitiesin V. splendidus 1A01 (left) and V. anguillarum FS-144 (right) prior to
starvation (‘C+’; top) and at different times during carbon starvation (1hto 46 h;
bottom). Dashed gray lines mark the velocity of 12 um/s, used to differentiate
motile from non-motile cells (Supplementary Fig.1). ‘pdf’: probability density
function. Data originate from identical experiments as used to produce Fig. 1b,
for adifferent pair of strains from the same species. b: The number of
observations for each of the 26 strains during the starvation experiment (Fig. 1).
For each time bin, the number of independent experiments (performed on
different days) is shown (number and heatmap), with the total number of videos
(including replicates taken on the same day) indicated in brackets. c: Separation
of limokinetic and limostatic strains based on a kernel-density estimate (KDE)
on the logarithm of the time-averaged fraction of motile cells per strain for
starvation times >1h (for example the average of each row in Fig. 1d). Results for
two different bandwidths o are shown, 6=0.05 (gray) and 6=0.10 (black). Asingle
local minimum (at 0.033) of the KDE indicates the fraction of motile cells that

growth rate (h)

best separates two behavioral classes. d: Relationship between specific growth
rate (In(2)/doubling time) and average speed of motile cells during growth in 50%
Marine Broth for 23 strains. Pearson’s correlation coefficient, p = 0.02 (dashed
line), is shown as band center with 95% confidence interval (shaded area).

e: Relationship between specific growth rate and fraction of motile cells for 23
strains. Pearson’s correlation coefficient, p =0.29 (dashed line), is shown as band
center with 95% confidence interval (shaded area). In panel d and e, the specific
growth rate was computed from 4 technical replicates of a single biological
replicate. The number of replicates for the motility parameters is shownin panelb.
f: Average growth rates (from panels d,e) during growth for limokinetic and
limostatic strains are not significantly different (two-sided Mann-Whitney

Utest (M.W.U.): p=0.07).In panels f-h, the error bars represent 95% CI. g: Average
swimming velocities (from panel d) of motile cells during growth for limokinetic
and limostatic strains. The average velocities of the two behavioral classes differ
significantly (M.W.U.: p=0.02). h: Fraction of motile cells (from panel e) during
growth for limokinetic and limostatic strains. The average motile fractions of the
two behavioral classes differ significantly (two-sided MW.U.: p=0.004).
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Extended Data Fig. 3| The motility response to nutrient limitation is similar
during stationary phase and after washing. To quantify motility during
stationary phase, we diluted cells (1/2000) from a culture grown overnightin
100% MB into 2% MB in artificial seawater. The concentration of MB was chosen
to obtainafinal concentration of cells that is low enough to remain compatible
with tracking (OD ~ 0.02). a: Heat map showing the motile fraction for different
strains at various time points in 2% in Marine Broth. The red vertical line indicates
the approximate transition between growth and stationary phase, based on

S}
N
o

time (h)

the plateauin the cell number in panel b. Strain names are shown in blue for
limokinetic strains and orange for limostatic strains, based on their motility
response after washing and transfer to carbon-depleted medium. b: Number

of cells (measured as the average number of trajectories per frame; blue) and
fraction of motile cells (red) as a function of time in 2% MB. c: The time-averaged
fraction of motile cells per strainin starvation medium and in stationary phase
is highly correlated (Pearson’s p=0.91, Cl: 0.67-0.97). Blue indicates limokinetic
strains and orange limostatic.
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Extended Data Fig. 4 | Loss of flagellar filaments is a result of exposure to
nutrient starvation, not mechanical stress. a: Fraction of cell population with

0 flagella (black), 1 flagellum (dark green) or multiple flagella (light green) per
cell for 11 different strains measured with scanning electron microscopy (SEM).
All cells were grown in Marine Broth. b: The fraction of motile cells (top) and
average velocity per cell (bottom) for cells growing in 50% Marine Broth (‘before
centrifugation’, yellow), after washing in starvation buffer (purple), and after
washingin fresh 50% Marine Broth (red), for 7 strains (4 limostatic strains labeled
inorange and 3 limokineticin blue). c: Example image of 24 h-starved Vibrio
cyclitrophicus ZF270 cells with an isolated flagellar filament. Scale bar 10 pm.
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d: Distribution (shaded area) and KDE-estimate (lines) of filament length for
flagella of all measured limokinetic (blue, n=189) and limostatic (orange, n = 388)
cells. All Filaments measured by SEM in an experiment where the cells were grown
in carbon-replete media and then starved for up to 24 h (Fig. 2). Distributions are
notsignificantly different (two-sided M.W.U: p = 0.26). e: Distribution (shaded
area) and KDE-estimate (lines) of flagellar length for all cells during growthin
carbon-replete media (yellow, n=268) and during carbon starvation (purple,
n=309). Distributions are not significantly different (two-sided M.W.U: p = 0.09).
Data originates from the same experimentasin panel d.
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Extended Data Fig. 5| Delayed motility recovery in limostatic compared to limokinetic strains. a,b: Fraction of motile cells (a) and average velocities of motile cells
(b) for limostatic (orange) and limokinetic (blue) strains after the addition of 1% Marine Broth to cultures starved for 24 h. Velocities are shown for strains in which the

fraction of motile cells was greater than 10%.
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Extended Data Fig. 6 | The energetic cost of motility during starvation.

a: Population-averaged swimming velocity of motile cells as a function of time
for single strains (gray lines) and the average over all strains (blue line) with

95% confidence interval (shaded area). In panela andb, ‘C+ denotes the
condition prior to starvation. b: Population-averaged reorientation frequency
asafunction of time. Colors as in panel a. c: Number of cells as a function of

time for 3 limokinetic and 3 limostatic strains (see legend next to panel d), as
estimated from the number of trajectories per frame, normalized to the estimate
at the first time point after washing. Error bars represent mean with 95% CI.

d: Viable cell concentration as a function of time for 3 limokinetic and 3 limostatic
strains, measured by colony counting on Marine Broth (1.5% agar) plates. Only
plates with 20-350 colonies were included in the analysis. Error bars denote the
standard deviation of 2-3 plates per condition (technical replicates). e: Fraction
of cells witha compromised membrane as a function of time. The number of
dead cells was estimated using SYTOX Green staining and the total number

of cells by SYBR Green staining (Fig. 3C). Each line is computed as the average
of2biological replicates (1 replicate for day O and 3 for day 2, with error bars
representing1s.d.). f: Single cell mass distribution measured with quantitative
phase imaging for cells growing in Marine Broth, for Vibrio coralliilyticus YB1

approximate cell concentration (mL™)

and Vibrio cyclitrophicus ZF70, before starvation. g,h: Limokinetic cells are also
motilein the dark. Average swimming velocity (g) and motile fraction (h) of cells
during starvation t >24 hin the dark (dark gray, single replicate) and with normal
light exposure (pale gray, see Fig.1). To test the effect of light on swimming,
Vibrio anguillarum FS-144 and Vibrio coralliilyticus YB1 cultures were grown and
starved following the standard protocol (Methods) but then kept in culture tubes
wrapped in aluminum foil. Microscopy samples were prepared in the dark and
cell motility was quantified immediately upon placing them on the microscope.
Without covering the tubes, the cells experienced a diel cycle (approx. 16 h of
light per day) with the starvation process starting in the afternoon. Error bars
indicate mean +/- ones.d. i: The motile fraction of cells, for starvation times

>24 h, asafunction of cell concentration for 4 limokinetic strains (colored
points). For each strain, the cell concentrations were obtained by diluting the
same culture, wherelindicates the standard dilution in our starvation protocol,
corresponding to-10” mL™. Solid lines represent linear fits to the data, with the
slope B, residuals R? and associated probability p indicated in the figure legend.
The motile fraction is not negatively correlated with the cell concentration,
which excludes residual nutrients in the medium having alarge influence on
motility during starvation.
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Extended Data Fig. 7| Accumulation of energy storage compounds in carbon-
replete medium. Absence of polyphosphate (polyP) storage during exponential
growthinrich medium in 2 limostatic and 4 limokinetic strains, measured by
DAPI staining. PolyP granules are visible in green, DNA in blue. None of the
inspected cells showed polyP granules, except for 2 out of 54 cells of strain 4B03
(one cellininset, granule indicated by white arrow). N.C.: negative control (strain
lacks storage compound synthesis genes, see Supplementary Table 2).N.D.:

Not determined. b: As in panel a, but then for strains starved for carbon for 3h.

Carbon starvation induces polyP granule formationin strain 4B03. In the carbon-

limited medium, phosphate is in excess (Methods). c: Fraction of cells observed
in4B03 containing at least 1 polyphosphate granule per cell (left) and histogram

YB1 3B05 FS144 5F79 ZF270 1A01
strain

with number of polyP granules per cell (right) for cells stained during growth

(0 h) and cells in carbon-limited medium (3 h). Each time point corresponds to a
single biological replicate. d: Polyhydrobutyrate (PHB) storage in 3 limokinetic
and 3 limostatic strains during exponential growth in rich medium, measured by
Bodipy staining. Scale bars: 3 pm. e: Fluorescence intensity per cell from staining
of PHB with Bodipy, for each strain. Box plots represent the values of the first,
second (median) and third quartiles. Whiskers indicate minimum and maximum
values of the distribution, limited by 1.5 times the difference between the first and
the third quartile. Diamonds indicate outliers. Sample sizes indicate the number
(n) ofindividual cells measured. Significance based on two-sided Tukey HSD-test.
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Extended Data Fig. 8 | Experimental tests of oxidative stress defense, a 3 limokinetic (blue) and 3 limostatic strains (orange). Cultures were starved for
prominent classifier feature. a: Growth rate as a function of the added external 24 h and lag time was measured after adding Marine Broth (final concentration
hydrogen peroxide concentration [H,0,] for 3 limokinetic (blue) and 3 limostatic 50%). Lag time was defined as the time until the culture reached an OD of 0.05.
strains (orange). Growth rates were normalized to the growth rate of each strain Values were normalized by the lag time of each strain without the addition of
measured without the addition of hydrogen peroxide. b: Average swimming hydrogen peroxide. The average lag time at [H,0,] =10 pm was not significantly
velocity as a function of [H,0,] for 3 limokinetic (blue) and 2 limostatic strains different (two-sided ¢t-test, p = 0.24) between limostatic (1.36) and limokinetic
(orange). Velocities were normalized to the velocity of each strain without the (1.09) strains.

addition of hydrogen peroxide. c: Lag time as a function of the added [H,0,] for
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of p-values is available in Supplementary Table S4. Circles indicate the gene

Extended DataFig. 9 | Feature selection of the limostatic classifier. Prevalence
of orthologous groups (OG) associated with alimostatic response for both

copy number of each OG (size) and the probability of the association with the

.‘Prediction’ (bottom row) is the predicted class of

limostatic response (color)
each strain by the classifier.

limokinetic and limostatic strains, as obtained by RFE (Methods) and clustered

into 15 functional categories. OG with significance p < 0.05 from a regression
analysis thatincludes phylogeny (Methods) are marked with *. Complete list

Nature Microbiology


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-025-01997-7

@ = = == Varinobacter adhaerens Vibrio campbellii
===4===" Vibrio furnissii Vibrio fortis
= === Vjbrio cholerae
===:[==== Pseudoalteromonas haloplanktis c
= == = Pseudomonas aeruginosa O [P——
1.0 ) .
Limostatic
0.8
e
Qo
g 061, .
&
< \ 1\ R
= e S s - Lt
R A Y e
.t‘ - \—\ —_— 5 -
i B G, T
. LEL LT T T T 10}
0073 10 20 30 40 50 00
starvation time (h)
b — Avg. I!moklne:tlc £ 50
Avg. limostatic 2
———— Escherichia coli ---exp.fit(z=11.5h) A 100
Salmonella typhimurium ===exp. fit (1=14.6 h)
1.0 2
7 00
2 3
0.8 5
.S Za 2 500
9] 1
& 061 0 1000
= 9 t'1|'t I2 3t " ?h)
= J motility loss time t
g 0.4 y 2000
4000

G 10 20 30 40
starvation time (h)

Extended Data Fig. 10 | Classifer predictions on laboratory experiments and
field samples. a: Testing of classifier prediction in other marine strains not

used for initial training. Lines show the observed motile fraction as a function of
starvation time under the same conditions as in Fig. 1, providing experimentally-
determined classification (colors). ‘G’ denotes the condition before starvation.
b: Testing of classifier prediction in enteric bacteria. Shown are the measured
motile fraction of £. coli RP437 gray and Salmonella typhimurium LT2 (black) and
fits to asingle exponential decay (dashed lines). For these strains, the standard
starvation protocol was adapted by replacing Marine Broth with Tryptone broth
(10 g/LBacto tryptone and 5 g/L NaCl), and as starvation buffer adapted motility
buffer® was used without potential energy sources lactic acid and methionine
(10 mM potassium phosphate at pH 7.0, 0.l mM EDTA). Each experiment was
replicated twice. The behaviour of the enteric bacteria deviates from the strong
dichotomy found in marine strains: their motile fraction steadily decreases with

104 10° 102 10" 10°
fraction of gammaproteobacteria

starvation time, representing limostatic behaviour, but with a timescale much
longer than observed in marine strains (orange). Their motile fraction is much
lower compared to the average of all imokinetic marine strains (blue). Shaded
areas represent the mean with 95% Cl. Dashed lines indicate an exponential fit of
the motile fraction as a function of starvation time (excluding the datapoint for
growth). Inset: motility loss timescale for limostatic strains, obtained from single
exponential fits to the motile fraction during starvation. c: Predicted fraction

of limokinetic (blue) and limostatic (orange) taxa for different ocean sampling
time points (circles), normalized by allgamma proteobacterial taxa. Prediction
is based on the limostatic and limokinetic classifier (Fig. 4 and Extended Data
Figure 9), including only the taxa where both classifiers have identical prediction
(for example excluding ambiguous predictions). The line represents a LOESS
smoothed average with 95% Cl (shaded area).
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Study description This study investigated how a risk-reward trade-off in bacterial motility determines the motility endurance of marine bacteria.
Different marine bacterial isolates were cultured and subsequently starved for carbon, and these bacterial strains were characterized
using video microscopy and cell tracking, scanning electron microscopy, flow cytometry and chemical staining. The outcome of these
experiments revealed a dichotomy in motile behavior during carbon starvation, and the experiments were used to train a genomic
classifier that can predict the outcome in other strains not included in training.

Research sample All samples are culturable marine bacterial isolates from different field deployments or mesocosm experiments. Experiments were
performed on 26 strains from 18 species belonging to the Gammaproteobacteria class. Model testing was performed on 7 additional
marine strains from 7 different species and 2 additional non-marine species.

Sampling strategy Of the 107 available strains with motility and/or chemotaxis genes, we selected 36 strains to test for motility and growth, some of
which were from the same species to encompass intra-species and inter-species variation, and all with both chemotaxis and motility
genes. Of the 30 remaining strains (four strains did not grow in marine broth and two strains did not show motility during growth in
marine broth), we randomly selected 26 strains to be used in this study. No statistical method was used to pre-determine sample
size.

Data collection Bacterial motility was measured using video microscopy and cell tracking (J.M.K. and S.T.Z.). Bacterial flagellation was measured using
Scanning Electron Microscopy (S.T.Z.). Bacterial cell count and viability were measured using flow cytometry (S.T.Z)., optical density
(J.M.K) and colony counting (J.M.K). Presence of storage compounds were tested using fluorescent stains and inspected using
microscopy (J.M.K). Single-cell mass measurements were performed using digital holographic microscopy (D.A.B).

Timing and spatial scale  The principal timescale used to assess motility endurance was 2 days as theoretical estimates indicate that most motile bacteria will
encounter at least one nutrient hotspot within this timescale (see Discussion). From each culture with one strain, bacteria were
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sampled from the medium immediately before starving the cells and at {1 (1), 2--4 (3), 5--9 (7), 19--24 (22), 28--32 (30), 43--48 (46)}
hours after the washing protocol started, where the number in brackets refers to the weighted average of each time window,
rounded to 1 h, that was used for averaging over multiple experiments. For experiments to determine the differential biomass loss
and cell viability, one sampling per 24 +/- 1 h was performed for a period of 7 days.

Data exclusions No videomicroscopy experiments were excluded from the analysis. Bacterial trajectories were inspected manually and individual
trajectories that were the result of tracking errors were removed. For colony counting, only plates with 20-350 colonies were used.

Reproducibility All the laboratory experiments were repeated three times (unless noted otherwise) , where for each repeat the cells were cultured
and starved independently.

Randomization The selection of the bacterial strains was random, apart from the criterion that they could be grown and showed motility in rich
media (2216 Marine Broth). When a subset of bacterial strains was chosen for further investigation, one strain per species were
chosen. For the physiological characterizations of starvation, strains from the same genus were compared (when possible).

Blinding Blinding was not pertinent to our study because it did not include any animals and/or human research participants. In addition,
blinding was not possible since many analyses were also carried out by the person in charge of sampling.
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Methodology

Sample preparation Cell counting was performed by diluting cells by a factor of 100 and staining them with Syber Green (Sigma Aldrich). For
samples where the dead fraction was determined, a second sample was stained with with Sytox Green (Thermofischer). Cells
were stained at a final concentration of 5 microM for both stains and incubated in the dark for 10 min at room temperature.

Instrument CytoFLEX S (Beckman Coulter, USA)

Software CytExpert Version 2.4

Cell population abundance The bacteria were the only cell population present in the samples.

Gating strategy The gating settings were set to the size of the measured objects (Forward scatter FSC) and Fluorescent intensity (FITC-A)

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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