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Materials and Methods 

 

Culture of Trichodesmium erythraeum 

 

Trichodesmium erythraeum IMS 101 cultures were obtained from Wolfgang Hess, University of 

Freiburg. Cultures were grown in 25 cm2 cell culture flasks (Nunc EasYFlask, Thermo 

Scientific) in YBCII medium (13) with modified trace metals (62) (cultures used under the 

Ecogen/Bafu permit; case number A161698). Cultures were maintained in a phytochamber 

(AlgaeTron AG230, Photon Systems Instruments) at 25 °C and a 12 h:12 h light:dark cycle 

under white cool LED light (65–85 µmol quanta m-2 s-1 from above, depending on the exact 

positioning of the light meter, on a rotational shaker (Heidolph Unimax 1010) at 160 rpm. The 

doubling time of cultures in this setup was about 3 d, as quantified once by measuring the 

increase of cumulative filament length per volume over time using a Sedgewick Rafter counting 

chamber. Every 14 days, before the end of the exponential growth phase, cultures were diluted 

1:25 with fresh YBCII medium in a new flask. Older, undiluted cultures were kept for 

experiments with post-exponential cultures (used to produce the data for Fig. 1), which were 

performed after such a culture started visually aggregating (usually around three weeks after the 

last dilution). The growth curve was not obtained anew for each experiment. For all other 

experiments, an exponentially growing culture 14 days after the last dilution was briefly removed 

from the phytochamber, split into control and experimental samples in two new flasks, and 5 µM 

menadione (2-methylnaphthalene-1,4-dione, final concentration) added to the experimental 

sample to induce aggregation. Both samples were then returned to the phytochamber on the 

shaker for ~1 h, before the start of experiments. All experiments were performed in temperature-

controlled environments at 25 °C. 

 

Experimental setups 

 

Imaging chamber. For observation and quantification of the behavior of large Trichodesmium 

aggregates, we built a custom imaging chamber that consisted of an opaque chamber (80 × 40 × 

80 cm, L × W × H, with access provided by two doors on one side) that housed the sample, the 

imaging setup, and a temperature-controlled ventilation system. Images were obtained using a 

Canon EOS 80D camera with a fixed focal length objective (Canon EF-S 60mm) supported on a 

custom-built horizontal slider above a transparent sample table made from Plexiglas. The camera 

slider could be programmed to automatically image samples in wells sequentially with defined 

timing. Lighting was provided by a 30 × 60 cm LED panel (Epistar, 4000 K, 960 lm) placed 20 

cm below the sample table. The LED light was synchronized with the 12 h:12 h light:dark cycle 

of the culture chamber, and during the dark phase flashed for only 100 ms for imaging. 

Temperature was maintained at 25 °C, so the conditions in the imaging chamber were very 

similar to the phytochamber, but without shaking. Imaging in this setup provided a field of view 

of around 3 × 2 cm. Cells were imaged in transparent multiwell polystyrene cell culture plates 

(Corning® Costar®, Merck) that were placed onto the sample table and photographed from 

above. 

 

Microfluidic setup. For observation and quantification of single filament motility and filament–

filament interactions, a microfluidic device was designed with four separate 8 × 8 mm chambers 

per microscope slide, each with an inlet and an outlet (Fig. S11). With a 2× objective, one image 
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covered about 60% of a chamber. The chamber height of 85 µm was chosen to allow visual 

separation of filaments attached to the bottom or the top surfaces of the chamber by adjusting 

focus. To fabricate the microfluidic devices, a master was produced using standard 

photolithography techniques with Photoresist SU-8 3000 (purchased from KAYAKU Advanced 

Materials, .Inc). Individual microfluidic devices were made using polydimethylsiloxane 

(PDMS). The PDMS was produced by mixing SYLGARD 184 (Dow Inc.) Base and Curing 

Agent (10:1 ratio), pouring the mixture onto the master, and baking it at 80 °C for at least 3 h. 

Once hardened, the PDMS was separated from the master and bonded to a microscope slide after 

plasma treatment.  

 

Filament behavior within the microfluidic chambers was imaged using a Nikon Eclipse Ti 

microscope equipped with an Andor Zyla sCMOS camera and 2× Nikon Plan Apo λ objective at 

0.05 fps. The imaging light intensity, provided by a CoolLED pE-100, was set to 0.6% with an 

exposure time of 2.2 ms. An additional LED light source mounted on one side was used to adjust 

the light intensity to that in the growth phytochamber. Photosynthetically active radiation (PAR), 

measured using a light meter (WALZ ULM 500) with spherical sensor, varied between 50 and 

78 μE, depending on measurement position (above or below the microfluidic chamber). The 

permeability of the PDMS upper surface of the microfluidic chambers allowed the exchange of 

gases.  

 

Experiments 

 

Experiments to characterize the response of aggregates to changes in light intensity 

 

We used time-lapse imaging of Trichodesmium aggregates in the imaging chamber to quantify 

changes in aggregate shape and aggregate density as a response to changes in light intensity (Fig. 

1). 

 

Description. Stationary phase (~3 weeks since the last dilution) T. erythraeum cultures that 

showed aggregation in the bulk (naturally aggregating cultures) were used without adding new 

medium or filtering the cells. The culture was shaken gently until aggregates were completely 

dispersed into filaments, 3 mL of the dispersed culture was transferred to triplicate wells (34.8 

mm diameter) of a 6-well cell culture plate (Corning® Costar®, Merck) and allowed to sediment 

for 1 h, and then the wells were imaged every 2 min for up to 36 h in the imaging chamber at 25 

°C. In the first 10 hours, the aggregates were left to re-form in the wells, before the actual 

experiments began. Filaments were then exposed to one of two different light switching 

treatments, superimposed on the 12 h:12 h light:dark cycle in which the cultures had been grown 

(Fig. 1). These two treatments/experiments were done in different weeks. Technical replicates 

were done during each experiment, by distributing the experimental culture into triplicate wells 

as mentioned above. In one treatment, the light phase was interrupted by three successive 2 h-

duration LIGHT OFF phases, leading to a ~1 h LIGHT ON, 2 h LIGHT OFF rhythm. Some 

variation was added to the LIGHT ON phases, so that they varied between 40 and 70 min, to 

distinguish responses to light from any possible responses associated with a circadian rhythm. In 

the other treatment, the dark phase was interrupted by three successive ~1 h-duration LIGHT ON 

phases, leading to a similar ~1 h LIGHT ON, 2 h LIGHT OFF rhythm as for treatment 1, but 

superimposed on the “night” instead of the “day”. Note that the dark phase in the second 
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treatment (Fig. 1D) actually starts with a 2h-duration light phase, which is not a light switch, but 

just an extension of the daytime light phase, and did not induce an aggregate response. Only one 

of the technical triplicates from each treatment was used to produce Fig. 1, since the aggregates 

in the wells behaved very similarly, and each well produced enough aggregates to produce 

meaningful data. 

 

To rule out the possibility that aggregates form and change shape or density passively, we 

performed an experiment comparing live and dead cells. For this, one well was filled with 3 mL 

of a dispersed filament sample and treated with 400,000 µJ UV in a Stratalinker. A second well 

was filled with a dispersed filament sample from the same culture without exposure to UV, and 

the plate was then imaged under constant light for 2 h. In contrast to the untreated culture, no 

aggregates formed in the UV-treated control, excluding purely physical explanations for 

aggregation. 

 

Image analysis. To quantify changes in aggregate shape and aggregate density as a response to 

the light switches, the 3168 × 4752 pixel images were first converted to 8-bit greyscale images 

with ImageJ. Using a custom MATLAB script, pixel values were then divided by the trimmed 

(after removing the top 30% and bottom 30% of values) global mean to account for small 

differences in the captured light intensity due to the frequency of the LED. Aggregates were then 

segmented using a global threshold on the pixel intensity values, which delineated aggregates 

well (Fig. S12). Segmented aggregates were hole-filled. For each detected aggregate, the 

weighted centroid position, pixel values, mean pixel intensity, area, eccentricity, aspect ratio, and 

pixel value sum were calculated. Aggregates with less than 2000 px2 area and an eccentricity 

below 0.1 (almost perfectly round) were excluded. This removed most imaging artefacts such as 

air bubbles or dust, but also the smallest tuft aggregates (see Fig. S12 for a demonstration of the 

retained particles). In order to measure how each aggregate’s density (measured by the proxy 

“mean pixel intensity”) changed over the course of the experiment, aggregates were tracked 

through space and time using a custom tracking algorithm, retaining only those tracked for at 

least 50 frames (100 min), and allowing aggregate position to change by a maximum of 500 px 

between frames. 

 

Experiments to characterize the motility behavior of individual filaments and filament pairs 

 

We used time-lapse video microscopy in the microfluidic setup to characterize the motility of 

individual filaments and filament pairs in non-aggregating and aggregating Trichodesmium 

cultures (Fig. 2). 

 

Description. The rationale for this experiment was that the behavior that leads to aggregation 

should already be visible in the smallest possible aggregate – two encountering filaments. To 

characterize the motility of single filaments gliding on a surface and quantify their behavior upon 

encounter with a second filament, mid to late exponential cultures (13–14 d after last dilution) 

were imaged in the microfluidic setup for a minimum of 2 h, usually for around 4h, during the 

day. These cultures did not naturally aggregate. To investigate which aspects of motility change 

when a culture does aggregate, we split them into an experimental culture and a control culture 

and induced aggregation in the experimental culture by addition of 5 µM menadione as described 

in the section Culture of Trichodesmium erythraeum above. These cultures were then split 
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further and imaged both in the microfluidic setup and the imaging chamber in parallel. The latter 

served as confirmation of successful induction of aggregation in the experimental culture and 

non-aggregation in the control culture. Filament densities in the microfluidic setup were 

deliberately chosen to be too low to observe aggregate formation, so that interactions of pairs of 

filaments could be studied. Control and experimental cultures were imaged in the imaging 

chamber in two neighboring wells of a 6-well plate, to confirm non-aggregation and aggregation, 

respectively. Aggregation was checked by direct observation, without image analysis. If the 

control aggregated or the menadione-induced sample did not aggregate, the experiment was 

discarded. We report data from 12 biological replicates and experiments performed over 6 

weeks. 

 

To track single filaments, the four parallel chambers of the microfluidic device were filled with 

control or experimental culture samples. Chambers were first filled with mYBCII medium 

(without Fe and P to avoid introducing fresh nutrients) to reduce the number of bubbles 

entrapped during the filling process. The Trichodesmium filaments were then introduced into the 

chambers using a 1 mL pipette, displacing the mYBCII with their own spent medium. The four 

chambers were filled so as to alternate between aggregating induced cultures (chambers 1 and 3) 

and non-aggregating non-induced cultures (chambers 2 and 4). Mean density was 0.6 filaments 

mm-2 (range 0.1–1.4 filaments mm-2), so that only a few pairs formed over the course of the 

experiment, allowing the tracking of filament–filament interactions without disturbance by other 

filaments. Filaments usually survived and glided for over 12 h in this setup. These experiments 

were performed with different cultures over multiple weeks and the motility data of all single 

filament tracks and filament–filament interactions were pooled. 

 

The motility experiments in the microfluidic setup required a low filament density compared to 

the density of the used cultures, so we carried out experiments to confirm that the process of 

diluting mid-exponential, menadione-induced or control cultures did not change their general 

aggregation behavior. This “dilution-control” experiment was performed in the imaging setup. 

For these experiments, non-diluted samples were created by transferring 3 mL of a culture to one 

well of a 6-well plate. Diluted samples were created by transferring 100 µL of the same culture 

to a second well, which was then filled to 3 mL with the same culture filtered through a 5-µm 

filter syringe (which removed T. erythraeum filaments). Both wells were imaged to generate a 

time-lapse video (Movie S10) over 12 h and images from the dispersed filaments (before 

aggregation commenced) were segmented and thresholded to calculate filament densities. 

Aggregation was readily observed for both undiluted and 30×-diluted induced culture samples, 

and was not observed for undiluted or diluted control cultures (i.e., no stable aggregates formed, 

only short-lived, amorphous ones), confirming that dilution did not change aggregation behavior. 

 

Image analysis. To extract tracks of single filaments and pairs of filaments, we analyzed the 

images taken in the microfluidic setup using a custom Python script described in detail in the 

Supplementary Text (Fig. S13). In the first processing step, all particles were tracked, classified, 

and extracted from the generated image sequences. In a second step, tracks of particles classified 

as filament pairs were further segmented to differentiate the two filaments in a pair. The output 

of the Phyton code (tracks of single filaments and pairs of filaments) was then used as an input to 

a custom Matlab code to compute gliding motility statistics [both codes are available in (61)]. 
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Analysis of filament trajectories. To characterize the motility of individual filaments in a given 

condition, we analysed pooled tracks from 12 different experiments [Fig. 2, Fig. S1; see code 

‘analyze_single_filaments.m’ in (61)]. We restricted the analysis to tracks that were at least 50 

frames (= 16 min) long. For example, to characterize the non-aggregating cultures, we obtained n 

= 776 individual tracks. To characterize the distribution of filament speeds, we combined time 

series representing speeds of individual filaments into a single time series (the resulting 

histogram of the filament speed is shown in Fig. S1A), which gave the reported mean speed and 

standard deviation. Once the mean filament speed had been obtained, it was used as a threshold 

to segment tracks into runs (segments with instantaneous speed greater than the mean) and 

reorientations (segments with instantaneous speed smaller than the mean) (Fig. 2A, Fig. S1E, F). 

In the non-aggregating control culture, segmenting the n = 776 tracks yielded n = 2416 runs and 

n = 1518 reorientations, which generated the distributions of run times, run lengths and 

reorientation angles (Fig. 2B,C, E; Table S1). Similarly, to estimate the reversal probability in a 

reorientation event, we combined all reorientation events from all tracks and treated them as 

independent events (Bernoulli trials). Each reorientation event was classified as a reversal if the 

reorientation angle  was more than 90° and as a continuation of forward movement otherwise 

(Fig. 2C, Fig. S1G). The reversal probability was then estimated as the total number of reversals 

divided by the total number of reorientation events. To estimate the reversal frequency, we first 

computed the reversal frequency for each track, defined as the number of reversals divided by 

the track duration, and then averaged over tracks with weight proportional to the track length. 

The reported values for the mean and standard deviation of the reversal frequency are thus 

weighted by the track length. The motility of filaments in aggregating (menadione-induced) 

cultures were analysed analogously (Table S1). 

 

To characterize the motility of filaments in pairs in a given condition, we started with the pool of 

tracks identified in the Python pipeline and then manually selected all tracks of filament pairs in 

which the filaments aligned with one another. For example, for the control, we obtained n = 79 

pairs of such tracks representing pairs of aligned filaments (and thus n = 158 tracks in total, since 

there are two tracks per pair). We then segmented the tracks into runs and reorientations using 

the mean speed computed for the n = 776 tracks of individual filaments in the control [see code 

‘analyze_pairs.m’ in (61)]. That is, the speed threshold used to define runs and reorientations 

was the same for individual filaments and filaments in pairs. The analysis of the run times, run 

lengths and reorientations for filaments in pairs was then carried out in the same manner as for 

individual filaments. The motility of filaments in aggregating (menadione-induced) cultures were 

analysed analogously (Table S1). 

 

Statistical analysis 

 

To characterize filament motility, we analysed filament tracks from n = 12 independent motility 

experiments as described above. Each experiment contributed multiple tracks of filaments in 

aggregating (menadione-induced) and non-aggregating cultures. Combining these experiments, 

we obtained n = 776 tracks of individual filaments in non-aggregating cultures, n = 643 tracks of 

individual filaments in aggregating cultures and n = 59 pairs of tracks representing pairs of 

aligned filaments in aggregating cultures. The summary of all the quantities derived from the 

analysis of tracks of individual filaments or filaments in pairs is presented in Table S1. 
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Comparing individual filaments and filaments in pairs in aggregating cultures. In Fig. 2E, we 

rejected the null hypothesis that the two distributions of normalized run lengths for single 

filaments and filaments in pairs come from the same distribution, against the alternative 

hypothesis that the cdf (cumulative distribution function) of the run length distribution of 

filaments in pairs is larger than the cdf of the run length distribution of single filaments. This was 

based on the Kolmogorov–Smirnov two-sample one-sided test computed using the kstest2() 

function in MATLAB with the option ‘Tail’ set to ‘Larger’, which yielded the asymptotic p 

value p = 2.97×10-4 for the test statistic k = 0.1125 with sample sizes nsingle = 1964 and npairs = 

377. Additionally, we performed downsampling of the larger dataset by retaining, at random, 

only approximately 20% of single filament runs (so that nsingle = 393, npairs = 377) and used the 

same test as before (Kolmogorov–Smirnov two sample, one-sided test computed using the 

kstest2() function in MATLAB with the option ‘Tail’ set to ‘Larger’), which yielded p < 0.05 in 

ten such random trials. 

 

Comparing the skewed Lack-of-overlap distribution with the uniform distribution. In Fig. 2H, 

we rejected the null hypothesis that the experimental distribution of the absolute Lack-of-overlap 

values comes from a uniform distribution on the interval [0, 1] against the alternative hypothesis 

that it does not come from a uniform distribution. This was based on the Kolmogorov–Smirnov 

one-sample two-sided test computed using the kstest() function in MATLAB, which yielded the 

asymptotic p value p = 2.47×10-10 for the test statistic k = 0.4558 with sample size n = 53 [see 

code ‘analyze_pairs.m’ in (61)]. As samples, we took the n = 53 independent pairs of filaments 

that produced a non-zero Lack-of-overlap at some point during the observation time out of the n 

= 59 total observed pairs. That is, we excluded six pairs that were fully overlapped (Lack-of-

overlap = 0) for the entire track duration since filaments in such pairs do not experience temporal 

changes in the overlap. Similarly, for the remaining n = 53 pairs, we restricted the Lack-of-

overlap time series to non-zero values (|Lack-of-overlap| > 0) because only those instances where 

|Lack-of-overlap| > 0 correspond to changes in the overlap. Finally, each sample was then 

computed as the mean of the truncated time series of the absolute and non-zero values of the 

Lack-of-overlap. As an alternative approach, we selected an absolute non-zero Lack-of-overlap 

value (|Lack-of-overlap| > 0) at random from each pair rather than taking the mean over each 

entire track. In ten realizations of this test, each time, we obtained p < 10-5. 

 

Modelling of smart reversals and timescales of aggregation 

 

The models are described in full detail in the Supplementary Text. To study the aggregation 

behavior of individual thigmotactic filaments (Fig. 3), we developed an agent-based model built 

upon the bead–spring model of active filaments (63) with the inclusion of overlap-induced 

reversals and random encounters with alignment in 3D (Fig. S4-6; Supplementary Text 

Sections V, VIII and IX). The model was implemented in the Julia Programming Language 

(v1.3.1). To estimate encounter-mediated aggregation timescales, we used mean field models 

described by encounter kernels (64) and the Smoluchowski coagulation equation (65). We 

simulated the coagulation equation in MATLAB (R2019a) with encounters modelled through a 

combination of encounter kernels for elongated aggregates settling in a quiescent fluid (66, 67), 

encounter kernels for identical rods mixed by turbulence (43) and for spherical aggregates mixed 

by turbulence (68) (Supplementary Text Section X). Starting with initial conditions 

representing a suspension of individual filaments, we simulated the aggregation process until 
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individual filaments were converted into aggregates, which yielded the encounter-mediated 

aggregation timescales (Fig. S7). 
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Supplementary Text 

 

I. Image analysis of filament tracks 

In the first image processing step, all particles were tracked, classified, and extracted from the 

experimental image sequences following the steps in Fig. S13A and described in detail in 

Section I.A below. In a second step, tracks of filament pairs were further segmented following 

the steps in Fig. S13D and described in detail in Section I.B below. The pixel size of captured 

images was 3.24 µm px−1. 

A. Particle tracking 

The processing software was written in Python 3 (version 3.6.7) and requires the following 

packages: OpenCV 4.0.0 (69), Numpy 1.16.0, Scipy 1.2.0, Pandas 0.23.4. All processing was run 

on a DELL Inspiron 5559 Laptop with 4 Intel Core i7 2.5GHz processors. 

 

1. Segmentation. The images were segmented into moving objects (foreground) and background 

by subtracting the median background image followed by thresholding. The median background 

image was calculated with 10% of all images to reduce computational time. The images were 

preprocessed by smoothing with a 7×7 Gaussian filter to reduce light variations. If filament 

densities inside the chamber were very high, the median background image contained filament 

residuals and was manually corrected with GIMP (GNU Image Manipulation Program, version 

2.8.22). 

The segmentation threshold was chosen based on trial-and-error and varied between 25 to 45 

gray value intensity (8-bit) of the foreground image depending on lighting conditions. Due to 

high noise probability, we discarded particles close to the image border or microfluidics chamber 

wall (within a distance of 20 pixels). 

 

2. Linking, merging, and splitting. The detected particles in different frames were connected to 

particle tracks by linking particles between subsequent frames and then linking track segments 

over multiple frames. Due to the low particle density, a simple nearest neighbor matching 

scheme was implemented to link particles or track segments (71). The scheme links particles j in 

frame t with particles k in frame t + i in the order of ascending cost up to a maximal linking 

distance Rmax. Since filaments move little between frames, the cost function was set to the 

Euclidean distance djk between the particles’ centroids in frames t and t + i. 

Particles were linked between subsequent frames up to a maximal distance of 5 pixels, which 

corresponds to about 16 µm. Track segment ends were connected to track segments starting 

between 1 to 4 frames later if the cost did not exceed Rmax = 40 pixels (130 µm) and the length 

difference between particles j and k was smaller than 20 pixels (65 µm). 

To study filament pair interactions, we implemented a merging and splitting algorithm to flag 

particle tracks consisting of two or more filaments (Fig. S13A, B). The flagged aggregate tracks 

and respective merged or split track numbers were stored for track classification (see ‘Track 

classification’ below). Four possible types of particle merging and splitting were distinguished: 

(1) two ending tracks merge into one starting track, (2) one ending track merges with a 

continuous track, (3) one ending track splits into two starting tracks, (4) one starting track splits 
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from the middle on another track (71). For events (2) and (4), the continuous track was split into 

a single filament and aggregate track. 

The merging and splitting algorithm iterates through all frames in which a track segment ends 

(tend) or starts (tstart) and evaluates first splitting and then merging events (Fig. S13B). If the 

minimal distance between the bounding boxes of particles j and k in frame t is smaller than 7 

pixels (23 µm), the algorithm calculates the combined centroid (Fig. S13C): 

 

𝐂𝐣𝐤 =
𝐂𝐣𝐴𝑗+𝐂𝐤𝐴𝑘

𝐴𝑗+𝐴𝑘
.          (S1) 

 

Particles j and k are merged or split, if the difference between calculated aggregate centroid 𝐂𝐣𝐤 in 

frame t and actual particle centroid 𝐂𝐥 in frame t + i is smaller than 30 pixels (97 µm). 

 

3. Track classification. The extracted tracks were subsequently validated and grouped into five 

classes: single filaments, interacting filament pairs, ghosting (non-interacting) filament pairs, 

multiple filament aggregates, and noise. The presented classification parameters were based on 

observations. 

First, we removed some tracks as too intermittent. Tracks occasionally missed several frames 

due to, for example, failed filament segmentation or lack of match of filaments between 

successive frames. We discarded tracks with intermittency higher than 30%: 

 
𝑓𝑖,𝑒𝑛𝑑−𝑓𝑖,𝑠𝑡𝑎𝑟𝑡

𝑛𝑖
< 1.3,                              (S2) 

 

where 𝑓𝑖,𝑠𝑡𝑎𝑟𝑡  and 𝑓𝑖,𝑒𝑛𝑑  are the starting and ending frame numbers and 𝑛𝑖  is the total number of 

frames containing track i. 

Single filament tracks were selected based on eccentricity and length variation. Eccentricity 

was calculated by fitting an ellipse using the OpenCV function fitEllipse() function (69). The 

eccentricity of a single filament was generally between 0.9 and 1. Specifically, tracks were 

classified as single filament tracks if they were labeled as aggregate tracks and fulfilled one of 

the following conditions: 

 

{𝑒𝑖 > 0.98   and   𝑐𝑣,𝑙𝑒𝑛𝑔𝑡ℎ,𝑖 < 0.06}    or    {𝑒𝑖 > 0.93   and   𝑐𝑣,𝑙𝑒𝑛𝑔𝑡ℎ,𝑖 < 0.02}         (S3) 

 

where 𝑒𝑖  is the track averaged eccentricity and 𝑐𝑣,𝑙𝑒𝑛𝑔𝑡ℎ,𝑖  is the coefficient of variation of particle 

length. Two different conditions were considered because shorter filaments have on average 

lower eccentricity. 

Aggregate tracks were classified as filament pair tracks if both tracks that merged to form the 

filament pair or split from the pair were single filament tracks. If the mean ratio of eigenvalues 

[calculated using the Principal Component Analysis class in OpenCV (69)] was smaller than 

0.02, the filaments were classified as interacting, otherwise as non-interacting. 
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Aggregate tracks not classified as filament pair tracks were labeled multiple filament 

aggregates. Similarly, tracks that were not labeled as single filament or aggregate tracks were 

classified as noise. 

B. Segmentation of filament pairs 

Tracks of filament pairs were further processed to separate the single filaments and to quantify 

their motion relative to each other according to the processing pipeline shown in Fig. S13D. The 

segmentation was based on a combination of distance and intensity thresholding, given that 

filaments were either overlapping vertically or horizontally, i.e., they were positioned next to or 

on top of each other (cf. Fig. S13E). 

 

1. Distance transform. The distance transform d calculates the Euclidean distance of a pixel 

within an object to the closest boundary pixel and is therefore suited to flag adjoining filaments 

(Fig. S13F). For single filaments, d ranged consistently between 2 to 3 px, and for filament pairs 

situated side-by-side, between 4 to 5 px. The transform d was calculated using the OpenCV 

distanceTransform() function (69). 

 

2. Normed intensity. Vertically stacked filament pairs are more effectively separated by intensity 

thresholding (Fig. S13G). The normed intensity was calculated as 

  

𝐼 =
𝐼𝑓𝑔−𝑄𝐼𝑓𝑔,0.01

𝑄𝐼𝑓𝑔,0.99−𝑄𝐼𝑓𝑔,0.01
,                    (S4) 

 

where 𝐼𝑓𝑔  denotes the foreground intensity, which is the smoothed gray image (5×5 Gaussian 

blur) minus the background, and 𝑄𝐼𝑓𝑔,𝑖  is the ith quantile within the object. 

 

3. Weighting by overlap from the previous frame. Since filaments moved relatively slowly 

between subsequent frames, we could improve segmentation by further weighting the distance 

transform d and normed intensity I with a function of the overlap region from the previous frame 

(or the most recent, successfully matched frame). The weighting function 𝑤𝑝𝑟𝑒𝑣,𝑜𝑣,𝑑  of the 

distance transform d is heuristically defined as 

 

𝑤𝑝𝑟𝑒𝑣,𝑜𝑣,𝑑 = (40 − 𝑟𝑝𝑟𝑒𝑣,𝑜𝑣)/40    if     𝑟𝑝𝑟𝑒𝑣,𝑜𝑣 < 40,    and    0    otherwise,            (S5) 

 

where 𝑟𝑝𝑟𝑒𝑣,𝑜𝑣 denotes the inverse distance transform from a background pixel to the boundary of 

the foreground object, here the overlap region of the previous frame. Similarly, the intensity 

weighting function 𝑤𝑝𝑟𝑒𝑣,𝑜𝑣,𝐼  is defined as 

 

𝑤𝑝𝑟𝑒𝑣,𝑜𝑣,𝐼 = (15 − 𝑟𝑝𝑟𝑒𝑣,𝑜𝑣)2/15     if     𝑟𝑝𝑟𝑒𝑣,𝑜𝑣 < 15,    and    0    otherwise.              (S6) 

 

4. Distance and intensity threshold parameters. Depending on the relative positions of filaments, 

different threshold parameters for d and I separated the filament pair more effectively. Therefore, 
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the filament pair was segmented for different threshold parameters d∗ and I∗ out of a given 

parameter set, and the best cost-minimizing segmentation was subsequently chosen. The 

parameters were optimized on a finite option set because segmentation results were not sensitive 

to exact threshold values and for performance reasons. 

Five parameter sets of d and I were heuristically obtained to cover different lighting conditions 

and were provided as input: 

 

• {d > 4.0}, 

• {d > 4.0} or {d > 3.0 and I > 0.70}, 

• {d > 4.0} or {d > 3.0 and I > 0.85}, 

• {d > 4.0} or {d > 3.0 and I > 0.70} or {d > 2.8 and I > 0.80}, 

• {d > 4.0} or {d > 2.6 and I > 0.55} or {d > 2.0 and I > 0.65}. 

 

The cost c was defined as the difference of input and segmented single filament length 

 

𝑐 = [(𝑙1 − 𝑙1,𝑖𝑛)2 + (𝑙2 − 𝑙2,𝑖𝑛)2]0.5                                     (S7) 

 

where 𝑙𝑖  is the length of filament i in the segmented image of the current frame and 𝑙𝑖,𝑎𝑣𝑔 is the 

input filament length (from merging and splitting algorithm in Section I.A). 

If the cost exceeded 40 px, the segmentation was discarded, and a Nan-value was entered in the 

overlap time series.  

 

5. Overlap region. The topological skeleton of the overlap region was retrieved by combining the 

thresholding results of d and I with thresholds (d∗,I∗). The entire overlap region (as in Fig. S13H) 

was determined by dilating the retrieved skeleton, connecting different regions, and clipping the 

region with the object foreground. 

 

6. Allocation of the non-overlap region to filaments and Lack-of-overlap. The steps described 

above identified the region where the two filaments are overlapping. In a further step, the 

remaining regions, i.e., non-overlapping regions, were allocated to a specific single filament 

(Fig. S13H). From just looking at the gray image in Fig. S13E, it is impossible to determine if 

the smaller filament is completely overlapping with the longer filament or if it extends further. 

The allocation was therefore based on previous segmentation information or average filament 

lengths difference. Non-overlap regions were linked to regions in the previous frame with the 

linking algorithm described in Section I.A up to a maximal radius of 5 px. If they could not be 

linked, the ends were assigned to best match input filament lengths considering geometric 

relations. Based on the segmented filament pair sequence Lack-of-overlap was calculated to 

characterize the filament pair interaction. 
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II. Mechanisms of increase in reversal frequency for filaments in pairs vs. single filaments 

In the Main Text, we reported that, in the menadione-induced cultures, the reversal frequency 

of filaments in pairs was nearly two-fold higher than for single filaments. Here we give more 

details on the mechanisms contributing to this reversal frequency increase. 

There are three possible mechanisms of increase in the reversal frequency for filaments that 

perform runs and reorientations: 

1. Increase in the probability prev of a reversal after a reorientation event. Each reorientation 

event, that separates subsequent runs, can either result in a reversal or the continuation of 

moving forward (Fig. 2A). We measured the reversal probability and found only a small 

difference between single filaments (prev = 0.38 ± 0.01, mean ± sem, number or 

reorientation events n = 1450) and filaments in pairs (prev = 0.40 ± 0.03, mean ± sem, n = 

266; Table S1). 

2. Increase in the overall activity as represented by the fraction of time f spent in the run 

mode. This mechanism can increase the overall number of reorientations by 

accommodating more runs in the same time interval. As reported in the Main Text, we 

found that filaments in pairs were more active (f = 0.46 ± 0.30, weighted mean ± weighted 

sd, number of tracks n = 118, weight = track length) than individual filaments (f = 0.35 ± 

0.32, weighted mean ± weighted sd, n = 643; Table S1). 

3. Change in the run length and run time. This mechanism also increases the overall number 

of reorientations by accommodating more runs in the same time interval. We measured 

changes in the normalized run length lrun/lfilament (run length divided by filament length), 

physical (unnormalized) run length lrun, and run time trun. As reported in the Main Text, 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 vs. 0.63 ± 1.52, respectively; mean ± sd; nruns,pairs = 377, 

nruns,single = 1964; p < 0.001, two-sample one-sided Kolmogorov–Smirnov test, k = 0.1125) 

(Fig. 2E; Table S1; Materials and Methods). The same was true for unnormalized run 

lengths: filaments in pairs had shorter runs than individual filaments (239 µm ± 418 µm vs. 

312 µm ± 650 µm, respectively; mean ± sd; nruns,pairs = 377, nruns,single = 1964; p < 0.05, two-

sample one-sided Kolmogorov–Smirnov test, k = 0.0731). Finally, the run time trun for 

filaments in pairs was shorter than for individual filaments (3.8 min ± 5.4 min vs. 5.2 min ± 

8.2min, respectively; mean ± sd; nruns,pairs = 377, nruns,single = 1964; p < 0.005, two-sample 

one-sided Kolmogorov–Smirnov test, k = 0.0947). 

As explained in Materials and Methods, we estimated the reversal frequency directly by first 

computing the reversal frequency for each track, defined as the number of reversals divided by 

the track duration, and then averaging over tracks with weight proportional to the track length. 

As reported in the Main Text, the reversal frequency was nearly two-fold higher in pairs than in 

single filaments (0.034 ± 0.040 min−1 vs. 0.019 ± 0.030 min−1, respectively; weighted mean ± 

weighted sd; npairs = 118, nsingle = 643; weight = track length). Taking the ratio of the means, we 

obtained a factor of 1.79. As an independent check, we note that the reversal frequency can be 

estimated by combining the three above mechanisms - the reversal frequency should be 

approximately equal to prev f / trun. Taking the ratio (prev,pairs fpairs / trun,pairs) / (psingle fsingle / trun,single), we 

obtain the value of 1.89. We thus see that primarily the higher overall activity of filaments and 

shorter run times (or equivalently run lengths) contribute to the observed increase in reversal 

frequency. 
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III. Uniform vs. skewed ‘Lack-of-overlap’ distribution 

The experimentally observed skewed distribution of the Lack-of-overlap values in filament 

pairs (Fig. 2H in the Main Text) starkly contrasts with the uniform distribution, suggesting that 

filaments perform smart reversals rather than reverse more often upon contact. Here, we provide 

more details on why the uniform distribution would be expected in the case of filaments that 

increase their reversal frequency when in contact with other filaments but do not further bias 

their motility to stay together. 

First, we explicitly verified that a uniform distribution would be expected by directly 

simulating a model of motile filaments that glide on a surface, reverse randomly when not in 

contact with other filaments (with mean reversal frequency 0.2 min−1) and double their random 

reversal frequency (mean 0.4 min−1) when in contact with another filament (see Section IX.B 

below for more details about the simulation parameters). In multiple simulations (n = 32), each 

with 30 filaments, we identified all pairs of aligned filaments and measured their Lack-of-

overlap, directly mimicking the experimental procedure. The corresponding histogram of the 

Lack-of-overlap values confirms the uniform distribution (orange line in Fig. 2H in the Main 

Text). 

A simple analytical argument further rationalizes the expectation of a uniform distribution of 

Lack-of-overlap in the case of filaments that increase their reversal frequency when in contact 

with other filaments. Upon encounter and alignment, each filament in a pair performs a random 

walk with a contact-dependent step size. For example, in the simulations described in the 

previous paragraph, the mean step size is equal to the filament length when the filaments are not 

in contact and equal to half the filament length when in contact. We approximate an ensemble of 

such filament pairs and their relative positions as realizations of a one-dimensional diffusion 

equation with an effective diffusion coefficient that doubles upon contact (𝐷→2𝐷). Specifically, 

if the variable 𝑥 denotes the relative position of the centroids of aligned filaments in a pair, then 

the distribution of filaments’ relative positions 𝑐(𝑡, 𝑥) obeys the one-dimensional diffusion 

equation 

 

∂𝑡𝑐 = ∇𝑥[𝐷(𝑥) ∂𝑥𝑐],   where   𝐷(𝑥) = 2𝐷   if   |𝑥| < 𝑙   and   𝐷(𝑥) = 𝐷   if   |𝑥| > 𝑙,      (S8) 

 

where 𝑙 is the filament length. In the experiments and simulations, we identify and measure the 

Lack-of-overlap between aligned filaments in pairs whose initial relative positions are random 

due to random encounters on the substrate. Furthermore, different pairs are uncorrelated because 

they form at different locations and times. We interpret such measurements as independent 

samples from the steady-state solutions of Eq. (S8). The steady state solution is a 

constant 𝑐(𝑡, 𝑥) = 𝐶, implying that filaments in pairs have no preferred relative position. Thus, 

all positions are equally likely to be observed, which rationalizes the observed uniform 

distribution of Lack-of-overlap in simulations. To illustrate this point better, consider, for 

example, a different experimental protocol in which all filament pairs were prepared to have their 

centroids aligned at the same initial time and then released – we would then seek solutions of Eq. 

(S8) that represent the initial value problem 𝑐(0, 𝑥) = 𝛿(𝑥), rather than the steady-state solution 

(72). 

The uniform distribution would be expected even when the change in the reversal frequency 

depended not on binary contact but on the amount of overlap between the filaments. In this case, 

the effective diffusion 𝐷(𝑥) would be some function of 𝑥 for |𝑥| < 𝑙. But even in this case, 
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𝑐(𝑡, 𝑥) = 𝐶 solves the diffusion equation due to the balance of the diffusive flux 𝑗(𝑥) =
𝐷(𝑥) ∂𝑥𝑐 = 0. Thus, without an explicit mechanism that breaks the flux balance of incoming 

and outcoming filaments in pairs, no particular relative position is favored, and the uniform 

Lack-of-overlap distribution would be expected. By contrast, the additional reversals triggered 

by a temporal decrease in overlap in smart reversals break the flux balance and, on average, 

redirect filaments to stay together, which leads to a skewed distribution of Lack-of-overlap. 
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IV. Comparison of gliding motility statistics in pairs of filaments in menadione and 

exponentially growing control. 

 

In this Section, we present an additional analysis of tracks of pairs of filaments in the control 

cultures and contrast their behavior with pairs of filaments in the menadione-treated cultures 

(Figs. S2 and S3; Table S1). Specifically, this analysis shows that (i) filament pairs disintegrate 

2.5 times faster in controls than in menadione-treated cultures, and (ii) filaments in the controls 

do indeed also exhibit some degree of smart reversals. This explains why control cultures, under 

the high filament density conditions exhibit some transient clustering (Movie S10) in the form of 

short-lived and amorphous aggregates. Overall, this analysis underscores how the formation of 

aggregates depends on filaments encountering each other (encounter rate) and on their ability to 

stay together (smart reversals). Working against this is the tendency of aggregates to fall apart 

due to the random movement of filaments. 

First, by analyzing the interaction time of filaments in pairs we determined that pairs of 

filaments in the control spend less time together than pairs of filaments in menadione (16.8 min 

± 24.4 min vs. 26.7 min ± 20.8 min; mean ± std; nC = 79, nM = 59). This observation is 

statistically significant (p < 0.001, two-sample one-sided Kolmogorov-Smirnov test). The 

corresponding cumulative distribution function (cdf) is shown in Fig. S3A. Comparing the 

means, we conclude that pairs of filaments in menadione spent 60% more time together than did 

pairs of filaments in the control. Thus, pairs of filaments in the control (where no formation of 

organized, lasting aggregates was observed; Movie S10) have briefer interactions than in 

menadione. This analysis prompted us to next determine the rate at which two filaments in a pair 

leave each other (‘disintegration rate’ 𝜆dis), in order to understand whether that rate of 

disintegration was different between menadione and control. 

The pair interaction time alone does not allow one to determine how fast pairs of filaments 

disintegrate. In fact, in our experiments a pair of filaments can stop being a pair in one of three 

ways: (i) the pair disintegrates by splitting into two filaments, or (ii) the pair encounters a third 

filament, or (iii) the experimental recording ends. Figs. S3B and S3C summarize the three 

possibilities and shows the statistics of each possibility for both menadione and controls from our 

experimental data. Based on this, we compute the disintegration rate 𝜆dis from the mean 

interaction time tint (Fig. S3A) and the proportion of pairs 𝑓dis that end by disintegrating (Figs. 

S3B and S3C), as  

 

𝜆dis =  𝑓dis / 𝑡int. 

 

For example, in menadione 13 out of 59 pairs ended up disintegrating. Thus, 𝑓dis  = 13/59 and 

(with 𝑡int = 26.7 min, see above) we find 𝜆dis = 0.0082 min-1. Similarly, in controls 28 out of 79 

pairs ended up disintegrating. Thus, 𝑓dis  = 28/79 and (with 𝑡int = 16.8 min, see above) we find 

𝜆dis = 0.021 min-1. The ratio of disintegration rates 

 

𝜆dis
control/ 𝜆dis

menadione = 2.56, 

 

shows that filament pairs disintegrate 2.5-fold more rapidly in controls than in menadione. We 

highlight that, unlike the interaction time 𝑡int, the disintegration rate is intrinsic to filament pairs 

(rather than being also a property of the filament density or the length of our recording, for 
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example), because it does not depend on the encounter rate with a third filament. We next 

investigated which factors explain this 2.5-fold difference in the disintegration rate. 

To better understand the difference in the rate at which pairs of filaments disintegrate in 

menadione and control we focused on three traits: smart reversals, gliding velocity and filament 

length. We show in the following that all three traits are important in setting the timescale of pair 

disintegration. 

We first investigated whether filaments in the control also exhibited a bias to stay together or 

rather performed random (not smart) reversals. Fig. S3D shows that filament pairs in both 

menadione and control perform smart reversals, as indicated by the skewness of the Lack-of-

overlap histograms. The histogram for menadione is more skewed than for the control (mean 

0.28 vs 0.30 and skewness 0.96 vs 0.75, respectively), implying stronger bias for menadione. 

This difference is however not statistically significant. We stress here that the skewed Lack-of-

overlap histogram is a good indicator of the presence of smart reversals, since random reversals 

would lead to a flat distribution, but it does not by itself determine the disintegration rate. As 

shown by the corresponding trajectories of the Lack-of-overlap in each treatment (colored by 

how the tracks end, Figs. S3E and S3F), these similar histograms are dynamically realized by 

different trajectories, with many of the disintegration events in the control occurring over a short 

time (red curves) in line with the 2.5-fold difference in disintegration rates. To illustrate this 

point better, we highlight that even identical Lack-of-overlap histograms could have very 

different disintegration rates. For example, consider a pair of filaments that biases their motility 

to stay together but then eventually disintegrates. Then consider kinematically the same 

trajectory but executed twice as fast: while both trajectories would lead to the same Lack-of-

overlap histogram, the latter would also result in twice as high a disintegration rate. 

We next investigated the contribution of such kinematic effects, stemming from differences in 

filament gliding speed and length, and showed that they are partially, but not solely responsible 

for the higher disintegration rate between the control and menadione. Subsequently we will 

return to smart reversals. 

Filament gliding speed and length are relevant for filament pair disintegration (and thus 

ultimately for aggregate formation) because they set the mean timescale 𝑡l = 𝑙/𝑣 that it takes a 

filament to glide its length. We thus first compared the distributions of filament lengths 𝑙 and 

speeds 𝑣 for menadione and control (Fig. S2). We found that filaments in pairs in menadione 

were slower (36.6 μm min-1 vs. 44.0 μm min-1) and longer (743 μm vs. 651 μm) than in control. 

Quantitatively, we found that 𝑡l
menadione/ 𝑡l

control = 1.37. This kinematic factor is too small, 

however, to explain the 2.5-fold difference in the disintegration rate. This can be seen from 

normalizing the disintegration rate 𝜆dis by 𝑡l
-1 and taking the ratio of such renormalized 

disintegration rates, as 

 

 (𝜆dis
control/𝑡l

control)/(𝜆dis
menadione/𝑡l

menadione) = 2.56 / 1.37 = 1.87. 

 

A ratio equal to one would suggest that the difference in disintegration rates between control and 

menadione stems entirely from how fast the tracks are executed. (It would also imply that the 

control has a faster reversal response to keep reversing fast enough to compensate for being 

faster and shorter.) Instead, the fact that the ratio is greater than one means that kinematics alone 

(gliding speed and length) are insufficient to explain the 2.5-fold higher disintegration rate of the 

control compared to menadione. In other words, filament pairs in menadione (compared to 

filament pairs in control) stay together longer than would be predicted based on their gliding 
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speed and length alone. This additional tendency to stay together is then a manifestation of 

stronger smart reversals. While filaments in both menadione-treated cultures and controls have a 

skewed Lack-of-overlap, filaments in menadione perform stronger thigmotaxis than filaments in 

the control, as we explore next. Later, in Section VI, we demonstrate using the agent-based 

model how the lower thigmotactic activity in the control - despite having a Lack-of-overlap 

skewed nearly as much as in menadione - results in the formation of transient clustering, which 

frequently disintegrate and thus do not form stable aggregates. 

To further explore the role of smart reversals, we factor the disintegration rate into the 

following product 

 

𝜆dis =  2𝑓rev  𝑝esc λdis, 

 

where 𝑓rev is the frequency at which a filament in a pair reverses and 𝑝esc is the probability that 

the filament escapes (i.e., glides off another filament) because it failed to perform a reversal (the 

factor of two comes from having two filaments in a pair). In other words, each reversal event 

carries a risk of disintegration from a failure to perform a smart reversal, and this risk is 

quantified by 𝑝esc. The stronger the smart reversal response, the lower 𝑝esc will be. Since 𝜆dis and 

𝑓rev  can be directly quantified from our data, and 𝑓rev  is nearly equal for menadione and control 

(0.034 ± 0.040 min-1 vs 0.033 ± 0.040 min-1; mean ± std; nM = 119, nC = 158; Table S1), we can 

quantify the probabilities pesc for menadione and control as  

 

𝑝esc
menadione = 0.12 ± 0.04 and   𝑝esc

control = 0.31 ± 0.08. 

 

Thus, filaments in the control have a substantially higher probability of failing to perform smart 

reversals. Consequently, filaments in menadione glide off after on average 1/𝑝esc
menadione ~ 8 

reversals, and filaments in control after on average 1/𝑝esc
control ~ 3 reversals. (Or, since there are 

two filaments in a pair and either of them may glide off, it takes respectively about 4 and 1.5 

reversals before one of the two filaments in a pair glides off and the pair disintegrates). In 

Section VI, we describe how to use the probability 𝑝esc to derive the response time 𝜏 of smart 

reversals implemented in the agent-based model. 
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V. 2D bead-spring model for filaments on a surface 

In this section, we present the details of our model of aggregation by Trichodesmium filaments 

on a surface through gliding and smart reversals (Fig. S4). Building on the model introduced by 

Isele-Holder, Elget, and Gompper (63) and equipping it with smart reversals, we represent 

Trichodesmium filaments as self-propelled semi-flexible rods composed of N + 1 beads (Fig. 

S4A) that obey the following over-damped dynamics  

   

𝛾𝒗𝑖
𝛼 = 𝛾

∂𝒙𝑖
𝛼

∂𝑡
= −

𝛿𝑈

𝛿𝒙𝑖
𝛼 + 𝑭𝑖

𝛼,     (S9) 

 

where 𝒙𝑖
𝛼 and 𝒗𝑖

𝛼
 represent the position and velocity of the i-th bead of the α-th filament, U is the 

configurational energy, 𝑭𝑖
𝛼represents the gliding forces of the i-th bead of the α-th filament, and 

𝛾 is the friction coefficient. Simulations in 2D (described below) were performed on a square 

domain with side length Lbox with periodic boundary conditions and with initial conditions 

corresponding to filaments’ centers of mass placed on a square grid with random orientations. 

A. Standard passive and active interactions 

The configurational energy functional is a sum of the self-interaction energies of each filament 

and filament–filament interactions 

 

𝑈 = ∑  𝛼 𝑈sf
𝛼  +  ∑  𝛽≠𝛼 𝑈ff

𝛼𝛽
.                                      (S10) 

 

1. Self-interaction energy. The self-interaction energy of a single filament represents the 

contributions due to elastic and bending energies 

 

𝑈sf
𝛼({𝒙𝑖

𝛼}) = elastic + bending = ∑  𝑁
𝑖=1 𝑢e(‖𝒓𝑖

𝛼‖) + ∑  𝑁−1
𝑖=1 𝑢b(𝒓𝑖

𝛼, 𝒓𝑖+1
𝛼 ),            (S11) 

 

where 𝒓𝑖
𝛼 = 𝒙𝑖+1

𝛼 − 𝒙𝑖
𝛼 is the bead-to-bead vector. The energies of each elastic and bending bond 

are (63) 

𝑢e(‖𝒓𝑖
𝛼‖) =

𝑘

2
(‖𝒓𝑖

𝛼‖ − 𝑟0)2,                                              (S12) 

𝑢b(𝒓𝑖
𝛼, 𝒓𝑖+1

𝛼 ) =
𝜅

4
(𝒓𝑖

𝛼 − 𝒓𝑖+1
𝛼 )2 ,                                              (S13) 

 

where 𝑘 is the elastic spring constant, 𝑟0 is the equilibrium bond length, and 𝜅 is the bending 

rigidity. We set the values of 𝑘 and 𝜅 large enough to impose the limit of inextensible and nearly 

rigid filaments (Section IX).  

 

2. Filament–filament interaction energy. The filament–filament potential energy represents short-

range steric repulsion and attraction (Fig. S4B) 

 

𝑈ff

𝛼𝛽
({𝒙𝑖

𝛼}, {𝒙𝑗
𝛽

}) = ∑  𝑁+1
𝑖=1 ∑  𝑁+1

𝑗=1 𝑢s(‖𝒙𝑖
𝛼 − 𝒙𝑗

𝛽
‖),                        (S14) 
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via the truncated Lennard-Jones potential 

 

𝑢s(𝑟) = 4𝜖[(𝜎/𝑟)12 − (𝜎/𝑟)6],    𝑟 < 1.25𝜎    and    0    for 𝑟 > 1.25,                    (S15)  

 

where 𝜖 is the volume-exclusion energy and 𝜎 is the effective filament diameter (bead size). The 

range 𝜎 < r < 1.25 𝜎 represents attractive interaction between filaments mediated by the 

exudation of exopolymers and appendages and was guided by previously reported scanning 

electron microscopy images (12). 

 

3. Active gliding. Each filament exerts a propulsion force on the substrate and nearby filaments 

(Fig. S4A). The propulsion force is distributed along the filament, on each bead, and is oriented 

along the filament’s long axis. Specifically, let the unit tangent vector along each bead on a 

filament be defined as 

 

𝒕𝑖
𝛼 = (𝒙𝑖+1

𝛼 − 𝒙𝑖−1
𝛼 )/‖𝒙𝑖+1

𝛼 − 𝒙𝑖−1
𝛼 ‖,      1 < 𝑖 < 𝑁 + 1,                     (S16a) 

𝒕1
𝛼 = 𝒕2

𝛼,    𝒕𝑁+1
𝛼 = 𝒕𝑁

𝛼 .                                                                          (S16b) 

 

The propulsion force on bead i on filament α is then 

 

𝑭𝑖
𝛼 = −𝑓𝛼𝒕𝑖

𝛼 + ∑  𝛽≠𝛼 ∑  𝑁+1
𝑗=1 (𝑓𝛽𝒕𝑗

𝛽
− 𝑓𝛼𝒕𝑖

𝛼)𝛿(𝒕𝑖
𝛼, 𝒕𝑗

𝛽
, 𝒙𝑖

𝛼, 𝒙𝑗
𝛽

),              (S17) 

 

where 𝑓𝛼 = ± 𝑓 is the strength of the force source on each bead - the magnitude 𝑓 is fixed, but it 

can have either sign, which can change due to reversals, as described in the next section. The 

first term in Eq. (S17) represents the propulsion force exerted by the substrate on the bead - the 

reaction force due to the action of the bead on the substrate. The second term is a sum of action–

reaction forces on bead i of filament α due to all beads on all other filaments that are sufficiently 

close and sufficiently well-aligned. These proximity and alignment conditions are 

   

𝛿(𝒕𝑖
𝛼 , 𝒕𝑗

𝛽
, 𝒙𝑖

𝛼 , 𝒙𝑗
𝛽

) = 1    if ‖𝒙𝑖
𝛼 − 𝒙𝑗

𝛽
‖ < 1.25𝜎  and  |𝒕𝑖

𝛼 ⋅ 𝒕𝑗
𝛽

| > cos (𝜋/18),    and    0    otherwise.       (S18) 

 

The proximity condition is the same as the truncation distance in the Lennard-Jones potential 

(S15), and the alignment condition corresponds to the tangent vectors pointing at most 10◦ away 

from each other. These conditions are motivated by our micropipette experiments, which show 

that filaments only start pulling onto each other when well-aligned (Movie S7). 

B. Overlap sensing and reversals 

The propulsion force on each filament can reverse its direction from parallel to anti-parallel 

due to sensing the Lack-of-overlap with other filaments or due to an overlap-independent, slow 

reversal frequency (Fig. S4B–E).  
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1. Definition of overlap. We assume each filament can sense and monitor its overlap with all 

nearby filaments. We define the time-dependent overlap Θ𝛼(𝑡) of a filament α using an effective 

Lennard-Jones potential as 

 

Θ𝛼(𝑡) = −
1

𝑁+1
∑  𝑁+1

𝑖=1 ∑  𝛽≠𝛼 ∑  𝑁+1
𝑗=1 𝑢

^

s(‖𝒙𝑖
𝛼 − 𝒙𝑗

𝛽
‖),                         (S19) 

where 

 

𝑢
^

s(𝑟) = 4[(𝜎/𝑟)12 − (𝜎/𝑟)6], 𝑟 < 27/6𝜎,    and    0 otherwise.            (S20) 

 

Above, 𝜎 is again the bead diameter [as in Eq. (S15)], but the potential has a larger truncation 

distance 27/6𝜎 ≈ 2.24 𝜎 (Fig. S4B). This larger truncation distance is introduced for 

computational reasons to avoid the introduction of more than one overlap sensor per bead. The 

negative sign in Eq. (S19) implies that Θ𝛼(𝑡) is positive for overlapping filaments; the larger the 

value, the larger the overlap. Θ𝛼(𝑡) represents the average coordination number of beads on the 

filament α. That is, Θ𝛼(𝑡) is the number of beads on other filaments in contact with a given bead 

on filament α, averaged over all beads on filament α. Θ𝛼(𝑡) can take non-integer values because 

our definition of bead–bead overlap is given by the Lennard-Jones potential rather than a binary 

variable. 

 

2. Sensing Lack-of-overlap. In the model, filaments cam detect temporal gradients in Θ𝛼(𝑡) as 

follows. Each filament samples Θ𝛼(𝑡) at equally spaced time intervals, every 𝜏Θ, resulting in a 

discretized time series of the past overlap values {Θ𝛼(𝑡𝑘), k = 0, 1, 2,...}, where 𝑡𝑘 = 𝑡r − 𝑘𝜏Θ, 

and 𝑡r denotes the time of the most recent measurement. From this discrete time series, the 

filament keeps only a short register of three such past values 

 

 time-series register = [Θ𝛼(𝑡r − 2𝜏Θ), Θ𝛼(𝑡r − 𝜏Θ), Θ𝛼(𝑡r)]. (S21) 

 

When a new overlap sensing event occurs (every 𝜏Θ), the register is updated by a time-shift so 

that the three most recent values are always stored. The temporal gradient 𝑇𝐺𝛼(𝑡) in Θ𝛼(𝑡) at 

time t is then estimated as 

 

 𝑇𝐺𝛼(𝑡) = [Θ𝛼(𝑡r) − Θ𝛼(𝑡r − 2𝜏Θ)]/(2𝜏Θ).                             (S22) 

 

3. Smart reversals. When the temporal gradient of overlap 𝑇𝐺𝛼(𝑡) is sufficiently negative, the 

propulsion force 𝑓𝛼  changes sign after an exponentially distributed time with mean 𝜏 (the 

response time), resulting in a reversal of the direction of propulsion of the filament. For 

sufficiently negative, we take values smaller than −2𝑓/[(𝑁 + 1)𝜎𝛾], which approximately 

represents the rate of decrease of overlap for a pair of aligned, overlapped filaments moving 

apart in opposite directions. Thus, the time-discretized version of the reversal criterion is 

 

 if  𝑇𝐺𝛼(𝑡) <  −2𝑓/[(𝑁 + 1)𝜎𝛾] then change the sign of 𝑓𝛼  with probability Δ𝑡/𝜏,     (S23) 
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where Δ𝑡 is the time-step of the simulation. Furthermore, when such a smart reversal occurs, the 

time-series register in Eq. (S21) is reset by setting 

 

 [Θ𝛼(𝑡r − 2𝜏Θ), Θ𝛼(𝑡r − 𝜏Θ), Θ𝛼(𝑡r)] → [Θ𝛼(𝑡r), Θ𝛼(𝑡r), Θ𝛼(𝑡r)]. (S24) 

 

Thus, after a smart reversal occurs, a filament starts to build temporal information on the state of 

its overlap again, starting from a uniform state. 

In addition, all filaments perform reversals independently of overlap, with a slow, 

exponentially distributed reversal rate with mean 𝜏random
−1 . 
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VI. Measurement of the response timescale from pair disintegration rates. 

 

Here, we describe how the probability 𝑝esc that a filament in a pair escapes (i.e., glides off 

another filament) because it failed to perform a reversal can be approximately related to the 

response time 𝜏 of smart reversals implemented in our model. In the model, the probability that a 

filament, once it detects that it starts to lose overlap, fails to reverse after time t is given by the 

exponential distribution 𝑝esc
model(𝑡) = exp(−𝑡/𝜏). To connect 𝑝esc

model(𝑡) with the experimentally 

determined value of 𝑝esc (Section IV), we assume that the relevant timescale over which 

disintegration may occur is given by the filament run time 𝑡run. That is, we assume that if a 

filament does not reverse during a time equal to the mean run time (similar for both conditions, 

3.8 ± 4.1 min vs 3.8 ± 5.4 min; mean ± sd; nC = 312, nM = 377; Table S1), then it disintegrates. 

Setting exp(−𝑡run/𝜏) = 𝑝esc and solving for 𝜏 yields 

 

𝜏 = −𝑡run/log(𝑝esc). 

 

Using the experimentally determined values 𝑝esc and 𝑡run in the latter equation we find (Table 

S1) 

 

𝜏menadione = 1.82 ± 0.13 min     and   𝜏control = 3.32 ± 0.28 min. 

 

Thus, the response time of smart reversals for the control is about 80% longer than for 

menadione, meaning that filaments in the control perform smart reversals after a longer time than 

filaments in menadione, which increases their risk of disintegration. (The errors on the mean are 

computed with standard error propagation formulae). For better comparison with the model, we 

next normalize the experimental 𝜏 by the time to glide the filament length as follows (Table S1) 

 

𝜏menadione/𝑡l
menadione = 0.09 ± 0.01 and   𝜏control/𝑡l

control = 0.22 ± 0.02. 

 

Thus, filaments in menadione have more than twofold shorter relative response times than 

filaments in the control. That is, filaments in pairs typically travel for less than 10% (in 

menadione) and for more than 20% (in controls) of the time needed to glide one body length, 

respectively, before they perform a smart reversal. It is this normalized quantity that we next 

compare with the model. We recall that in the model filaments sample overlap with rate 𝜏Θ and it 

takes them about 2𝜏Θ = 10 s to detect that they are losing overlap. After detection, filaments in 

the model respond with a smart reversal after a time 𝜏model = 0.75 s, 12 s and 75 s for strong, 

intermediate, and weak thigmotaxis. Furthermore, when moving in isolation, filaments in the 

model move at a speed of 32 μm min-1, but when in contact and fully overlapped, their speed is 

nearly two-fold higher since they additionally pull on each other (in addition to pulling on the 

substrate). Thus, for filaments in a pair moving in opposite directions and risking separation, the 

three model conditions of strong, intermediate and weak thigmotaxis correspond to traveling 

about 4%, 15% and 55% of a filament length before performing a smart reversal. Compared with 

experiments, we thus conclude that filaments in menadione approximately represent medium-to-

strong thigmotaxis in the model, whereas filaments in the control represent weak-to-medium 

thigmotaxis in the model. 

To better illustrate and sum up how the model can represent the two experimental conditions 

(menadione and control), their Lack-of-overlap and overall aggregation, we carried out 
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additional simulations to mimic the two conditions as follows (Fig. S5C-F). In the model, we 

represented menadione conditions by the triple (l,v,τ) = (160 µm, 32 μm min-1, 4.2 s), which 

represents a condition such that a pair of filaments travels about 10% of a filament length before 

performing a smart reversal, as indicated by experiments. Control conditions were then 

represented in the model by making filaments 20% faster in their gliding, 10% shorter and with 

an 80% longer response time than menadione filaments, again as indicated by the experiments. 

Mimicking our millifluidic experiments, we then simulated 49 filaments moving on a surface for 

each condition. We found that the control condition reached a lower overlap level than in 

menadione (Fig. S5C-E) because filaments in the control formed aggregates that disintegrated 

more frequently and despite having the Lack-of-overlap nearly as skewed as in menadione (Fig. 

S5F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

25 

 

VII.     Thigmotactic response of slow vs. fast and short vs. long filaments. 

 

Focusing again on the experiments, to further strengthen the understanding of the role of 

filament length and speed, we quantified (for each of menadione and control) 𝑝esc and 𝜏/𝑡l 

separately for short (< 600 μm) and long filaments (> 600 μm), as well as for slow (< 40.3 μm 

min-1) and fast filaments (> 40.3 μm min-1). The results (Table S2) show that (i) slower filaments 

have lower escape probabilities and response times than faster ones and (ii) longer filaments 

have lower escape probabilities and response times than shorter ones. These differences occur 

within each of the two treatments (menadione and control) and are even stronger across 

treatments: short filaments in the control have more than six-fold higher the escape probability 

than long filaments in menadione; and fast filaments in the control have more than five-fold 

higher the escape probability than slow filaments in menadione. As a final cross-check, we plot 

the cumulative distribution functions of the mean Lack-of-overlap (per track) for these extreme 

cases (Figs. S3G and S3H), and note that the differences in the Lack-of-overlap are more 

pronounced, as expected. For the long/short division, the difference is statistically significant, 

whereas for the fast/slow division the p value is just above 0.05. The point of this last check is to 

note that the Lack-of-overlap data responds as expected when the escape probability changes. In 

particular, as 𝑝esc decreases, the Lack-of-overlap becomes smaller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

26 

 

VIII. 3D bead-spring model for aggregate formation 

To study the role of smart reversals in the formation of organized Trichodesmium aggregates in 

a liquid suspension (i.e., away from solid surfaces), such as in the ocean, we extended our bead–

spring model to 3D. Apart from the change in dimensionality, the model for Trichodesmium 

aggregation in 3D differs in three fundamental ways from the 2D model on a substrate: (1) the 

traction force on the substrate is absent, (2) encounters between filaments happen through 

effective diffusion of a single seed filament, and (3) external torques are present, which align 

filaments upon encounter. Apart from these three modifications, discussed in detail below, all 

other parameters and interactions carry from the 2D model to 3D unchanged. Therefore, in 3D, 

the 2D equations of motion (S9) are replaced by 

 

 𝛾𝒗𝑖
𝛼 = 𝛾

∂𝒙𝑖
𝛼

∂𝑡
= −

𝛿𝑈

𝛿𝒙𝑖
𝛼 + 𝑭𝑖

𝛼 + 𝑫𝑖
𝛼 + 𝑻𝑖

𝛼,                                      (S25) 

 

where U is the same configurational energy as in Eq. (S10) and 𝑭𝑖
𝛼, 𝑫𝑖

𝛼 and 𝑻𝑖
𝛼 represent gliding, 

diffusion, and aligning torques, as discussed next. 

 

1. Active gliding. Since there is no substrate to glide on in the open ocean, the active gliding 

forces in 3D do not include the interaction with the substrate term in Eq. (S17) and thus reduce to 

 

𝑭𝑖
𝛼 = ∑  𝛽≠𝛼 ∑  𝑁+1

𝑗=1 (𝑓𝛽𝒕𝑗
𝛽

− 𝑓𝛼𝒕𝑖
𝛼)𝛿(𝒕𝑖

𝛼, 𝒕𝑗
𝛽

, 𝒙𝑖
𝛼, 𝒙𝑗

𝛽
).                     (S26) 

 

Only the terms that represent action–reaction pulling between individual filaments are retained. 

All other parameters remain as in the 2D case. 

 

2. Encounters by effective diffusion. Building on the ideas of the classical kinetic aggregation of 

colloids (73), we model encounter-driven aggregate formation as an effective diffusion process, 

in which a single ‘seed’ filament performs a random walk and collects randomly distributed and 

randomly oriented filaments occupying a three-dimensional volume (Fig. S6A). All filaments 

that enter into contact with the seed filament start to diffuse with the seed filament, collecting 

other filaments, while the rest remain stationary. Equivalently, to keep the growing aggregate in 

the center of the simulation domain, we model the case as though the aggregate is fixed at the 

center of the domain, and the filaments not in contact with the aggregate perform the same 

Brownian dynamics until they encounter the aggregate. Specifically, the Brownian dynamics 

term 𝑫𝑖
𝛼

 in Eq. (S25) is implemented as follows 

 

𝑫𝑖
𝛼 = 𝐼𝛼≠Ω√2𝐷𝝃,     (S27) 

 

where 𝐷 is the effective diffusion coefficient and 𝝃 is a 3D Wiener process - for time-discretized 

dynamics with time step Δ𝑡, each entry of 𝝃 is sampled from a normal distribution with zero 

mean and variance Δ𝑡, independently at each time step. The indicator function 𝐼𝛼≠Ω is 1 if the 

filament α is not a member of the growing aggregate, members of which are listed in the list Ω, 

and 0 otherwise. Note that the same 𝝃 is applied for all non-members of the aggregate at each 
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time step. This choice guarantees that single filaments arrive at the growing aggregate one at a 

time (73). 

In simulations, this encounter model is realized in a cubic domain [−Lbox / 2, Lbox / 2]3 with side 

length Lbox and periodic boundary conditions. It is initialized by distributing ten filaments at 

random positions and with random orientations; the configuration is then translated to place the 

initial seed filament at the origin. Merging with the growing aggregate is defined as follows: if 

the distance between filament α and any of the members listed in Ω is smaller than 1.25𝜎, the 

cut-off criterion used in the definition of stickiness in Eq. (S15), then the filament α becomes a 

member of the aggregate and the list Ω is enlarged by α. 

 

3. External torques. Upon encounter, filaments form rotational bonds and then experience 

torques due to external factors, such as differential sinking or turbulence. Our micropipette 

experiment clearly shows that bonds between filaments are rotational (Movie S7). We describe 

the action of external torques by introducing effective aligning torques 𝑻𝑖
𝛼

 that are implemented 

as follows. Consider first a pair of filaments α and β in contact with each other (Fig. S6B); 

contact is defined by the same filament–filament distance cut-off 1.25𝜎 as implied by stickiness. 

We take the rotational bond to form between beads 𝑖′, 𝑗′, belonging to filaments α, β, that are 

closest to each other. The torques are realized by the following forces acting on beads adjacent to 

the beads 𝑖′, 𝑗′ (Fig. S6B) 

 

                                              𝑻𝑖
𝛼 = Γsgn(𝒕𝑖′

𝛼 ⋅ 𝒕
𝑗′
𝛽

)(𝛿𝑖,𝑖′−1𝒕
𝑗′
𝛽

− 𝛿𝑖,𝑖′+1𝒕
𝑗′
𝛽

),                (S28a) 

𝑻𝑗
𝛽

= Γsgn(𝒕𝑖′
𝛼 ⋅ 𝒕

𝑗′
𝛽

)(𝛿𝑗,𝑗′−1𝒕𝑖′
𝛼 − 𝛿𝑗,𝑗′+1𝒕𝑖′

𝛼 ),                              (S28b) 

 

where Γ specifies the strength of the external torques and sgn() is the sign function. If 𝑖′, 𝑗′ 

happen to be the endpoints of the filaments (𝑖′, 𝑗′ = 1, 𝑁 + 1), the above rotary bonds and 

torques are formed about 𝑖′, 𝑗′ = 2 or 𝑖′, 𝑗′ = 𝑁 beads. 

If a filament α is connected to more than one filament, then it forms a rotational bond with 

each of them and is acted upon by torques of the form in Eq. (S28) coming from each pair. 
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IX. Bead-spring model parameters 

Here, we state and motivate our choices of the parameter values for the bead–spring models 

and the corresponding simulation parameters. The values are guided by the principle that the 

characteristic timescales in the models should respect the same ordering as the timescales 

characterizing Trichodesmium aggregation in the ocean (Fig. S7C), which are identified 

experimentally or from calculations. 

A. Model parameters 

The parameter values characterizing filaments are summarized in Table S3. 

 

1. Nondimensionalization. The friction coefficient 𝛾 in the over-damped dynamics in Eq. (S9) 

and Eq. (S25) only affects the overall timescale of the dynamics. We thus divide these equations 

by 𝛾, which results in the model parameters acquiring the units of length and time. For example, 

[𝑘/𝛾] = 𝑇−1, [𝜅/𝛾] = 𝑇−1, [𝜖/𝛾] = 𝐿2𝑇−1, and [𝑓/𝛾] = 𝐿𝑇−1. As the characteristic timescale 

𝑇 and lengthscale 𝐿, we set 𝑇 = 15 s, the time an individual filament gliding at speed 32 µm 

min−1 (Table S3) travels distance 𝐿, where 𝐿 = 8 µm is approximately the filament width, i.e., the 

size of a single cell. In simulations, we work with dimensionless parameters expressed in units of 

𝑇 and 𝐿, denoted by the prime symbol below. 

 

2. Filament size. In the bead–spring model, the effective filament length and width are (𝑁 + 1)𝑟0 

and 𝜎 (Section V). We always discretize filaments into 𝑁 + 1 = 20 beads. Since we take each 

bead to represent a single Trichodesmium cell, we set the cell–cell distance at 𝑟0 = 𝜎. In 

simulations, we take 𝑟0
′ = 𝜎′ = 𝑟0/𝐿 = 𝜎/𝐿 = 1. In physical units, the model thus represents 

filaments with dimensions 8 µm × 160 µm. 

 

3. Potentials and propulsive forces. In simulations, the magnitude 𝑓′ of the propulsive forces on 

each bead is set at 𝑓′ = 𝑓/𝛾/(𝐿𝑇−1). This choice, in physical units, represents a gliding speed of 

32 µmmin−1 for individual filaments gliding on a substrate, a value in agreement with the typical 

observed gliding speeds on a glass surface in our microfluidic chambers (Table S1). 

We set the elastic spring constant 𝑘 and the bending rigidity 𝜅 large enough to work within the 

limit of inextensible and nearly rigid filaments (large persistence length). Since deformations in 

the system are mainly produced by the propulsion force, to guarantee that extensional and 

bending deformations are small, we must choose 𝑘 ≫ 𝑓/𝜎 and 𝜅 ≫ 𝑓/𝜎. In simulations, we thus 

set 𝑘′ = 𝑘/𝛾/𝑇−1=500 and 𝜅′ = 𝜅/𝛾/𝑇−1 =  2000. 

For the Lennard-Jones potentials in Eq. (S15) and Eq. (S20), the first parameter 𝜎′ = 𝜎/𝐿 = 1 

is set by the filament width, as described above. The potential strength 𝜖 is chosen small enough 

such that the attractive interactions between beads (stickiness) do not immobilize the filaments 

by overcoming the propulsion forces, yet large enough not to lead to aggregate disintegration 

under small perturbations arising from the propulsive forces, external torques, or small 

deformations that may occur in a bundle of interacting filaments. This self-consistency criterion 

is motivated by experimental observations that aggregates, once formed, remain stable yet 

dynamic, with filaments constantly gliding and reversing. We thus expect that 𝜖 ≈ 𝑓𝜎, which 

corresponds to stickiness forces having a similar magnitude to propulsion forces. In simulations 

we set 𝜖′ = 𝜖/𝛾/(𝐿2𝑇−1) = 1. 
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4. Overlap detection and reversals. Each filament samples its total overlap Θ𝛼(𝑡) and compares 

the most recent value Θ𝛼(𝑡r) with a value from the recent past Θ𝛼(𝑡r − 2𝜏Θ) [Eq. (S19) and Eq. 

(S22)]. Sampling of Θ𝛼(𝑡)  occurs every 𝜏Θ, and we estimate this sampling time interval 

assuming that it is limited by how rapidly a filament can integrate the overlap signal from 

individual cells along its long axis. We assume that cell–cell communication along the filament 

length is limited by diffusion and combine two simple scaling arguments with experimental data 

to estimate τΘ (Fig. S9). 

We estimate 𝜏Θ as the time it takes a signal to travel between the ends of a filament. We use 

diffusive and quasi-diffusive scaling arguments for a filament of length 𝑙 and a signaling 

molecule with diffusion constant 𝐷. In the diffusive model, we assume that the filament is a one-

dimensional tube with no compartments representing cells (Fig. S9B). In this case, 𝜏Θ ≈  𝑙2/2𝐷, 

scales quadratically with the filament length. In the quasi-diffusive autoinducer model, we take 

the filament to be composed of 𝑙/𝜎 cells, each of length 𝜎. It takes approximately 𝜎2/(6𝐷) for 

the signaling molecule to spread across each three-dimensional cell. Once a single cell 

equilibrates the signal within its volume, the neighboring cell detects the signal through 

hypothetical receptors in the dividing walls and starts producing the signal within its own 

volume. In this autoinducer model, 𝜏Θ ≈  𝑙𝜎/6𝐷, scales linearly with the filament length. A 

small signaling molecule, such as the ubiquitous cyclic di-GMP messenger, will have 𝐷 ≈ 300 

µm2 s−1 in water (74) and 𝐷 ≈ 100µm2 s−1 in the crowded cell interior (75). To connect these 

considerations with our measurements of pairs of interacting filaments, we now approximate the 

sensing timescale 𝜏Θ as the time 𝑇Lol needed for a filament in a pair to glide at its mean speed, a 

distance corresponding to the value of Lack-of-overlap at the instance of reversal, which we 

estimated from the tracks of pairs of filaments (Fig. S9A). Taking 𝜏Θ ≈ 𝑇Lol, we see from Fig. 

S9C that 𝜏Θ falls between the two scaling regimes. In our simulations, the filament length is 𝑙 = 

160 µm, and the cell size is 𝜎 = 8 µm. For 𝐷 = 100 µm2 s−1, the diffusive scaling yields 𝜏Θ ≈ 

130 s, and the quasi-diffusive (autoinducer) scaling gives 𝜏Θ ≈ 2.1 s. In simulations, we use the 

intermediate value 𝜏Θ = 5 s. We thus set 𝜏′Θ =  𝜏Θ/𝑇 = 0.33. For a pair of filaments that reverse 

immediately after a decrease in overlap is detected (strong thigmotaxis, the response time 𝜏 ≈ 0), 

this value corresponds to filaments reversing after losing contact over approximately a single cell 

(bead). 

Finally, each filament's global, overlap-independent reversal rate is set by allowing each 

filament to reverse after an exponentially distributed time with the mean 𝜏random = 5 min, that 

is, after the time it takes a filament to travel its length on a substrate in line with our experiments. 

In simulations, we thus set 𝜏′random = 𝜏random/𝑇 = 20. 

The measurement of the response time 𝜏 of smart reversals from experiments is described in 

detail in Section VI. 

 

5. Torques. After encountering and forming rotary bonds in a suspension, filaments are subject to 

two widespread sources of reorientation: turbulence and drag forces due to settling or rising 

under gravity. These reorienting effects are represented by the aligning torques [Eq. (S28)], 

whose magnitude is parameterized by Γ, with units of force. Our choice of Γ is governed by the 

observation that turbulence-induced reorientation provides the fastest timescale in the 

aggregation and rearrangement process (Fig. S7C). 
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Individual small elongated filaments suspended in turbulence reorient according to the Jeffrey 

equation (76). The timescale of these reorienting effects is governed by turbulent shear, which at 

small scales is given by the inverse of the Kolmogorov timescale √𝜀/𝜈, where 𝜀 is the turbulence 

intensity, and 𝜈 is the kinematic viscosity of water. Taking 𝜈 = 10−6 m2s−1 and the turbulence 

intensity characteristic of the ocean surface layer 𝜀 = 10−6 Wkg−1, the magnitude of turbulent 

shear is 1 s−1. Individual filaments are thus reoriented on a timescale of the order of seconds. 

Assuming that a pair of filaments constrained by a rotary bond reorients on a similar timescale, 

we expect a pair of filaments to align within seconds. Once aligned, stickiness forces prevent 

further relative rotations between filaments. 

Even under quiescent conditions, a pair of buoyant filaments constrained by a rotary bond but 

otherwise randomly oriented will randomly realign. This reorientation results from different drag 

forces due to their random orientations that, in turn, induce relative torque between the filaments. 

We roughly estimate this realignment timescale as the time it would take two randomly oriented 

filaments to separate if the bond did not connect them spatially: buoyant millimetric filaments 

with a density offset of about 10% of that of water will sink or rise at speeds of the order of tens 

of microns per second, traveling a distance equal to their body length within tens of seconds. 

Assuming that for filaments constrained by a rotary bond, the hydrodynamic interactions do not 

affect the hydrodynamic drags by more than an order of magnitude as compared to the case of 

independent filaments, the filaments are thus expected to align within tens of seconds. 

External (turbulence-induced) torques will thus reorient and align a pair of filaments within 

seconds. This timescale is much faster than the tens of minutes needed for a filament to glide its 

body length, or the encounter timescale, which is on the order of many hours or longer (Fig. S7) 

(43). In simulations, we thus set Γ′ = Γ/𝛾/(𝐿𝑇−1) = 40. This choice then gives the total 

reorienting force of 2Γ′ = 80, whereas the total propulsive force for a filament in full overlap 

with a surface is of the order of (𝑁 + 1)𝑓 = 20. Thus, in simulations, a pair of filaments aligns 

roughly four times more rapidly than it takes the filaments to glide their body lengths, respecting 

the direction of the separation of timescales (Fig. S7C). 

B. Simulation parameters 

1. Simulations in 2D. In Fig. 2H, we studied a simplified variant of the 2D bead-spring model of 

smart reversals to demonstrate that changing the reversal frequency upon contact results in a 

uniform distribution of Lack-of-overlap values, rather than the skewed distribution we observed 

in Trichodesmium populations. The filament parameters were as listed in Table S3 with two 

changes. First, no smart reversals were present, that is 𝜏 = ∞. Second, filaments doubled their 

random reversal frequency by changing 𝜏′random = 20 to 𝜏′random =10 upon contact with 

another filament. We performed 32 simulations with 30 filaments on a square domain of size 

𝐿′box = 𝐿box/𝐿 = 150, each of simulation length 𝑇′sim = 𝑇sim/𝑇 = 1000. In these simulations, 

we identified all instances of pairs of aligned filaments and measured their Lack-of-overlap 

value; the corresponding population distribution is shown in Fig. 2H (thick orange line). As an 

alignment criterion, we required that the angle between the filaments is smaller than 5◦. 

For the full model with smart reversals, in Fig. 3A and in Movie S11 we show a single 

simulation with 100 strongly thigmotactic filaments on a domain of size 𝐿′box = 𝐿box/𝐿 = 300, 

run for 𝑇′sim = 𝑇sim/𝑇 = 2000. Filament parameters were as listed in Table S3 with 𝜏 = 0.05. 

In Figs. 3B, C, at least six runs were performed for each thigmotaxis level (parameters as in 

Table S3). In each run, there were 20 filaments on a domain of size 𝐿′box = 𝐿box/𝐿 = 120 (or = 
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100), with simulation length 𝑇′sim = 𝑇sim/𝑇 = 500. The Lack-of-overlap histograms in Fig. 3C 

were obtained as described above for Fig. 2H. 

 

2. Simulations in 3D. To model random encounters by sequential arrivals of individual filaments 

onto a growing aggregate in three dimensions (Fig. 3D, E), we set 𝐷′ = 𝐷/(𝐿2/𝑇) = 300 in Eq. 

(S27) and use a cubic domain of size 𝐿′box = 𝐿box/𝐿 = 200, ten times greater than the length of 

an individual filament. With ten filaments in the domain, this parameter choice gives the initial 

encounter timescale comparable with the time of a filament to glide its body length. As filaments 

attach to form the growing aggregate and are thus depleted from the bulk, the encounter 

timescale increases with the growing aggregate, and when the last filament remains to be 

collected, the encounter timescale is several-fold greater than the time to glide one body length. 

Thus, our parameter choice of (𝐷, 𝐿box) is motivated by the trade-off between keeping the 

lengths of the simulations short enough for computational feasibility while respecting the 

separation of timescales of the aggregation process (Fig. S7C). The simulation run time was 

𝑇′sim = 𝑇sim/𝑇 = 1000. The filament parameters were as listed in Table S3 for the thigmotactic 

case (blue curve in Fig. 3D, E; Movies S12 and S15). For the other cases (random reversals, 

rigid bonds, rotational bonds, etc. in Fig. 3D; Movies S13 and S14) the corresponding features of 

the model were switched off, as discussed in the Main Text.  

3. Time stepping. In all simulations, we used the forward Euler scheme. The time step was in the 

range Δ𝑡/𝑇 = 10−8 − 10−5. We typically divided simulations into pieces (usually 100 or more), 

and some pieces had smaller time steps than others whenever resolving collisions between 

filaments was necessary. 
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X. Coagulation model of aggregation in the ocean 

Two mechanisms may constitute a source of new filaments in a growing Trichodesmium 

aggregate in the ocean: growth or encounters between filaments. Under bloom conditions, with 

Trichodesmium concentration reaching 107 filamentsm−3, the encounter timescale between 

individual filaments can be below one day for a broad range of environmental conditions 

representative of the ocean surface layer (43). As mentioned in the Main Text, this encounter 

timescale is significantly shorter than Trichodesmium’s doubling time of a few days, suggesting 

that encounters may easily outcompete growth in forming aggregates under bloom conditions. 

Previous field observations also reported the presence of aggregates at lower filament 

concentrations (105 − 106 filaments m−3, including individual filaments and filaments in 

aggregates), but only free filaments with few or no aggregates were present at even lower 

concentrations (6). The absence of aggregates at low concentrations and their emergence at 

higher concentrations is consistent with encounter-driven aggregation. In contrast, it would be 

less clear why the proportion of individual filaments vs. filaments in aggregates should depend 

on the overall concentration of filaments if aggregates are formed by growth only. Based on 

these observations, we suggest as plausible that growth may act primarily as the source of 

individual filaments in the water column until the concentration of individual filaments is high 

enough for encounters to drive aggregation. 

Here, we make the above argument quantitative by analyzing how fast encounters can convert 

an environmentally relevant concentration of individual filaments into aggregates. We study 

Smoluchowski coagulation equations that represent the time evolution of the mean 

concentrations of individual filaments and their aggregates that form upon encounters (Fig. 

S7A). Specifically, following Słomka and Stocker (67), we simulate the following equations 

 

𝑑𝑐𝑖/𝑑𝑡 = −𝑐𝑖 ∑  𝑁
𝑗=1 Γ𝑖𝑗𝑐𝑗 +

1

2
∑  𝑖−1

𝑗 Γ𝑗𝑖−𝑗𝑐𝑗𝑐𝑖−𝑗 ,                                (S30) 

 

where 𝑐𝑖  represents the concentration of i-bundles, that is, bundle-like aggregates containing i 

individual filaments, and Γ𝑖𝑗  is the encounter kernel between bundles containing i and j filaments. 

As in reference (67), an i-bundle is a cylinder of length 𝑙 and aspect ratio 𝐴𝑖−1/2 and volume 

𝑉𝑖 = 𝜋𝑙3/(4𝐴𝑖
2). We assume that the encounters between aggregates are induced by two 

mechanisms: settling due to the density offset Δ𝜌 and turbulence characterized by the intensity 𝜀. 

Accordingly, for collision kernels, we take 

 

Γ𝑖𝑗 = Γ𝑖𝑗
rods + Γ𝑖𝑗

turb ,  (S31) 

 

where Γ𝑖𝑗
rods describes encounters induced by sinking and is described in detail in (67). For the 

turbulence-induced encounters, we consider two cases: encounters between identical bundles 

(𝑖 = 𝑗) and encounters between dissimilar bundles (𝑖 ≠ 𝑗). For encounters between identical 

bundles, we use the recently derived kernel describing encounters between identical elongated 

filaments (43). For dissimilar bundles, we take a conservative approach and assume that bundles 

collide with the same frequency as equal-volume spheres (68), in which case Γ𝑖𝑗
turb = 1.3(𝑟𝑖 +

𝑟𝑗)3√𝜀/𝜈, where 𝑟𝑖  is the radius of a sphere with volume 𝑉𝑖. In simulations, we use the following 

representative parameters: 𝑙 = 1 mm, 𝐴 = 100, Δ𝜌 = 50 kgm−3, 𝜀 = 10−6 Wkg−1, 𝜈 = 10−6 m2 s−1. 
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Note that in Eq. (S31), we explicitly do not include growth terms to study the speed at which 

collisions alone convert individual filaments into bundles of filaments. For initial conditions, we 

use 𝑐1 = 106 m−3 and all other concentrations 𝑐𝑖  = 0, representing initial conditions corresponding 

to a suspension of individual filaments and no aggregates. 

We note that the coagulation model differs from the bead-spring model (Sections V and VIII) 

in several ways. The coagulation model is a mean-field model; it only represents mean 

concentrations of aggregates of different sizes as a function of time, whereas the bead-spring 

model explicitly resolves individual filaments, their positions, and thigmotactic behavior. 

Thigmotactic activity in the coagulation model is implicitly represented by the rule that an 

encounter between two bundle-like aggregates leads to forming of another, thicker bundle-like 

aggregate. This is justified by the separation of timescales between the time it takes for filaments 

to align and rearrange upon encounter (minutes and tens of minutes) and the encounter timescale 

(hours to days). We used the bead-spring model to study the formation of an individual aggregate 

over several hours from a single seed aggregate driven by encounters represented as an effective 

diffusion. By contrast, by not explicitly resolving the position and behavior of individual 

filaments but only representing mean concentrations, the coagulation model allows us to scale up 

and consider hundreds of aggregates of different sizes forming over many days. 

The results of the coagulation dynamics are shown in Fig. S7B. We find that starting with 

million individual filaments per cubic meter, 90% of initial individual filaments are incorporated 

into some aggregate [i > 1 in Eq. (S30)] within less than eight days. After about five days, 

thousands of aggregates per cubic meter emerge, each containing ten filaments (i = 10). After 

about nine days, driven by further encounters, tens of aggregates per cubic meter emerge, each 

containing a hundred filaments (i = 100). By contrast, for a single filament to grow and form an 

aggregate containing a hundred filaments, the filament has to undergo about seven division 

cycles. Assuming the typical doubling time of three days under favorable conditions (4), and 

assuming that no filaments are lost from the aggregate during each division cycle, it would take a 

single filament about three weeks to grow into a sizable aggregate. 

Finally, we estimate the typical hydrodynamic shear forces that turbulence may exert on a pair 

of filaments that adhere to each other. The integral of shear stress over the filament surface gives 

shear forces on a filament immersed in water. We estimate the magnitude of turbulent shear 

stress by the product of the dynamic viscosity of water (µ =1 mPa s) and turbulent shear rate, 

which is given by√𝜀/𝜈, the inverse of the Kolmogorov timescale. Taking the turbulence 

intensity characteristic of the ocean surface layer 𝜀 = 10−6 Wkg−1, the kinematic viscosity of 

water 𝜈 = 10−6 m2 s−1, and the filament dimensions to be that of a cylinder of radius 𝑟 = 5 µm 

and length l = 1 mm (surface area ~2𝜋𝑟𝑙), we obtain the shear forces in the range µ √𝜀/𝜈 (2𝜋𝑟𝑙) 

~ 30 pN. Previous atomic force microscopy measurements of filament stickiness indicate 

adhesive forces in the range of tens of nanoNewtons (12), three orders of magnitude larger than 

the forces induced by turbulence. Consequently, provided that filaments are sticky, turbulent 

shear forces are unlikely to separate a pair of filaments that stick to each other in the open ocean. 
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XI. Comparison with aggregation in other active matter systems. 

Active matter systems are composed of self-driven active particles, each capable of systematic 

movement (52, 53). An example is Myxococcus xanthus, a rod-shaped, soil-dwelling bacterium 

that uses gliding to form multicellular fruiting bodies on surfaces (54). The formation of fruiting 

bodies in Myxococcus xanthus has been rationalized as resulting from cell jamming driven by 

high cell densities, gliding, and reversals (54), a form of phase separation called motility-induced 

phase separation (77). Specifically, wild-type cells speed up and suppress reversals upon 

starvation, inducing phase separation and formation of fruiting bodies. Pseudomonas aeruginosa, 

an opportunistic rod-shaped pathogen, can avoid such jamming on surfaces by triggering 

reversals upon contact, a form of mechanotaxis (55). Such mechanotaxis, guided by mechanical 

input from type IV pili, enables Pseudomonas to colonize surfaces uniformly at high cell 

densities. Trichodesmium aggregation is different: in the three-dimensional habitat of the open 

ocean, the concentrations of these organisms are too low to produce filament jamming. Even 

under bloom conditions, where concentrations can reach 107 filaments m-3 (44), suspended 

filaments are typically separated by a distance about ten-fold larger than the filament length. 

Instead, Trichodesmium uses smart reversals to convert encounters into aggregates. 



 
 

 

  

Fig. S1 | Illustration of the analysis of filament tracks. In A-G shown is the combined data 
from 12 experiments on non-aggregating (exponentially growing) control cultures; tracks from 
aggregating (menadione-induced) cultures were analyzed analogously. A, The distribution of 
instantaneous filament speeds from all individual tracks (34.1 ± 31.9 µm min-1, mean ± sd, n = 
776 tracks). B, The distribution of individual filament lengths (0.57 ± 0.31 mm, mean ± sd, n = 
776 filaments). C, To quantify the gliding direction of a filament, we measured the angle  
between the filament’s long axis and the tangent to the trajectory of the centroid of the filament. 
D, The histogram of  in an ensemble of single filaments tracks (n = 776 tracks) shows that 
filaments glide primarily along their long axis. E, Segmentation of a single filament track into 
runs and reorientations. F, Runs and reorientations are defined by the corresponding 
instantaneous filament speed being larger or smaller than the mean of all single filament tracks 
(A). G, The reorientation angle is defined as the angle between the tangent vectors to the 
trajectory at the end of a run and the start of the subsequent run. A reversal is defined as a 
reorientation event with a reorientation angle greater than 90°. In A, B, and D, the data set is the 
same as in Fig. 2B, C (non-aggregating control culture). The example in E-G is the same as in 
Fig. 2A. H, Violin plot (the grey area) comparing raw (i.e., not normalized by filament length) 
run lengths in menadione for single filaments and filaments in pairs. The red line shows the 
median, and the blue lines show the 25th and 75th percentiles. The data is the same as in Fig. 2E, 
except for the normalization. The statistical test on the raw run lengths is the Kolmogorov-
Smirnov two-sample one-sided test (nsingle = 1964, npairs = 377; test statistic k = 0.0731). See 
Tables S1 and S2 for a summary of gliding motility statistics. 
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Fig. S2 | Speed and length distributions of single filaments (A, B) and filaments in pairs (C, D) 
for both menadione and control. See also Table S1. 
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Fig. S3 | Additional analysis of smart reversals and disintegration rates of pairs of filaments 
in menadione and control. A, The cumulative distribution function of the interaction time 
(track duration) of pairs of filaments for both menadione-treated cultures and control cultures 
shows that pairs of filaments in the control spend less time together than pairs of filaments in 
menadione (16.8 min ± 24.4 min vs. 26.7 min ± 20.8 min; mean ± std; nC = 79, nM = 59). The p 
value was obtained from the two-sample one-sided Kolmogorov-Smirnov test (test statistic k = 
0.3182). B, C, The three possible ways in which the track of a filament pair ends in our 
experiments for both menadione-treated cultures (B) and control cultures (C). Combining the 
pair interaction time (A) with the statistics of the track endings (B, C), shows that filament pairs 
disintegrate 2.5-fold more rapidly in the control than in menadione (Supplementary Text 
Section IV). D, The histogram of the Lack-of-overlap (non-zero values) for all tracks is more 
skewed towards small values for menadione than for the control (mean 0.28 vs. 0.30 and 
skewness 0.96 vs. 0.75, respectively), implying a stronger smart reversal response for 
menadione. This difference is, however, not statistically significant. E, F, The corresponding 
time series of the Lack-of-overlap for both menadione-treated cultures (E) and control cultures 
(F). G, Cumulative distribution function of the Lack-of-overlap shows that the Lack-of-overlap 
is more skewed towards small values for long filaments (>600 µm) in menadione than for short 
filaments (< 600 µm) in the control. H, Similarly, the cumulative distribution function of the 
Lack-of-overlap shows that the Lack-of-overlap is more skewed towards small values for slow 
(< 40.3 µm min-1) filaments in menadione than for fast (> 40.3 µm min-1) filaments in the 
control. The distributions in (G) and (H) corroborate the idea that slower or longer filaments 
perform smart reversals more efficiently (i.e., have a lower probability of failing to reverse) than 
faster or shorter ones (Supplementary Text Section VII; Table S2). The p values in (G) and 
(H) were obtained from the two-sample one-sided Kolmogorov-Smirnov test (test statistic k = 
0.3441, nC = 31, nM = 33, in G; k = 0.2857, nC = 42, nM = 28, in H). Each track contributes one 
point in (G) and (H) by averaging the absolute non-zero value of the Lack-of-overlap over the 
track. 
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Fig. S4 | The bead–spring model of thigmotactic filaments on a substrate. A, In the model, 
each filament is treated as an inextensible, semi-flexible chain composed of 20 beads, 
representing Trichodesmium cells, capable of elastic (inextensibility) and bending (semi-
flexibility) interactions (Supplementary Text Section V). Each bead can generate a propulsion 
force of fixed strength oriented along the filament’s long axis (red arrow), which can produce 
traction by pushing against the substrate or other filaments (Supplementary Text Section V.A). 
The directions of the propulsion forces at any moment on a given filament are all the same and 
are indicated by the red bead. These directions can all reverse simultaneously due to either 
thigmotactic behavior (overlap-induced reversals) or randomly (overlap-independent reversals; 
Supplementary Text Section V.B). B, When in contact, filaments interact through truncated 
Lennard-Jones steric repulsion and stickiness [the ranges of single-bead repulsion and attraction 
are shown in grey and yellow, respectively; (Supplementary Text Section V.A)] and can pull 
on each other when sufficiently aligned (forces not shown). Furthermore, filaments sense their 
mutual overlap with other filaments by averaging the overlap of individual beads along the 
filament length (Supplementary Text Section V.B). The overlap (coordination number) of a 
single bead is defined through an effective Lennard-Jones potential (range shown in purple; 
Supplementary Text Section V.B). C-E, Behavior of two strongly thigmotactic filaments after 
a random encounter on a substrate - the filaments form a dynamic oscillatory bound state by 
reversing their direction of gliding when they detect a temporal decrease in their overlap. C, The 
temporal signal of the mutual overlap between the filaments is shown in blue; the black curve 
shows the trend (moving average). The high-frequency modulation of the blue signal is the result 
of integrating the overlap signal over a finite number of equally spaced sensors (beads). The red 
points represent the time instances, spaced equally every , at which the filaments sample the 
continuous signal (Fig. S9). D, The temporal gradient in overlap as estimated by each filament 
(Supplementary Text Section V.B). When the gradient is sufficiently negative (black line at -
0.1; Supplementary Text Section V.B), the filaments reverse their direction of motion (arrows 
represent the moment of reversal) after an exponentially distributed time, in this case with mean 
 = 0.75 s (the lag time, with this case representing strong thigmotaxis). E, Reversals represented 

by the periodic changes in the directions of the propulsive forces and the corresponding 
snapshots of filament arrangement just before each reversal. 
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Fig. S5 | Additional simulations of filaments gliding and aggregating on a surface. A, B, 
Results of a simulation of strongly thigmotactic filaments show that filament length variability 
does not prevent aggregation. All the parameters are the same as in Fig. 3A, except for the 
lengths of filaments. Here, we assumed that each filament was composed of a number of cells 
(beads) sampled from a Gaussian distribution with a mean of 17 and standard deviation of 3, 
rounded to an integer value (in Fig. 3A, all filaments were composed of 20 beads). The 
histogram in (B) shows the resulting distribution of the number of beads per filament used in the 
simulation. C-F, Additional model simulations in 2D on a surface with parameters mimicking 
the menadione and control conditions of the experiments (Supplementary Text Section VI). 
The control filaments are 20% faster, 10% shorter, and have an 80% longer response time than 
menadione filaments, as in the experiments (Table S1). Both model conditions have a skewed 
Lack-of-overlap (F) because they perform smart reversals. Still, the control condition reaches an 
overall lower overlap level (i.e., lower level of aggregation) since it forms transient aggregates 
that disintegrate more frequently. 
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Fig. S6 | Bead–spring model of the formation of an aggregate in 3D by sequential, random 
arrivals of randomly oriented filaments onto a seed filament. A, We model random 
encounters in 3D as an effective diffusion process (Supplementary Text Section VIII). For 
initial conditions, we distribute ten filaments at random positions and orientations in a cubic 
domain with sides of length ten times greater than the filament length. We then focus on a single 
‘seed’ filament that performs a random walk and collects other filaments; members of such a 
growing aggregate diffuse together while other filaments remain stationary. In simulations, we 
work in the frame of the growing aggregate so that the aggregate remains stationary and all other 
filaments move according to the same random walk. Filaments that come into contact through 
this encounter process experience effective external torques and perform thigmotaxis upon 
alignment (Supplementary Text Section VIII). B, For any pair of filaments in contact, a 
rotational bond is formed between one bead from each filament (Supplementary Text Section 
VIII). The aligning torques, such as those generated by turbulence, are realized by forces that act 
on the nearest neighbors of the beads forming the bond. These forces act along directions 
tangential to the two filaments, which leads to their alignment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

x
0.8

0

z

y

0.8

0

0.8 0

i  

 

 

j

Ti tj Ti+1   tj

Tj ti Tj+1   ti

A B

40



 
 

 

  

Fig. S7 | Timescales of aggregation. A, To estimate the timescale of encounter-driven 
aggregation in the ocean from a suspension of individual filaments, we simulate a coagulation 
model of filaments encountering each other under the action of turbulence and buoyancy and 
forming tight aggregates as a result of their alignment and thigmotaxis (Supplementary Text 
Section X). The coagulation model is different from the bead–spring model (Fig. S4-6) in that it 
represents mean concentrations of aggregates of different sizes and does not resolve the positions 
and behavior of individual filaments in a single aggregate, which allows modeling of the 
formation of many aggregates over much longer aggregation timescales. In the coagulation 
model, thigmotactic activity is implicitly represented by the rule that encounters between 
different aggregates result in the formation of tight bundles (Supplementary Text Section X). 
B, Results of simulation of the coagulation model for an initial concentration of individual 
filaments (i = 1) equal to 106 m-3 and no aggregates show that aggregates composed of ten (i = 
10) and one hundred (i = 100) filaments emerge after several days and that 90% of individual 
filaments are incorporated into some aggregate within eight days (Supplementary Text Section 
X). By contrast, given that the doubling time of Trichodesmium under favorable conditions is 
about three days, it would take several weeks to form aggregates by growth only 
(Supplementary Text Section X). C, Summary of the relevant timescales of Trichodesmium 
encounter in the ocean and subsequent rearrangement into aggregates. The lower range of the 
filament-filament encounter timescale corresponds to conditions of strong turbulence (ε = 10−4 

Wkg−1) and filament concentration representative of bloom conditions (107 m-3), whereas the 
upper range corresponds to moderate turbulence (ε = 10−6 Wkg−1) and filament concentration 
representative of non-bloom conditions (106 m-3). The encounter-driven aggregation timescale 
corresponds to the simulation in (B), which was computed for moderate turbulence (ε = 10−6 

Wkg−1) (Supplementary Text Section X). 

 

 

 

 

  

 

Summary of relevant timescales
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Fig. S8 | Puffs emerge at high filament densities. A, In our aggregation experiments, a variety
of aggregate shapes emerged at high filament densities (71.2 filaments/mm2), including puff- and 
tuft-like arrangements. B, After 30× dilution of the same cultures (2.4 filaments/mm2), tight 
bundles (tufts) dominated, and puff-like aggregates only formed upon encounters among 
bundles. Panel (A) is the same as in Fig. 2D. 
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Fig. S9 | Sensing timescales and potential intrafilament signaling mechanisms. A, 
Comparison of the time needed to glide a distance equal to the filament length and to sense 
overlap in pairs of thigmotactic filaments observed in the menadione-induced cultures. As a 
proxy for the sensing time, we use the time TLol needed for a filament in a pair to glide, at its 
mean speed, a distance corresponding to the value of the Lack-of-overlap at the instance of 
reversal. Each dot represents a single reversal event in (n = 59) pairs (same dataset as in Fig. 
2E). B, Two potential modes of intrafilament signaling by a signaling molecule or protein with 
diffusion constant D in a filament of length l composed of cells of size : simple one-
dimensional diffusion (signaling time scales as l2/2D) or autoinduction, in which each cell 
amplifies the signal (signaling time scales as l /6D) (Supplementary Text VI.A). Adjusting the 
concentration threshold of the response to the propagating signal could delay the onset of a 
reversal and thus modulate the thigmotaxis level. C, The proxy for the sensing time (same as in 
A) as a function of the filament length falls between the two scaling regimes. The two scaling 
regimes are shown for a small signaling molecule with diffusion constant D = 100 µm2 s-1 and a 
signaling protein with D = 4.6 µm2 s-1 (broken line) for cell size  = 8 µm. The sensing timescale 
also served as a proxy for the time interval  at which filaments in the model sample overlap 
(Fig. S4C; Supplementary Text V.B).  
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Fig. S10 | Schematic of the mechanisms controlling Trichodesmium aggregate formation 
and reshaping. A, Filaments in the ocean are sparse and likely encounter each other over many 
hours through the action of turbulence, which also acts to align them. B, Gliding motility of 
filaments on each other, by itself, would rapidly cause nascent aggregates to disintegrate. 
Instead, thigmotactic behavior allows filaments to stay together and aggregates to grow through 
additional encounters. Thigmotaxis is realized by smart reversals that occur in response to 
decreasing overlap between filaments. Thigmotaxis strength is controlled by a single parameter, 
the response time that controls the delay between sensing a decrease in overlap and reversing. C, 
Within an aggregate, filaments can control aggregate architecture in response to environmental 
conditions by modulating the strength of their thigmotaxis, thereby loosening or tightening the 
aggregate. 
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Fig. S11 | A, Design of microfluidics chambers for observation and quantification of single 
filament motility and filament–filament interactions (Materials and Methods). Units are given 
in mm. B, Image of fabricated chambers. 
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Fig. S12 | Example of the image analysis showing segmentation of images of a stationary 
phase T. erythraeum IMS101 culture, such as used for the experiments characterizing the 
response of aggregates to changes in light intensity. A, An early time point during the formation 
of aggregates. B, A late time point after the formation of tight aggregates. White circles in panel 
(A) are small air bubbles that diminished over the course of the experiment. The segmentation 
algorithm mostly excluded them. 
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Fig. S13 | Image analysis of filament tracks. A detailed description of the tracking and 
segmentation pipelines is given in Supplementary Text Section I. A, Filament tracking 
pipeline. B, Schematic of merging and splitting events of filament tracks (black lines) and 
interpreted filament behavior (brown images): (1) the ends of two tracks are linked to the start of 
one track, (2) the end of one track is linked to the middle of another track, (3) the end of one 
track is linked to the starts of two tracks and (4) the start of one track is linked to the middle of 
another track. The continuous tracks in (2) and (4) are split into a single filament and an 
aggregate track. C, Calculation of estimated aggregate centroid Cjk of filaments j and k. D, 
Processing pipeline to determine the extent of overlap in a filament pair. E-H, Example images 
of the different stages of the processing pipeline. H, The segmented image with background 
(Bg), overlap region (Ov), filament 1 (Fil1), and filament 2 (Fil2) was used in conjunction with 
the lengths of Fil1 and Fil2 to find the filaments’ positions and Lack-of-overlap. 
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Quantity Individual filaments 
(control) 

Individual filaments 
(menadione-treated) 

Pairs of filaments (control) Pairs of filaments 
(menadione-
treated) 

Number of tracks 
(from 12 experiments) 

776 643 158 (from 79 pairs) 118 (from 59 pairs) 

Speed [μm min-1] 
(mean ± sd) 

34.1 ± 31.9 (n = 776) 27.6 ± 29.1 (n = 643)  44.0 ± 34.4 (n = 158) 36.6 ± 30.6 (n = 118) 

Length [μm] 
(mean ± sd) 

574 ± 308 (n = 776) 664 ± 302  (n = 643) 651 ± 258 (n = 158) 743 ± 272 (n = 118) 

Run time [min] 
(mean ± sd) 

5.4 ± 8.2 (n = 2146) 5.2 ± 8.2 (n = 1964) 3.8 ± 4.1 (n = 312) 3.8 ± 5.4 (n = 377) 

Run length [μm] 
(mean ± sd) 

375 ± 708 (n = 2146) 312 ± 650 (n = 1964) 276 ± 380 (n = 312) 239 ± 418 (n = 377) 

Run length/filament 
length (mean ± sd) 

0.88 ± 1.97 (n = 2146) 0.63 ± 1.52 (n = 1964) 0.52 ± 0.78 (n = 312) 0.41 ± 0.85 (n = 377) 

Reversal probability 
(mean ± sem) 

0.43 ± 0.01 (n = 1518) 0.38 ± 0.01 (n = 1450) 0.53 ±  0.04 (n = 169) 0.40 ± 0.03 (n = 266) 

Fraction of time spent 
in run mode 
(weighted mean ± 
weighted sd) 

0.37 ± 0.33 (n = 776) 0.35 ± 0.32 (n = 643) 0.45 ± 0.29 (n = 158) 0.46 ± 0.30 (n = 118) 

Reversal frequency 
[min-1] 
(weighted mean ± 
weighted sd) 

0.020 ± 0.033 (n = 776) 0.019 ± 0.030 (n = 643) 0.033 ± 0.040 (n = 158) 0.034 ± 0.040 (n = 
118) 

Pair interaction time 
[min] (mean ± sd) 

N/A N/A 16.8 ± 24.4 (n = 79) 26.7 ± 20.8 (n = 59) 

Pair disintegration 
rate [min-1] 
(mean ± error) 

N/A N/A 0.0210 ± 0.0047 (n = 79) 0.0082 ± 0.0022 (n = 
59) 

Escape probability 
(mean ± error) 

N/A N/A 0.31 ± 0.08 0.12 ± 0.04 

Lack-of-overlap (mean 
± sem) 

  0.30 ± 0.02 (n = 79) 0.28 ± 0.03 (n = 59) 

Response time [min] 
(mean ± error) 

N/A N/A 3.32 ± 0.28 1.82 ± 0.13 

Relative response 
time (mean ± error) 

N/A N/A 0.22 ± 0.02  0.09 ± 0.01 

 

Table S1 | Summary of the gliding motility statistics for individual filaments and filaments 
in pairs in control and menadione treatment. The quantities: pair disintegration rate, escape 
probability, response time, and relative response time are computed from other quantities in the 
table (Supplementary Text Sections IV and VI). The corresponding errors were computed by 
propagating standard errors on the mean using error propagation formulae (see code 
‘analyze_single_filaments.m’ and ‘analyze_pairs.m’ in (61)).  
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Quantity Pairs of filaments 
(menadione-treated) 
short vs. long  

Pairs of filaments  
(control) 
short vs. long  

Pairs of filaments 
(menadione-treated) 
slow vs. fast 

Pairs of filaments  
(control) 
slow vs. fast 

Number of tracks 
(from 12 experiments) 

42 (21 pairs) vs. 76 (38 
pairs) 

72 (36 pairs) vs. 86 (43 
pairs) 

62 (31 pairs) vs. 56 (28 
pairs) 

64 (32 pairs) vs. 94 (47 
pairs) 

Speed [μm min-1] 
(mean ± sd) 

50.4 ± 33.5 (n = 42) vs.  
28.5 ± 25.5.5 (n = 76) 

47.7 ± 33.7 (n = 72) vs.  
42.1 ± 34.7 (n = 86) 

20.2 ± 18.5 (n = 62) vs.  
59.2 ± 29.4 (n = 56) 

23.2 ± 19.9 (n = 64) vs.  
63.2 ± 33.8 (n = 94) 

Length [μm] 
(mean ± sd) 

488 ± 138 (n = 42) vs.  
884 ± 219 (n = 76) 

478 ± 176 (n = 72) vs.  
796 ± 225 (n = 86) 

808 ± 276 (n = 62) vs.  
672 ± 250 (n = 56) 

679 ± 283 (n = 64) vs.  
632 ± 240 (n = 94) 

Run time [min] 
(mean ± sd) 

5.8 ± 7.7 (n = 126) vs. 
2.9 ± 3.4 (n = 251) 

4.0 ± 3.2 (n = 119) vs. 
3.8 ± 4.6 (n = 193) 

2.1 ± 2.1 (n = 213) vs. 
6.1 ± 7.2 (n = 164) 

2.1 ± 2.1 (n = 121) vs. 
4.9 ± 4.7 (n = 191) 

Run length [μm] 
(mean ± sd) 

402 ± 615 (n = 126) vs.  
158 ± 233 (n = 251) 

286 ± 282 (n = 119) vs.  
270 ± 430 (n = 193) 

97 ± 115 (n = 213) vs.  
424 ± 570 (n = 164) 

114 ± 135 (n = 121) vs.  
379 ± 444 (n = 191) 

Run length/filament 
length (mean ± sd) 

0.84 ± 1.31 (n = 126) vs. 
0.19 ± 0.30 (n = 251) 

0.75 ± 0.89 (n = 119) vs. 
0.38 ± 0.68 (n = 193) 

0.13 ± 0.20 (n = 213) vs. 
0.76 ± 1.18 (n = 164) 

0.19 ± 0.28 (n = 121) vs. 
0.73 ± 0.92 (n = 191) 

Reversal probability 
(mean ± sem) 

0.48 ±  0.05 (n = 89) vs. 
0.36 ±  0.04 (n = 177) 

0.57 ± 0.07 (n = 54) vs. 
0.50 ± 0.05 (n = 115) 

0.35 ± 0.04 (n = 158) vs. 
0.48 ± 0.05 (n = 108) 

0.41 ± 0.06 (n = 71) vs. 
0.61 ± 0.05 (n = 98) 

Fraction of time spent 
in run mode 
(weighted mean ± 
weighted sd) 

0.63 ± 0.29 (n = 42) vs. 
0.36 ± 0.26 (n = 76) 

0.50 ± 0.27 (n = 72) vs. 
0.42 ± 0.30 (n = 86) 

0.25 ± 0.19 (n = 62) vs. 
0.75 ± 0.15 (n = 56) 

0.20 ± 0.17 (n = 64) vs. 
0.67 ± 0.16 (n = 94) 

Reversal frequency 
[min-1] 
(weighted mean ± 
weighted sd) 

0.037 ± 0.047 (n = 42) vs. 
0.032 ± 0.035 (n = 76) 

0.033 ± 0.042 (n = 72) vs. 
0.034 ± 0.039 (n = 86) 

0.030 ± 0.039 (n = 62) vs. 
0.039 ± 0.041 (n = 56) 

0.023 ± 0.029 (n = 64) vs. 
0.043 ± 0.046 (n = 94) 

Pair interaction time 
[min] (mean ± sd) 

27.8 ± 24.7 (n = 21) vs. 
26.2 ± 18.6 (n = 38) 

13.2 ± 9.6 (n = 36) vs. 
19.9 ± 31.8 (n = 43) 

29.2 ± 21.2 (n = 31) vs. 
24.0 ± 20.3 (n = 28) 

19.8 ± 34.7 (n = 32) vs. 
14.9 ± 13.9 (n = 47) 

Pair disintegration 
rate [min-1] 
(mean ± error) 

0.0137 ± 0.0048 (n = 21) vs. 
0.0050 ± 0.0022 (n = 38) 

0.0338 ± 0.0077 (n = 36) vs. 
0.0140 ± 0.0049 (n = 43) 

0.0044 ± 0.0022 (n = 31) vs. 
0.0134 ± 0.0044 (n = 28) 

0.0095 ± 0.0047 (n = 32) 
vs. 
0.0315 ± 0.0066 (n = 47) 

Escape probability 
(mean ± error) 

0.19 ± 0.08 vs. 
0.08 ± 0.04 

0.52 ± 0.14 vs. 
0.21 ± 0.08 

0.07 ± 0.04 vs. 
0.17 ± 0.06 

0.21 ± 0.11 vs. 
0.37 ± 0.09 

Lack-of-overlap (mean 
± sem) 

0.32 ± 0.05 (n = 21) vs. 
0.25 ± 0.03 (n = 38) 

0.32 ± 0.04 (n = 36) vs. 
0.29 ± 0.03 (n = 43) 

0.28 ± 0.03 (n = 31) vs. 
0.26 ± 0.04 (n = 28) 

0.27 ± 0.04 (n = 32) vs. 
0.32 ± 0.03 (n = 47) 

Response time [min] 
(mean ± error) 

3.45 ± 0.42 vs. 
1.12 ± 0.08 

6.02 ± 2.00 vs. 
2.38 ± 0.22 

0.80 ± 0.06 vs. 
3.49 ± 0.33 

1.34 ± 0.14 vs. 
4.92 ± 0.54 

Relative response 
time (mean ± error) 

0.36 ± 0.06 vs. 
0.04 ± 0.00 

0.60 ± 0.21 vs. 
0.13 ± 0.02 

0.02 ± 0.00 vs. 
0.31 ± 0.04 

0.05 ± 0.01 vs. 
0.49 ± 0.06 

 

Table S2 | Additional analysis of the gliding motility statistics of filament pairs. The dataset 
of pair interactions in Table S1 is here further split into short (< 0.6 mm) and long (> 0.6 mm) 
filament pairs and slow (< 40.3 μm min-1) and fast (> 40.3 μm min-1) filament pairs. Each 
filament pair is assigned to the short/long and slow/fast categories based on the mean length and 
speed of the two filaments in the pair. The split indicates that slower or longer filaments perform 
stronger thigmotaxis than faster or shorter ones (Supplementary Text Section VII). 
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Parameter Physical units Simulation units 
Cell size 𝝈 8 μm 1 
Cell-cell distance 𝒓𝟎 8 μm 1 
Propulsion force 𝒇/𝜸 32 μm min-1 1 
Spring constant 𝒌/𝜸 33.33 s-1 500 
Bending rigidity 𝜿/𝜸 133.33 s-1 2000 
Stickiness strength 𝝐/𝜸 4.27 μm2 s-1 1 
Overlap sampling time 𝝉𝚯 5 s 0.33 
Response time 𝝉 0.75 s, 12 s, 75s 0.05, 0.8, 5 
Random reversal time 𝝉𝐫𝐚𝐧𝐝𝐨𝐦 5 min 20 
Aligning force (3D only) 𝚪/𝜸 1280 μm min-1 40 

 

Table S3 | Summary of the bead-spring model parameters characterizing filaments and their 
interactions in physical units and the nondimensionalized units used in simulations. The 
characteristic time and length scales used to convert the physical units to the simulation units are 
T = 15 s and L = 8 μm. The three values of the response time τ correspond to strong, intermediate, 
and weak thigmotaxis. 
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Movie S1 | Rapid response of aggregated Trichodemium culture to dark pulses during the day. 

Movie S2 | Rapid response of aggregated Trichodemium culture to light pulses at night. 

Movie S3 | A UV-killed control culture did not form aggregates. Left: aggregating culture. 
Right: same culture treated with UV. 

Movie S4 | Tufts merging into puffs and a puff disintegrating into tufts – examples from Movies 
S1 and S2. 

Movie S5 | Trichodesmium filaments gliding in a microfluidic chamber on a glass surface 

Movie S6 | Trichodesmium filaments gliding on each other on a glass surface 

Movie S7 | Micropipette experiment. Suspended Trichodesmium filaments can glide on each 
other away from surfaces. 

Movie S8 | Trichodesmium filaments from a non-aggregating exponential culture gliding in a 
microfluidic chamber on a glass surface. 

Movie S9 | Trichodesmium filaments can reverse gliding direction. 

Movie S10 | Menadione-induced (3 µM) aggregation of Trichodesmium filaments. Top row: 
dense cultures. Bottom row: 30x dilution. 

Movie S11 | Agent-based model of Trichodesmium filaments recapitulates the role of smart 
reversals in aggregation on surfaces. 

Movie S12 | Modeling aggregation in 3D from random encounters: motile filaments with smart 
reversals form compact bundles. 

Movie S13 | Modeling aggregation in 3D from random encounters: sticky filaments with rigid 
bonds form fractal-like morphologies. 

Movie S14| Modeling aggregation in 3D from random encounters: sticky filaments with 
rotational bonds form elongated chains. 

Movie S15 | Modeling tightening and loosening of aggregates in 3D: mimicking light ON/OFF 
cycles by decreasing/increasing reversal response time. 

Movie S16 | Tightening and loosening of a tuft upon Light ON/OFF switches – example from 
Movie S1. 
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