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OCEAN MICROBIOLOGY

Controlled motility in the cyanobacterium
Trichodesmium regulates aggregate architecture

Ulrike Pfreundt't, Jonasz Stomka't, Giulia Schneider', Anupam Sengupta?, Francesco Carrara’,
Vicente Fernandez!, Martin Ackermann®*, Roman Stocker'*

The ocean'’s nitrogen is largely fixed by cyanobacteria, including Trichodesmium, which forms aggregates
comprising hundreds of filaments arranged in organized architectures. Aggregates often form upon
exposure to stress and have ecological and biophysical characteristics that differ from those of single
filaments. Here, we report that Trichodesmium aggregates can rapidly modulate their shape, responding
within minutes to changes in environmental conditions. Combining video microscopy and mathematical
modeling, we discovered that this reorganization is mediated by “smart reversals” wherein gliding
filaments reverse when their overlap with other filaments diminishes. By regulating smart reversals,
filaments control aggregate architecture without central coordination. We propose that the modulation
of gliding motility at the single-filament level is a determinant of Trichodesmium’s aggregation behavior
and ultimately of its biogeochemical role in the ocean.

he input of new nitrogen into the ocean

and thus global primary productivity is

driven in large part by nitrogen fixation

by only a few types of cyanobacteria (1), one

of them being the genus Trichodesmium
(2, 3). Oceanographers have been puzzled by
Trichodesmium’s dual occurrence as either single
multicellular filaments or aggregates comprising
hundreds of filaments (4-6). Both often occur in
the same water and are found in all tropical and
subtropical oceanic ecosystems (6, 7) and across
different Trichodesmium species (8). In labora-
tory conditions, aggregation of Trichodesmium
filaments typically occurs in the postexponential
growth phase (9-II). It can also be induced by
depleting iron or phosphate (12), reducing
salinity (I1I), or changing growth medium or
irradiance (23). This suggests that aggregation
is a general stress response. Compared with
filaments, aggregates perform different eco-
logical and metabolic functions (74-21), partially
due to the microbiomes they host (22, 23).
Aggregates create different microenvironments
(24, 25) that may be transiently suboxic and
thus reduce nitrogen and carbon fixation
compared with single filaments (26). However,
through behaviors inaccessible to single fila-
ments, aggregates have better access to other
limiting resources. They can capture iron-loaded
dust (14, 18, 27), which may help aggre-
gates engage in iron-intense nitrogen and
carbon fixation simultaneously, a hallmark of
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Trichodesmium ecology (28). Aggregates may
be able to scavenge phosphate from the depths
by rapid vertical migration (15, 29), and
Trichodesmium aggregates at depths below
170 m have been observed to fix nitrogen at
similar rates as aggregates in the surface ocean
(30). Vertical migration is likely also involved
in the formation of surface blooms (31) span-
ning tens of thousands of square kilometers
(32-34). However, despite the notable ecology
of Trichodesmium aggregates little is known
about the mechanisms by which filaments give
rise to aggregates, how aggregate architecture
is controlled, and on what timescale this con-
trol occurs. We report that Trichodesmium ag-
gregates are active filament assemblies capable
of rapid structural changes in response to
changes in environmental conditions and we
show that this active reshaping of aggregates
is realized by changes in the motility of in-
dividual filaments.

Changes in light exposure induce rapid
reshaping of aggregates

We analyzed the effect of changing light
conditions on aggregates of Trichodesmium
erythraeum IMS101, a strain frequently asso-
ciated with open-ocean surface blooms (35).
Changes in light intensity are an ecologically
relevant cue, occurring in the surface ocean
due to cloud movement and can induce cellu-
lar stress by generating reactive oxygen species
(ROS) (36). We exposed naturally aggregating
T. erythraeum cultures in the late stationary
growth phase to sudden changes in light in-
tensity (light switches) (Fig. 1) and quantified
the size and density of individual aggregates
over ~30 hours through time-lapse imaging.
Aggregates responded rapidly to light
switches (movie S1 and Fig. 1). After a Light
OFF switch, aggregates expanded (Fig. 1, A and
B)—the same set of filaments in the aggregate
rearranged into a looser and larger aggregate—

26 May 2023

10% (mean + SEM, n = 18) over 24 min (Fig. -, =
and E, and movie S1). Conversely, after a Light
ON switch aggregates tightened causing the
average density to increase by 26 + 17% (mean +
SEM, n = 30) over 65 min (Fig. 1, D and F, and
movie S2). The pure circadian onset of the
night phase (blue horizontal bar, Fig. 1D) but
with the light kept on did not lead to aggregate
loosening. Only when the light was actually
turned off did the aggregates loosen (at 10 hours,
Fig. 1D). Although this does not exclude cir-
cadian control of aggregation behavior, it shows
that the observed responses were inducible by
light changes irrespective of the time of day.
Responses were rapid, starting to be visible
within O to 8 min of a switch (Fig. 1, E and F)
and were transient and reversible, i.e., aggre-
gates returned to approximately their previous
configuration after cessation of the light per-
turbation. A UV-killed control culture did not
form aggregates (movie S3). The structural
configuration of an aggregate can thus change
over timescales of minutes, suggesting that
active movement is implicated in aggregate
loosening and tightening. These experiments
also revealed that puff-like aggregates often
formed sequentially: individual filaments first
aggregated into tight bundles (tufts), which in
turn encountered one another and rearranged
into puffs (movie S4). This process was also ob-
served to occur in reverse, whereby a puff
disintegrated into several tufts (movie S4).

Filament-filament interactions reveal a
motility mechanism to modulate
aggregate shape

Trichodesmium filaments can glide on sur-
faces (12, 18, 37) (movies S5 and S6) through an
as-yet unknown locomotion mechanism. We
discovered that filaments can also glide on
each other without the presence of another
surface, in experiments in which we suspended
a filament in liquid using a micropipette and
brought a second filament into contact with it
by fluid flow (movie S7). Upon meeting, the
two filaments started gliding against each
other without any contact to a solid surface
(except the pipette tip). We next characterize
the motility of individual filaments and fila-
ment pairs and show that filament-filament
gliding is a component—although by itself
not sufficient—of aggregate reshaping.
Individual Trichodesmium filaments move
in a series of nearly straight, fast “runs” inter-
rupted by periods of slower motion, which we
term reorientations (Fig. 2A). Analyzing the
tracks of hundreds of individual filaments
(Materials and Methods, Supplementary Text
Section I) on the glass surface of a micro-
fluidic chamber (movie S8), we found that
filaments glide at 34.1 + 31.9 um min " (mean =+
SD, n = 776), primarily along their long axis
(fig. S1). Run times exhibit a broad distribution
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Fig. 1. Trichodesmium aggregate density changes rapidly upon switches in
light intensity. (A and B) A puff aggregate in its loose form 15 min after a
Light OFF switch (A) and in its dense form in 80 umol quanta m™ s light (B).
(C and D) Time series of mean aggregate density (i.e., the density of

filaments within aggregates, quantified as the mean pixel intensity of individual
aggregates) in light-switching experiments, with four Light OFF switches
(numbered arrows) during the day (C) and four Light ON switches (numbered
arrows) during the night (D). Switch 4 corresponds to the normal onset of the
next night/day, respectively. Light conditions were 80 umol quanta m
cases. (E and F) Overlays of the four Light OFF switches (E) from (C) and the
four Light ON switches (F) from (D), color-coded from pink (switch 1) to

dark red (switch 4), with each data point representing the mean aggregate

(Fig. 2B) with a mean of 5.4 + 8.2 min (mean +
SD, n = 2416). After a reorientation, filaments
continue moving in the same direction or re-
verse, with similar probability (57 + 1% versus
43 + 1%, respectively; mean + SEM, n = 1518,
Fig. 2C). During a reversal, the leading end
becomes the trailing end (movie S9), as also
observed previously (12). Gliding motility al-
lows for fast filament movement but filaments
lacking the ability to reverse would quickly
glide off a nascent aggregate. We thus inferred
that reversals are key to aggregation. However,
randomly occurring reversals would still cause
an aggregate to disintegrate by filaments glid-
ing off it. Consequently, we hypothesized that
reversals are triggered by filament-filament
contact, thereby allowing an aggregate to re-
shape without disintegrating.

In aggregating cultures, filaments within
pairs had shorter run lengths and thus reversed
more frequently than individual filaments. We
induced aggregation in mid to late exponential
T. erythraeum cultures by addition of mena-
dione (Fig. 2D and movie S10), which causes
cellular stress through ROS (38). Menadione-
induced aggregation is easier to control and
thus easier to replicate than relying on post-
exponential cultures, in which the exact trigger

Pfreundt et al., Science 380, 830-835 (2023)

“2stinall

for aggregation is unknown. We analyzed indi-
vidual filaments (n = 643) and pairs of fila-
ments that, upon encounter, aligned and glided
on each other (n = 59). For both categories, we
computed filament reversal frequency as well
as different gliding motility statistics that might
explain changes in the reversal frequency,
including run time, run length, reversal pro-
bability, and overall activity (i.e., the fraction
of time spent in run mode) (table S1). We
found that filaments in pairs moved a smaller
fraction of their length during a run, 35% less
than single filaments (0.41 + 0.85 versus
0.63 + 1.52, respectively; mean + SD; 7oyns pairs =
377, Nyunssingle = 19645 P < 0.001, two-sample
one-sided Kolmogorov-Smirnov test) (Fig. 2E).
Additionally, filaments in pairs spent more
time in run mode (table S1), which induced
more reorientation events. This higher activity
together with shorter run lengths resulted in a
reversal frequency that was nearly twice as
high in pairs than that in single filaments
(0.034 + 0.040 min " versus 0.019 + 0.031 min ",
respectively; weighted mean + weighted SD;
Tpairs = 118, Ningle = 643; weight = track length;
Supplementary Text Section II). The fact
that a filament in contact with another fila-
ment has a markedly higher reversal fre-
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density of all aggregates in the imaging frame (16 to 19 aggregates in (E)

and 26 to 31 aggregates in (F). In (C to F), aggregate density (arbitrary units)
was computed as the mean pixel intensity per aggregate. Note the different
scales in (C and D) and (E and F) resulting from the fact that aggregate
density is measured as pixel intensity and thus not directly comparable among
experiments (Materials and Methods). The gray curves show a 10-min moving
average and the gray shading the 95% confidence interval of the mean.

We note that the relation between aggregate density and mean pixel intensity
may be nonlinear (because intensity saturates at high aggregate density),
however it is monotonic (i.e., higher filament density implies higher mean
pixel intensity) and thus pixel intensity represents a useful and convenient
metric for aggregate density.

quency than single filaments from the same
culture suggests that filaments can respond
to each other.

To understand how a filament responds
to contact with another filament, we measured
“lack-of-overlap” of filament pairs. We define
lack-of-overlap as the fraction of the shorter
filament’s length that does not overlap with
the longer filament (Fig. 2F). By tracking both
filaments in a pair (n = 59 pairs, as in Fig. 2E),
we measured their lack-of-overlap as a func-
tion of time (Fig. 2G) to quantify the distri-
bution of lack-of-overlap values. If filaments
merely increased their reversal frequency upon
contact, the lack-of-overlap would be uniformly
distributed (Fig. 2H, Supplementary Text
Section III). By contrast, we found that the
lack-of-overlap was strongly skewed toward
small values (P < 1075, one-sample two-sided
Kolmogorov-Smirnov test, n = 53, Fig. 2H).
For example, instances of short filaments
projecting by less than 50% of their length
(|lack-of-overlap| < 0.5) occurred nearly six
times more often than filaments projecting
by more than 50% (|lack-of-overlap| < 0.5)
(Fig. 2H). Thus, the observed increase in re-
versal frequency upon encounter (Fig. 2E) is
not by itself sufficient to describe the behavior

2 of 6

€202 'Sz AeIN U0 YoLNZ Y13 e BIo'soue 05 Mmmy/SARY WO} Papeo|UMOQ



RESEARCH | RESEARCH ARTICLE

of filaments in pairs. Rather, the prevalence of
small lack-of-overlap values suggests that re-
versals of filaments in pairs are not random
but are informed by a sensory cue linked to
filament overlap. Thus, reversals are “smart”
rather than random. We propose that this
behavior is a form of thigmotaxis (39, 40), the
change in motility of organisms in response to
contact stimuli. In the following, we refer to
changes in smart reversals as thigmotaxis, as
they are linked to contact between filaments,
yet we highlight that the underlying molecular
mechanism remains unknown. Such smart
reversals are a simple yet effective mecha-
nism for filaments to remain together and re-
arrange upon encounter. We highlight that
filament pairs in the exponentially growing con-
trol can also perform smart reversals, however,
such pairs disintegrate 2.5 times faster than in
the menadione treatment, because filaments
in the control perform weaker smart reversals
than those treated by menadione, and further-
more because they are faster and shorter (Sup-
plementary Text Section IV; figs. S2 and S3).
This faster disintegration rate prevents the
formation of stable aggregates in the control.

Mathematical model of smart reversals

To understand the effects on aggregation of
different components of the reversal behavior
of filaments, we developed an individual-based
model of Trichodesmium that represents
filaments as motile thigmotactic rods capable
of sensing overlap with each other and of
reversing when they detect that the overlap is
decreasing (Fig. 3). Filaments are represented
as highly elongated rods (160 um x 8 pm), con-
sisting of 20 cells that can glide (speed = 32 ym
min ) on surfaces and on other filaments, and
adhere to each other upon contact, weakly
enough to allow relative gliding (fig. S4, Sup-
plementary Text Section V). All filaments re-
verse randomly (rate = 32 um min '/ 160 um =
0.2 min™) independently of cues, in line with
observations that individual filaments travel
approximately their length before reversing
(Fig. 2E). Each filament monitors its overlap
with filaments in contact with it, where the
overlap is defined as the number of neighbor-
ing cells on the adjacent filaments a given cell
touches, averaged over the filament (“mean
cell coordination number”). When a model
filament senses a temporal decrease in its
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Fig. 2. Controlled reversals characterize Trichodesmium aggregation.

(A) Trajectory of a filament gliding on a surface, segmented into runs (orange)
and reorientations (blue). Dots mark the position of the centroid, with size
proportional to instantaneous speed. (B) Run times exhibit a broad distribution.
(C) Reorientation angles exhibit a nearly equal repartition between values close
to 0° (continuation in the same direction) and values close to 180° (reversals).
(D) Midexponential Trichodesmium filaments exposed to menadione, which
induces oxidative stress, form aggregates (orange arrows). (E) The run length
(normalized by filament length) of menadione-exposed Trichodesmium is
markedly shorter (35% decrease in the mean) for filaments in pairs (two
filaments in contact and aligned) than for single filaments [n = 12 independent
experiments; P < 0.001, two-sample one-sided Kolmogorov-Smirnov test
(Nsingle = 1964, npairs = 377)]. The gray area shows the distributions as violin
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overlap, it reverses its gliding direction after
a mean response time t, with smaller values
of T representing greater thigmotaxis strength,
ie., a stronger tendency of filaments to stay
together. Below, we vary the response time-
scale 1 in the model to determine the effect
of thigmotaxis strength on aggregation.

Our model predicts that thigmotactic fila-
ments form organized (highly overlapping)
aggregates on a surface (Fig. 3A and movie
S11), akin to the dynamic aggregates observed
in T. erythraeum exposed to menadione (Fig.
2D and movie S10). To quantify aggregation
in model simulations, we compute the average
overlap over all filaments in the system as a
function of time (Fig. 3B). We focus on the
three values of thigmotaxis strength, repre-
senting filaments that, after detecting a decrease
in overlap (which takes ~10 s), (i) reverse after
a short delay (t = 0.75 s, strong thigmotaxis);
(ii) reverse after an intermediate delay (t =12 s,
medium thigmotaxis); and (iii) reverse after a
long delay (r = 75 s, weak thigmotaxis).
Equivalently, for filaments in a pair moving in
opposite directions and risking separation, the
three model conditions of strong, intermediate,
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plots. The red line shows the median and the blue lines show the 25th and 75th
percentiles. (F) Filament pair illustrating the lack-of-overlap, defined as the
fraction of the shorter filament length not overlapping with the longer filament.
Lack-of-overlap is positive at one end of the filament pair and negative at the
other end. (G) Lack-of-overlap as a function of time for nine filament pairs,
illustrating the dynamic rearrangement between filaments. (H) The lack-of-
overlap distribution of menadione-exposed filament pairs is strongly skewed
toward small lack-of-overlap values compared with the uniform distribution
expected if filaments were to simply increase reversal frequency upon contact
(P < 107®, one-sample two-sided Kolmogorov-Smirnov test, n = 53). This is
consistent with the hypothesis that Trichodesmium performs “smart reversals’,
whereby reversals are triggered by an increase in lack-of-overlap as filaments
glide upon each other (see text).
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and weak thigmotaxis correspond to traveling
approximately 4, 15, and 55% of a filament
length before performing a smart reversal. For
strong thigmotaxis (t = 0.75 s), smart reversals
lead to the formation of tight aggregates,
characterized by high overlap, by preventing
filaments from escaping from aggregates (Fig.
3, A and B): when filaments sense a decrease
in their overlap with other filaments in the ag-
gregate they rapidly trigger a reversal that on
average redirects them toward the aggregate.
For strong thigmotaxis, aggregation is robust
against filament length variability (fig. S5).
Medium (1 = 12 s) or weak (t = 75 s) thigmotaxis
strengths result in looser aggregates contain-
ing fewer filaments or almost no aggregates,
respectively (Fig. 3B). Identifying filament pairs
in these simulations shows that the response
time 1t controls the skewness of the lack-of-
overlap distribution (Fig. 3C), thus linking the
response time 1—a core model parameter char-
acterizing smart reversals—with the lack-of-
overlap distribution observed in experiments
(Fig. 2H). When 7 is small (strong thigmo-
taxis), the lack-of-overlap is skewed toward
small values (Fig. 3C), in line with our observa-
tions (Fig. 2H). As 1 increases (medium and
weak thigmotaxis) the lack-of-overlap distri-
bution becomes more uniform (Fig. 3C).

The response timescale t can be approxi-
mately measured in our experiments from the
rate of disintegration of filament pairs (Sup-

plementary Text Section VI). These measure-
ments indicate that filaments in menadione
correspond to medium-to-strong thigmotaxis
in the model, whereas filaments in the control
correspond to weak-to-medium thigmotaxis
in the model (fig. S5). Additionally, our data
show that slower or longer filaments perform
stronger thigmotaxis than faster or shorter
ones, respectively (Supplementary Text Section
VII, table S2).

We also modeled aggregate formation in 3D
to show that smart reversals are key to the
formation of organized aggregates in a liquid
suspension (i.e., away from solid surfaces),
such as the marine habitat of Trichodesmium.
This model represents sequential random
arrivals of randomly oriented filaments onto a
single seed filament, with which they align
upon encounter (Fig. 3D), mimicking, for
example, encounters and alignment driven
by ocean turbulence (fig. S6, Supplementary
Text Sections VIII and IX). We find that strong
thigmotaxis converts successive random en-
counters into an organized aggregate charac-
terized by large overlap (blue curve in Fig. 3D
and movie S12). Such large overlap (>5),
which approaches values characterizing ran-
dom packing of spheres (41), indicates that a
random cell within the aggregate has typically
five or more neighboring cells, not including
cells on the same filament. Switching off smart
reversals after an organized aggregate has

formed (thus leaving only random reversals)
leads to rapid disintegration of the aggregate
(purple curve in Fig. 3D). Similarly, random
reversals alone do not lead to stable aggre-
gates, with filaments only forming small,
transient aggregates that continuously disin-
tegrate [for both high (2 min™") and low
(0.4 min ") rates of random reversals, pink
and cyan in Fig. 3D]. Additionally, simple ad-
hesion upon encounters, without rearrangement,
would result in fractal aggregate morphologies
(42) (yellow curve in Fig. 3D and movie S13).
Lastly, if filaments stuck to each other and
aligned in flow but were otherwise nonmotile
they would form elongated chains (red curve
in Fig. 3D and movie S14). Both fractals and
chains could emerge in scenarios where fila-
ments were nonmotile and sticky. Only strong
thigmotaxis produces organized aggregates
characterized by large overlap (approximately
5 to 6), whereas all other mechanisms con-
sidered above resulted in values of overlap
that were at least 50% smaller.

Smart reversals can also explain the rapid,
dynamic tightening and loosening of aggregates
that we observed upon switches in light in-
tensity (Fig. 1). Modeling the response to an
increase and decrease in light intensity as
strong and medium thigmotaxis, respectively,
reproduces the observed tightening and loosen-
ing of aggregates (Fig. 3E). Specifically, the
loosening of a compact model aggregate by
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Fig. 3. Organized aggregate architecture in 3D emerges from smart
reversals. (A) In our 2D model of aggregation on a surface, filaments performing
smart reversals (t = 0.75 s, n = 100), initially separated and oriented randomly
on the surface, form aggregates of oscillating filaments (movie S11), akin to
those observed experimentally (Fig. 2D). (B) The time course of filament overlap
(mean cell coordination number) on a surface for filaments performing smart
reversals with different response times (= 0.75 s, blue; t =12 s, yellow; t =755,
red) shows that tuning the response time directly controls the strength of
thigmotaxis: small values of t realize strong thigmotaxis characterized by the
emergence of highly overlapping aggregates. Displayed are averages over

6 runs for simulations with 20 filaments. (C) Distribution of the lack-of-overlap
of filament pairs identified in 2D simulations (at least n = 6) for different
thigmotaxis strengths, showing that thigmotaxis skews the lack-of-overlap
toward small values, consistent with the experimental observations (Fig. 2H).
(D) Overlap as a function of time predicted by 3D simulations of 10 filaments in
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suspension. Aggregates form from an initial seed filament that collects other
filaments through random encounters. The effect of three possible mechanisms
following filament encounter is shown: (i) filaments form rigid bonds and

do not rearrange, which creates fractal-like aggregates (yellow); (ii) filaments are
not motile and align under external torques (e.g., turbulence-induced), which
creates elongated chains (red); or (i) motile filaments perform smart

reversals with strong thigmotaxis (t = 0.75 s), which creates compact aggregates
(blue). Switching off smart reversals (while retaining random reversals) leads
to rapid disintegration of aggregates (purple). Finally, random reversals do not
create stable aggregates (pink and cyan). (E) Continuation of the model
simulation for the aggregate of filaments executing strong thigmotaxis [blue
curve in panel (D)], when the thigmotaxis strength is modulated between
strong (t = 0.75 s) and medium (t = 12 s). The resulting tightening and
loosening of the aggregate reproduces the response of aggregates exposed to

4 0of 6

€202 'Sz AeIN U0 YoLNZ Y13 e BIo'soue 05 Mmmy/SARY WO} Papeo|UMOQ



RESEARCH | RESEARCH ARTICLE

~30% (measured as the change in overlap in
the model; Fig. 3E and movie S15) is akin to
the change in aggregate density (a proxy for
total overlap) observed experimentally (Fig. 1 and
movie S16). Thus, a change in single-filament
behavior—modeled as a change in the response
time t between detecting a decrease in overlap
and reversing—can explain the rapid reshaping
of aggregates in response to light switches.
Smart reversals represent an effective mech-
anism for filaments to remain together after an
encounter. These encounters occur differently on
a surface versus in the ocean. On a surface, as in
most of our experiments, gliding can drive en-
counters, which occur on the timescale of an hour
(fig. S3E). By contrast, in the three-dimensional
(3D) water column without surfaces to glide on,
encounters are most likely driven by turbulence
and buoyancy. The typical encounter timescale
between buoyant (density offset 50 kg m™) in-
dividual filaments is <20 hours (43) for a turbu-
lent intensity characteristic of the ocean surface
layer (10°° W kg ™) at an organism concentration
representing bloom conditions (107 filaments
m™%) (44). Consequently, the encounter time-
scale in the ocean is short enough to convert
individual filaments into aggregates within
several days, even at tenfold lower concentra-
tions, as we demonstrated using a coagulation
model that accounts for aggregate-aggregate
encounters (fig. S7, Supplementary Text Sec-
tion X). By contrast, because Trichodesmium’s
doubling time is a few days (4#5-47), it would
take several weeks for a single filament to grow
into a sizeable aggregate, suggesting that en-
counters are likely faster than growth in driving
the formation of aggregates. Still, an encounter
timescale of many hours is much longer than
the tens of minutes required for a filament to
travel its length. Smart reversals protect the
nascent aggregate from disintegrating: if fila-
ments lose each other it may be hours before a
new filament is encountered. Additionally, tur-
bulence in the ocean surface layer is unlikely to
separate a pair of filaments stuck to each other
as it exerts shear forces on the order of tens of
picoNewtons (Supplementary Text Section X),
much smaller than filament adhesive forces,
likely mediated by cellular appendages, which
are in the range of tens of nanoNewtons (72).

Discussion

In our experiments, puff-like aggregates are
often formed by merging tufts, which in turn
could form from disintegrating puffs (movie
S4). This sequential formation of puffs is cor-
roborated by dilution experiments, in which
only tufts formed (fig. S8). In the ocean,
Trichodesmium filaments are dilute (10*
t010° m?) (3, 6), separated from each other by
many filament lengths, corresponding to the
conditions of our model of aggregate forma-
tion in 3D: puffs may then emerge from en-
counters between tufts. Puffs may also form
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through other mechanisms (e.g., aggregation
on dust particles) (14, 48) and some strains may
form only puffs or tufts (8, 23). Our work, how-
ever, indicates that these two morphologies are
less static than currently assumed and can re-
shape into one another. This might be broadly
applicable as most Trichodesmium clades (ex-
cept Clade IV) occur as both tufts and puffs
(23). Trichodesmium aggregates can consti-
tute different clades (23), corroborating the
idea of encounter-driven aggregation. Wheth-
er clades can tune smart reversals to avoid
other strains such as nondiazotrophic species
(49) and thus manipulate aggregate compo-
sition remains an open question.

Aggregates have been suggested to form
through increased stickiness, mediated by
appendages (12) or exopolymers (50). However,
our model shows that adhesion alone does not
lead to organized aggregates. Although a role
for motility in aggregation has been suggested
(12, 18, 37), uncoordinated motility would lead
to aggregate disintegration and cannot account
for reversible aggregate tightening and loosen-
ing. Our experiments instead indicate that
T. erythraeum adjusts its motility in response
to a sensory cue, related to the overlap with other
filaments. We propose that this response is trig-
gered by surface contact, similar to C-signaling in
myxobacteria (57). We find that intrafilament
cell-cell autoinduction could plausibly trigger
reversals (fig. S9) but more work is needed to
unravel molecular mechanisms.

Our work suggests that smart reversals allow
Trichodesmium to react to environmental changes
as transient as shifting cloud cover. Aggregates
may loosen to gain exposure to light or tighten
to self-shade (in this context, it would be inter-
esting to quantify the response of menadione-
treated cultures to changes in light). The transient
response we observed suggests that it represents
the initial, fastest adaptation to environmental
changes ahead of more drastic adaptations (e.g.,
proteomic reorganization). The rapid changes
to aggregate density also modulate exposure
to gases and chemicals by the cells and their
microbiomes, which may allow them to tune
metabolic processes and vertical migration.

Trichodesmium aggregation through motility
is an example of an active matter system (52, 53).
It bears analogies with the formation of fruiting
bodies in Myxococcus xanthus, resulting from
jamming driven by high cell densities, gliding,
and reversals (54) and with the behavior of
Pseudomonas aeruginosa, which avoids jamming
by reversing upon contact (55). Trichodesmium
aggregation is different, however, as its con-
centration in the ocean is too low for jamming
(Supplementary Text Section XI). Instead,
Trichodesmium uses smart reversals to con-
vert encounters into aggregates. Aggregation
also occurs in other filamentous cyanobacteria
[e.g., Oscillatoria terebriformis (56), Nostoc
punctiforme (57, 58), and in multispecies fresh-
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water cyanospheres (59, 60)]. However, in all
cases aggregation mechanisms remain unclear.

Previous work has shown that Trichodesmium
filaments can wiggle to convey captured iron
particles to the core of their aggregate (14, 18, 27).
We showed that filament behavior further
controls the aggregate’s structure itself (fig.
S10). Ultimately, the biogeochemical impor-
tance of Trichodesmium—as a nitrogen fixer,
primary producer, and vector of CO, seques-
tration to depth—hinges on the decentralized
yet coordinated behavior of individual filaments.
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Editor’'s summary

The nitrogen-fixing cyanobacterium Trichodesmium forms filamentous aggregates in response to stress. Pfreundt

et al. subjected Trichodesmium cultures to excess light and reactive oxygen species, which encouraged them to

form aggregates. Analysis of images and videos of individuals and pairs of filaments revealed how their motion

affects overall colony architecture. If long segments of filament pairs lose contact with one another, then a change in
the direction of their motion ensures that the filaments remain attached. Mathematical modeling demonstrated that
responsive filament motion acts as a positive feedback mechanism to maintain aggregate architecture. —Maddy Seale
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