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SUMMARY

Dispersal behavior allows organisms to find new resources under harsh conditions'~>; collective dispersal in
group-living organisms raises interesting questions about kin selection, cooperation, and social conflicts that
offer an exciting window into the evolution of sociality.®° One type of collective dispersal is when individuals
physically link their bodies into a super-organism and move as a group, but these phenomena are rare in na-
ture and few empirical systems exist to enable their mechanistic dissection.®'! Individuals of many nema-
tode species can group together and self-assemble into a living tower of worms, which is hypothesized to
be a collective dispersal structure.'?>'® However, direct evidence demonstrating the occurrence and the
function of towers in nature has been scarce. We documented towering behavior under natural, semi-natural,
and laboratory conditions to confirm its existence and then manipulated these towers to confirm that they
can bridge gaps and respond to external stimuli to confer group dispersal by phoresy. Having established
the ecological and functional relevance of nematode towers, we developed a laboratory towering assay
with the model organism Caenorhabditis elegans to exploit its experimental capabilities. Our lab assay
rapidly and robustly induces towering and reveals several fundamental characteristics of both the towers
and the constituent individuals, which together demonstrate the high experimental potential of using our
model and the ample future research avenues that it opens. In summary, combining ecological relevance
and empirical possibilities, our work sets the key foundations to establish nematode towering behavior as
a powerful opportunity to elucidate the ecology, the mechanisms, and the evolution of collective dispersal.

RESULTS AND DISCUSSION

Here, we report the first evidence of nematode towers occurring
in nature without any artificial interference, as all previous obser-
vations have come from semi-natural and laboratory environ-
ments.'?~'517719 Dispersal is important for free-living nematodes
that colonize ephemeral resources,”?' and we conducted
extensive field observations of rotting plant material around the
University of Konstanz (Germany) during late summer and
autumn months to establish the ecological context for nematode
tower formation under natural conditions. Using a digital micro-
scope positioned directly above undisturbed substrates, we
observed towers of an undescribed Caenorhabditis species
(C. sp. 8; n = 44)*>*° and C. remanei (n = 8) within the damp flesh
of apples and pears. As these fruits rotted and partially split on
the ground, they exposed substrate projections—crystalized
sugars and protruding flesh—which served as bases for towers
as well as for a large number of worms individually lifting their
bodies to wave in the air (nictation). All towering and nictating in-
dividuals were dauers, the stress-resistant main life stage for
dispersal,”**° although adult nematodes were also observed
crawling and feeding nearby. We observed that towers wiggle

in the air together as a bundle on substrate edges and projec-
tions, analogous to nictating individuals (Figure 1A [C. sp. 8, da-
uers), Video S1). This confirmed that, as in nictation, non-planar
environmental features are essential for triggering 3D towering
behavior in nematodes.'”?%?” By transferring entire towers to
55 mm Petri dishes seeded with E. coli OP50, we confirmed
that each tower was exclusively composed of dauers from a sin-
gle species (n = 52 towers, mean = 27.7 + 30.6, median = 14.5
individuals per tower), despite the presence of multiple species
of nematodes at various life stages on the same piece of fruit.
Our additional observations on a mushroom farm in North Ber-
wick, UK,?® confirmed that dauers of the model organism spe-
cies C. elegans also towered under semi-natural conditions
(Figure 1B).

Towers can respond to touch for active attachment'® and
potentially allow for the collective transport of individuals,'
although direct evidence for the putative function of towering
behavior was lacking. The natural towers responded to tactile
stimuli in the field (Video S1), and we frequently observed towers
co-occurring on fruits with dipteran and coleopteran adults and
larvae. Thus, we tested whether insects can serve as vectors for
transferring towers, a frequently evoked hypothesis and true of
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Figure 1. Nematode towers under natural
and semi-natural conditions

Snapshots from videos showing: (A) a natural
dauer tower (Caenorhabditis sp. 8) on a rotting
pear in the wild (Video S1); (B) a tower on mush-
room growth compost on a farm, where samples
consisted mostly of dauer animals (C. elegans);
and (C) phoretic behavior of a dauer tower (C. sp.
8) on a rotting apple in the Petri dish using
Drosophila melanogaster as a vector (Video S1).

2.5mm
~ e without a pillar by leaning and climbing on
¢ each other (Figure S1C [CB4856, day 1
Bpcrsa ‘_, -~ adults]), although unsupported towers
* ' are much rarer, smaller, and transitory
(usually 2 mm maximum height and last-
ing for 10 s, but can be up to 5 mm in
height and lasting up to 1 min) compared

17,29,30 pf

nictating individual dauers for Caenorhabditis species.
ter introducing adult Drosophila melanogaster onto Petri dishes
containing nematode towers from wild collected apples, we
observed that towers are capable of detaching from the sub-
strate and attaching to flies as they walk by (n = 2; Figure 1C
[C. sp. 8, dauers], Video S1). We also observed that these towers
were able to grow tall enough to bridge an air gap to reach a new
surface above (Video S1).

Our observations of nematode towering in the wild provide the
missing link to showcase this behavior as a novel model for
investigating collective dispersal behavior. To establish tower-
ing’s experimental potential, we promoted towers in replicable
and controlled conditions using lab-cultured C. elegans for
all subsequent laboratory experiments to exploit its experimental
capacity. We developed a laboratory assay that induces
towering behavior with higher experimental control than previ-
ous methods,'*""-?° and identified that a high density of individ-
uals, the absence of nutrients, and the presence of a climbing
structure are three key conditions for promoting towering in the
lab. We placed approximately 4,000 worms (C. elegans strains
N2, CB4856, or OMGS8) in a dense droplet in a 35-mm nutrient-
free Petri dish filled with 2% agar (no towering occurs in the pres-
ence of bacterial food, Figure S1A), at the base of a single tooth-
brush bristle (hereafter referred to as a “pillar”) planted on the
agar as a reproducible climbing structure for the worms
(Figures 2A-2C [CB4856, various life stages], Video S2). The
pillar offered sufficient support for towers but with low enough
friction such that worms could not easily reach the top as iso-
lated individuals. Whereas a previous assay for inducing dauer
“swarming” (similar to nematode towers) using standard pipette
tips takes days and requires larger populations,®’ our assay reli-
ably induces persistent towering within 2 h in 90.4% of trials (292
out of 323 towers), allowing long-term observation and experi-
mental control for reliable quantifications. Continuous moni-
toring reveals that tower heights largely exhibit steady state dur-
ing the first 2 h of our assay observation period (Figure S1B[n =3,
CB4856, day 1 adults]). We also observed that worms can tower

with pillared towers (11.4 mm maximum
height, with 181 out of 233 towers
[77.7%] lasting over 12 h). Furthermore,
towers growing on slanted pillars as well as both previous'?
and our own field observations (Figures 1A and 1B) suggest
that the directionality of towers is guided by substrate orientation
rather than gravity. We confirmed this by tilting assay plates at a
90° angle after worm release; towers consistently grew sideways
(n = 5), orthogonal to the tilted substrate rather than along the
pillar axis (Figure S1D [CB4856, day 1 adults]).

Despite this previously being believed to be a dauer-exclu-
sive behavior,?” we observed towering in worms from all life
stages in both the laboratory reference strain N2 and in the Ha-
waiian wild isolate CB4856 (Figure 2; Video S2), providing the
first evidence that towering could serve as a generalized
dispersal behavior. The fact that we have not observed non-da-
uer towers in the wild may simply be due to limited observations
or to yet-unknown factors that invite further investigation.
The theoretical generalizability of towering is in contrast to indi-
vidual nictation, which is characterized by dauer-exclusive mo-
lecular factors related to dauer development and neuronal
morphology.'”?"*23% |ndeed, non-dauer towers did not
appear to require nictation, as individuals climbed on the pillar
or on each other to initiate towering. Interrogating the role of
known nictation regulators in the towering behavior of dauer
and non-dauer populations will unveil whether towering and
nictation are distinct processes. Because all life stages are
capable of towering, we also tested for differences in the
behavior among life stages and strains. We used a linear
mixed-effect model controlling for the effect of pillar length
(# = 0.25, confidence interval [CI] = 0.11 to 0.40; t = 3.42) and
found that day 1 adults build taller towers than both mixed-
stage groups (f = —0.44, Cl = —-0.70 to —0.17; t = —3.28) and
dauers (f = —1.40; Cl = —1.80 to —1.00; t = —6.93), which
form the shortest towers despite being the main dispersal stage
(Figure 2D). Our results potentially suggest a positive effect of
body size and movement coordination on the day 1 adult
towers and that dauers are perhaps not as compelled to tower
together due to their ability to disperse individually'*'>'%1” and
survive long periods.?*?®> We also found that the wild isolate
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CB4856 builds slightly taller towers than N2 (6 = —0.20; Cl =
—0.35 to —0.05; t = —2.60; Figure 2E), potentially suggesting
a role of sociality®* or enhanced motility>®*® in the process.
We went on to exploit our lab assay to assess further charac-
teristics of towering behavior. First, we used worms with fluo-
rescently labeled pharynxes to visualize position and orienta-
tion within the tower structure at single-worm resolution. We
observed considerable alignment of heads and bodies as
worms climbed upward away from the substrate (e.g., polar or-
der) (Figure 3A [OMG8, day 1 adults]; Video S3). This is a new
feature of worm aggregation, as worm collectives previously re-
ported to form 2D networks on a Petri dish lid show both align-
ment and anti-alignment (e.g., nematic order),>” while those
aggregating on food in 2D are disordered, without overt align-
ment.>® Next, we assessed tower capabilities by growing larger
towers (~16,000 worms in the assay plate) on longer pillars
(n = 8) and found that towers could greatly surpass the pillar
tip (>1 cm). Previous studies have shown that towers can
contain thousands of individuals,’® stand an impressive
5 cm,'? and can form bridges across gaps.'® Indeed, our large
towers can grow tall with dynamic and coordinated movement
of individuals for potential gap crossing and dispersal. They
can form an unsupported arm that freely explores the 3D
space before collapsing and merging back into the main
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Figure 2. Worms from all life stages can
tower

Snapshots from towering assays with populations
composed of (A) day 1 adults, (B) dauers, and
(C) mixed-stage animals (strain CB4856; blue
dashed line: pillar) (Video S2). Distinct (D) life
stages and (E) strains present different tower
heights. Datapoints represent average tower
heights of individual assays (blue: CB4856; pink:
N2). Linear mixed-effect model effects and SE are
indicated by the bars and model AICs are provided
in Table S1. See also Figure S1.

tower (Figure 3B [CB4856, day 1 adults];
Video S4). If the arm collapsed, worms
changed body orientation to re-establish
the original alignment, causing tempo-

1 mm rary disruption and branching to the
main tower structure, which soon stabi-
lized and extended into a new explor-

. atory arm (Figure 3B; Video S4). On
° one occasion, the arm bridged an
'.',\' ~3 mm gap beyond the tip of the pillar
T to the Petri dish lid above, forming a
" 23 smooth and stable bridge allowing the
o~ transport of worms from the agar sur-
. '0\'4'. face at the bottom to the lid at the

L 2 e top (Figure 3C [CB4856, day 1 adults];
Video S4). Future investigations tracking
the positional dynamics of fluorescently
tagged individuals inside the towers

N2 could reveal their spatial-temporal orga-
nization to achieve structural integrity
Strain and sustained growth.

Towers can explore the space to

disperse, but which sensory cues are

salient for them to respond to? Previous evidence of whole-
tower transfer involved electric field sensing for vector attach-
ment,'* and tactile stimulation with a pick induces attachment
in the field (this study, Video S1) and in semi-natural condi-
tions."® We touched the top of a lab-grown tower with a glass
pick to simulate mechanical cues from potential vectors. The
touch instigated tower growth in the direction of the stimulus
(Figure 3D [CB4856, mixed stage]; Video S5), culminating in
the top segment of the tower attaching to the pick and ~110
individuals simultaneously dispersing to a new, nutrient-rich
habitat. The dispersed population consisted of mixed-stage in-
dividuals with a qualitatively similar size distribution to that of
the starting population in this experiment (Figure 3D; Video
S5). The residual tower exhibited renewed growth within 90 s
after stimulation, developing multiple apical projections
comprising an estimated 2-20 individuals each (Figure 3D;
Video S5) that could potentially prepare the tower for subse-
quent attachment events. The glass pick here is an inert mate-
rial, suggesting that mechano-sensation alone is sufficient for
phoretic collective dispersal, though olfactory, chemo-, or
electro-sensing may also play a role. Although a previous
study demonstrated that C. elegans is generally not attracted
to the volatile odorants or secreted compounds from known
vectors for this species, including isopods, fruit flies, and
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Figure 3. Worm towers are aligned and active self-assemblages that can confer collective dispersal

(A) A tower of worms with GFP-labeled pharynxes (OMG8, day 1 adults; blue dashed line: pillar) (Video S3).

(B) A tower explores the 3D space with an unsupported arm (Video S4) (CB4856, day 1 adults; blue dashed line: pillar).

(C) A tower bridges an ~3 mm gap to reach the Petri dish lid (CB4856, day 1 adults; blue dashed line: pillar) (Video S4).

(D) Touch experiment showing the tower prior to tactile stimulation, active attachment to pick, group transfer, the individuals that transferred, and post-transfer
tower re-growth with multi-directional branching (CB4856, mixed-stage population) (Video S5). See also Figure S1.

myriapods,*®“° the case may be different for nematode spe-
cies with a narrow vector association, such as C. japonica to
the burrower bug Parastrachia japonensis, fig-associated nem-
atodes to fig pollinating wasps, and many Pristionchus spp. to
coleopterans, all of which depend on chemical recognition.*'
Given the availability of many touch receptor mutants in
C. elegans, future studies could investigate which receptors
are involved in towering to clarify the potential contribution of
multiple mechano-sensory pathways involved in different parts
of the process (e.g., sensing conspecifics, the vector, and the
environment).

The dispersed population from the touch experiment were
from the top of the tower, prompting the question of whether
there is spatial sorting or role specialization of individuals in
the group. Could it be that worms at the top are more fecund,
while those at the bottom are physically stronger to support
the load? We grew towers with day 1 adults at the beginning
of their brood period and collected individuals from these po-
sitions as well as non-towering worms from the agar surface.
We counted the total number of offspring from single her-
maphrodite mothers and found no difference in the total brood
size between the three positions (Figure 4A [CB4856, day 1
adults]; 2 = 2.935, p = 0.230). We also measured the number
of lateral body bends (thrash) a worm performs in a droplet of

M9 buffer to assess muscular strength®* and detected no sig-

nificant differences (Figure 4B [CB4856, day 1 adults]; y* =
3.344, p = 0.188). Lastly, we assessed locomotion attributes
with a crawling assay. Principal-component analysis (PCA)
of 16 quantitative behavioral features reveals that even though
worms from outside of the towers show the widest spread,
data points from all three tower positions largely cluster
together in PC space (Figure 4C [CB4856, day 1 adults]).
Our results thus suggest the absence of role specialization
and a lack of competition for privileged distal positions in
these towers, consistent with our previous observation that
the dispersed population from a mixed-stage tower is also
mixed (Figure 3D [CB4856, mixed stage]). The lack of compe-
tition in clonal C. elegans populations is unsurprising; future
studies with heterogeneous populations could reveal how ge-
netic composition of the group influences cooperation,
competition, and dispersal success.

Given the empirical, behavioral, or taxonomic limitations
of other self-assembling collective dispersal systems (e.g.,
ant towers, spider mite silk balls, and Dictyostelium fruiting
bodies® "), it is challenging to rigorously interrogate the mech-
anistic basis of collective dispersal and place this into an evolu-
tionary and ecological context. Our study establishes nema-
tode towering behavior as an excellent system for addressing
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Figure 4. No clear evidence of role specialization in towers

Worms sampled from top and bottom tower positions or from outside the tower showed similar reproductive, physiological, and locomotion conditions (CB4856,

day 1 adults).
(A) Boxplot indicating brood sizes across tower positions.

(B) Boxplot indicating body bend counts across different tower positions. Linear mixed-effect models AICs are provided in Table S1.
(C) First three principal components from the PCA of a crawling locomotion assay.

these questions. First, we provided the missing evidence for
nematode towers under natural conditions and confirmed the
structure’s ability to facilitate collective dispersal via phoresy.
We then developed a robust laboratory towering assay to char-
acterize and manipulate towering behavior under replicable,
standardized conditions. By leveraging the wealth of knowl-
edge, tools, and wild isolates available for C. elegans, we
have set the stage for characterizing the genetic, organismal,
and social mechanisms of collective dispersal. Given the feasi-
bility of applying methods established here for C. elegans to
both closely and distantly related nematode taxa, comparative
studies of towering behavior and its underlying mechanisms
among nematode species will yield insights into the intrinsic
and extrinsic variables governing patterns of behavioral
diversification across the phylum. Thus, nematode towering
stands to serve as a fruitful model to elucidate the molecular,
ecological, and evolutionary factors governing collective
dispersal.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, reagents, or experimental de-
tails should be directed to and will be fulfilled by the lead contact, Siyu Serena
Ding (serena.ding@ab.mpg.de).

Materials availability

This study did not generate new unique reagents. C. elegans strains N2 and
CB4856 used in this study are available from the Caenorhabditis Genetics
Center (CGC); C. elegans strain OMG8 was obtained from the laboratory of An-
dre Brown. Representative wild strains of C. sp. 8, C. remanei, and C. elegans
isolated in this study can be made available upon request.

Data and code availability
® The data generated are publicly available at GitHub at https://github.
com/SerenaDingLab/Perez_et_al_Towers24.
® The code created to analyze the data is publicly available at GitHub at
https://github.com/SerenaDinglLab/Perez_et_al_Towers24.
® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Axiozoom V16 upright fluorescence Zeiss https://www.zeiss.com/microscopy/de/
microscope, equipped with an AxioCam produkte/lichtmikroskope/stereo—-und-
712 color camera and an llluminator HXP zoom-mikroskope/axio-zoom-v16-fuer-
200C light source die-biologie.html

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Nematodes were collected from the University of Konstanz campus orchard (Germany) and a mushroom farm in North Berwick
(United Kingdom), and identified based on molecular barcoding of 18S rDNA sequences according to protocols outlined in Barriere
and Félix°® and described below, identifying an undescribed Caenorhabditis species (C. sp. 8°>*%), C. remanei, and C. elegans. Lab-
oratory C. elegans strains used in the study included N2 (laboratory reference strain; source: Caenorhabditis Genetics Center [CGC]),
CB4856 (Hawaiian wild isolate; source: CGC), and OMGS8 (mls12[myo-2p::GFP + pes-10p::GFP + F22B7.9p::GFP] Il introgressed 10x
into CB4856 background; source: Andre Brown lab). All C. elegans were cultured on 9 cm NGM plates seeded with 1.5 mL of E. coli
OP50 culture grown overnight at 37°C (ODggg = 2.2; source: CGC), and preparations and behavioral experiments conducted in the
laboratory at 20C.

METHOD DETAILS

Field work and species identification

Sediment samples were randomly sampled from mushroom growth flats and plated on 55 mm petri dishes filled with Nematode
Growth Media (NGM; 3 g NaCl, 17 g agar, 2.5 g peptone, 972 mL H,O, 1 mL CaCl,, 1 mL cholesterol [5 mg/mL cholesterol in
EtOH], 1 mL MgSQy, 25 mL 1 M KPO, buffer pH 6.0) seeded with E. coli OP50. A random subset of individual worms that crawled
onto the OP50 lawn were picked and transferred to 50 pL RNAlater™ (Invitrogen, USA) for preservation. The plates were then sealed
with Parafilm ® (Bemis Company, USA) and transported to the University of Konstanz. We were not able to collect the towers from the
mushroom farms to ascertain the exact species composition and animal stages; the collected soil samples consisted mostly of dauer
animals by direct observation. Individual nematodes were randomly picked and plated to create isoworm lines. From these preserved
samples and isoworm lines, either single worms (preserved samples) or 3-5 pooled individuals (lines) were placed into 3 or 6 pL 1X
worm lysis buffer (50 mM KCI, 10 mM Tris-HCI pH 8.3, 2.5 mM MgCl,, 0.45% IGEPAL, 0.45% Tween 20, 0.01% gelatin, with pro-
teinase K added to a final concentration of 0.2 mg/mL) in microcentrifuge tubes for DNA extraction. From rotting fruit samples at
the University of Konstanz orchard, towers were picked from the fruit using a digital microscope (AD246S-M, Andonstar Technology
Co., China) and platinum wire in the field, subsequently plated in 55 mm petri dishes containing NGM seeded with OP50, sealed with
Parafilm ®, and transported to the lab. The entire fruit was then collected in sterile Whirl-Pak® bags (Filtration Group, USA) for trans-
port to the lab. Upon arriving at the lab, the life stage and number of individuals from each tower was determined. A representative
subset of individual worms from the plated towers were then picked and placed directly into 1X worm lysis buffer. To characterize the
nematode community of the whole fruit, a ~5-15 g subsample of fruit was placed on a 90 mm petri dish filled with NGM and seeded
with a 100 pL of OP50 in the center. After 24-72 hours, individual worms chosen to represent the morphological diversity of observed
nematodes were picked from this plated sample and placed in 1X worm lysis buffer. All samples in lysis buffer were frozen at -80° C
for at least 10 minutes to crack the cuticle.®” After freezing, samples were lysed by incubation at 65° C for 60 minutes, followed by
30 minutes at 95° C for heat deactivation of proteinase K.°® Primer pairs 988F-1912R and 1813F-2646R were used to separately
amplify two fragments of the 18S rDNA gene using the conditions optimized for these primers in Holterman et al.,*® with a final volume
of 50 uL, containing 1 uL DNA lysate, 1 pL forward PCR primer, 1 pL reverse PCR primer, 1 uL dNTPs (Qiagen, Germany), 5 pL Taq
Buffer (New England Biolabs, USA), 0.25 pL Taq polymerase (New England Biolabs, USA), and 40.75 pL H,O. Amplicons were pu-
rified using the Exo-CIP Rapid PCR Cleanup Kit (New England Biolabs, USA), DNA concentration quantified on Qubit using the 1x
dsDNA High Sensitivity kit (Invitrogen, USA), and sent to Eurofins Genomics for Sanger sequencing. Sequences received from Euro-
fins were uniformly trimmed based on chromatogram traces, trimming the first 50 bp from the 5’ end of each sequence, and trimming
the 3’ end to achieve a total length of 850 bp for 988F-1912R and 750 bp for 1813F-2646R. Some sequences required additional
trimming of the 5’ end, as indicated in Table S2, due to low quality base calling. Trimmed sequences were BLASTed against the
NCBI sequence database for Nematoda (taxid:6231) using blastn.®® Species placement was determined by E value and sequence
similarity between the query sequence and top hits from BLAST, with the first hit for each query sequence reported in Table S2. After
initial sequencing results confirmed the identity of C. sp. 8 and C. remanei in 20 towers, we were able to assign all subsequent
towering individuals to their respective species based on morphological and behavioral characteristics (male tail morphology, repro-
ductive mode, mating behavior). While it may be possible that females of additional Caenorhabditis species could go undetected with
this approach, we are confident in our assessment of the single species identity of the towers based on never finding a second spe-
cies within a single tower in the subset of individuals sequenced across all observations, and never observing males of other Caeno-
rhabditis species in a tower dominated by either C. sp. 8 or C. remanei, despite their presence on the same fruit.
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Laboratory tower assay

To obtain the worms for towering assays, stocks for C. elegans strains were grown to obtain plates full of gravid hermaphrodites. The
worms were washed from plates with M9 buffer (Na,HPO, 3 g, KH,PO, 6 g, NaCl 5 g, MgSO, at 1M 1 mL, sterile water 999 mL) and
dispensed in falcon tubes to be centrifuged (Centrifuge 5702, Eppendorf) at 1500 rpm for 2 minutes. The supernatant containing
OP50 was discarded and more M9 was added to the tube, and this process was repeated two more times. Next, 4mL of bleach (so-
dium hypochlorite + 5% active chlorine 1.6 mL, NaOH at 1M 1 mL, sterile water 1.4 mL) and 4 mL of M9 was added to each tube. The
tubes were vigorously vortexed for 4 minutes to break the worm cuticle and isolate the eggs. M9 was then added to the tubes, the
tubes were centrifuged at 2500 rpm for 2 minutes and the supernatant discarded, a process repeated for 5 times until the solution
became bleach-free. The tubes were placed in a drum rotator (Disc/Drum Rotator SB2, Stuart) rotating at speed 1 to allow for the
eggs to hatch and enter L1 diapause overnight in M9 to achieve a synchronized population. L1 larvae density in M9 was estimated
by counting the number of individuals in a 5 pL droplet, and the following procedures were performed to obtain distinct worm pop-
ulations for behavioral assays. Synchronized Day 1 adult populations were obtained by plating 4000 L1 larvae on a 9 cm NGM plate
seeded with exactly 1.5 mL OP50 (ODggo=2.2), and waiting ~56 hours for the larvae to grow into young adults. Dauer populations
were obtained by plating 40000 L1 larvae on a 9 cm NGM plate seeded with exactly 1.5 mL OP50 (ODggp=2.2) and waiting ~48 hours
for these larvae to reach the L2 stage, starve, and form dauers; the precise amount of OP50 is essential here such that the 40000
larvae could reach L2 and then immediately starve for dauer induction. Mixed-stage populations were obtained by plating 100 L1
larvae on seeded 9 cm NGM plates and passaging for at least three generations by chunking, until a final population of ~4000
mixed-stage animals was obtained. Worm populations were harvested from stock plates with M9 buffer and the worm solution
was transferred to a 15 mL tube. Bacteria was removed through a series of four M9 washes by filling the tube with M9, centrifuging
(Centrifuge 5702, Eppendorf) the tube at 1500 rpm for 2 minutes to pellet the worms, and then discarding the supernatant containing
the OP50. After four washes the concentrated worm pellet at the bottom of the tube was bacteria-free, thus achieving the starvation
condition.

To promote worm towers in the lab, assay plates were prepared by filling each 35 mm Petri dish with ~3 mL of 2% agar, and
planting a toothbrush bristle (Super soft performance sensitive, Bevola) as the climbing pillar ~0.5 cm away from the plate edge using
eyebrow tweezers. The concentrated worm pellet was transferred to the base of the pillar using a glass pipette. Approximately 4000
(+ 1000) (~16,000 for large tower experiments) worms were used in the assays, although the number of worms transferred was not
strictly controlled. The worm droplet was left to dry undisturbed for one hour with the petri dish lid off inside a fume hood (Prutscher) at
maximum fan capacity setting, during which time the worms formed an aggregate at the base of the pillar and started towering.
Different pillar materials were tested during the development of this laboratory tower assay before finalizing on the toothbrush bristle.
We found that worms could not climb pillars made out of glass due to a lack of friction, and pillars made from animal hair and platinum
wire led to desiccation and animal death. Plant thorn, ginger scaffold, apple scaffold and cotton threads have too high friction leading
to single worms frequently climbing individually rather than towering together; plus, these materials also lack experimental standard-
ization and so were eventually discarded in favor of toothbrush bristle for this assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral recording and quantification

Various techniques were employed to image the towers. Imaging of natural towers was performed using a digital microscope
(AD246S-M, Andonstar Technology Co., China) with the 18-720x "Lens A" objective, mounted on a rotating boom arm to enable posi-
tioning above the fruits with minimal disturbance at the University of Konstanz orchard. The same imaging set up was used in the lab
for observing the behavior continuously for long periods (>4 hours) (Figures 1A, 1C, and S1B). Towers were also imaged with a DSLR
camera (Canon EOS 80D) and a macro lens (Canon Macro Lens MP-E 65mm(f/2.8 1-5 x, Canon) on the mushroom farm in North Ber-
wick (Figure 1B). To image lab-produced towers, side view footage was captured with the DSLR camera and macro lens set to
magnification 3 to 4x (Figures 2A-2C) or to 1x (Figures 3B and 3C), with enough field of view to capture tower morphology. Additional
qualitative imaging of towers in the lab was conducted using a phone camera (iPhone 12 Pro, Apple) through the ocular of a
dissecting microscope (Stemi 508, Zeiss) using a phone camera adaptor (LabCam for iPhone, llabcam) (Figure 3D). To image indi-
vidual GFP-labeled worms inside towers (Figure 3A), the assay plate was tilted at 90 degrees under the Axio Zoom V16 (Zeiss) upright
fluorescence microscope equipped with an AxioCam 712 color camera (Zeiss; llluminator HXP 200C light source, excitation filter
450-490 nm, emission filter 500-550 nm). Images were acquired at 23 frames per second.

For quantification, the bare pillars without worms were imaged next to a caliper for scale prior to the experiment. The software Im-
ageJ 1.53t"® was used to measure pillar length and tower height from the recorded towers. Average tower height was measured from
three frames with an hourly inter-frame interval for subsequent statistical analysis. This sampling frequency was sufficient because
tower heights roughly exhibit steady-state during the first two hours of our assay, as verified by bespoke automated tower tracking
and time series analysis of tower heights from 4-hour continuous video recordings (Figure S1B). We tracked towers and assessed
tower heights over time using a MATLAB script. First, the tower bases were annotated manually, and a rectangular Region of Interest
was defined—centered on each base’s y-coordinate and sized to fully encompass the tower. Then one frame per second was
sampled and each pair of consecutive frames were compared to compute the absolute difference between them. A brightness
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threshold was applied to identify pixels showing significant change, and the highest vertical coordinate among these pixels was re-
corded as the tower height. Verification videos were generated, and dynamic regions were manually inspected to ensure the quality
and consistency of the measurements.

To test for role specialization among individuals within the tower, we conducted brood size, thrash and crawling assays. For brood
size assay, a single Day 1 adult at the beginning of their brood period was collected from the top, the bottom, or outside of a given
tower for the brood size assay (n = 36). This was done by carefully picking off the whole tower with tweezers and laying it flat on an
unseeded plate to let worms crawl out of the tower pillar, so that one worm from the top and one from the bottom could be isolated
and collected. The worm from outside the tower was picked directly from the agar surface of the assay plate. The worms were indi-
vidually transferred to a well of a standard six-well plate filled with 3 mL of no-peptone NGM agar seeded with 60 pL of OP50 for 24
hours to lay eggs. Each worm was transferred to a new well every 24 hours to avoid crowding and overlapping generations in the well,
and this was repeated four times to cover the entire brood period. All multi-well plates containing the eggs were stored until the
offspring reached L4 to adult stage for counting of the total brood size. For thrash assay in liquid, one worm each was picked
from the top, the bottom, or outside of a given tower as described above (n = 19). Each picked individual was transferred into a
100 pL droplet of M9 in a watch glass plate, habituated for 10 seconds, and its thrashing movements were recorded for 10 seconds
at 30 frames per second using the phone camera attached to the microscope ocular. The videos were scored manually for the num-
ber of times the worm laterally bent its body into a C-shape during those 10 recorded seconds. For crawling assay on agar, one worm
each was picked from the top, the bottom, or outside of a given tower as described above (n = 32). Each picked individual was trans-
ferred to an individual well of a standard six-well plate filled with 3 mL of no-peptone NGM agar (NaCl 3g, agar 17g, CaCl, [1M] 1 mL,
MgSQO,4 [1M] 1 mL, KPO4 buffer [pH 6.0 at 1M] 25 mL, cholesterol [5 mg/mL in EtOH] 1 mL, sterile water 972 mL) seeded with 60 pL of
OP50. Worms were habituated for 5 minutes and recorded for 10 minutes at 25 Hz using the commercially available Kastl high-
throughput megapixel camera array imaging system®® (Loopbio GmbH). To analyze the crawling behavior, recorded videos were
run through Tierpsy Tracker software to automatically extract a set of 16 quantitative behavioral features*”°" for each recorded in-
dividual. Missing values (NaN) from the feature matrix were imputed with the mean value for each feature column, and the resultant
feature matrix was z-normalized. Using Python, a PCA was conducted on the transformed feature matrix using the built-in PCA func-
tion from the Scikit-learn Python package.®”

Statistical analysis

All statistical tests were performed in R (v. 4.3.3) (R Core Team 2024) in RStudio (v. 2023.12.1+402) with the significance level set at
a=0.05. To test the effect of food on tower height, a linear regression model (LM) using /Im function from stats package was run using
experiments with CB4856 Day 1 adults with (n = 11) or without (n = 12) OP50 in the assay plate (Figure S1A). Tower height was pitted
as the response variable, with the type of plate (presence or absence of food) as a fixed explanatory variable. To test the effect of life
stages and strain on towering (Figure 2), a linear mixed-effect model (LMM) using the Imer function from Ime4 package*® was fit with
mean tower height as the response variable. We used strain (N2 or CB4856) and life stage (Day 1 adult, dauer, or mixed-stage) as
fixed explanatory variables (n = 153), pillar length (filtered to a range between 2 and 4 mm) as a covariate, and assay date as arandom
effect. The final minimal adequate model for tower average height contains all covariates (strain, life stage and pillar length) and had
substantial explanatory power (conditional R* = 0.73), as did our fixed effects alone (marginal R? = 0.57). Standardized parameters
were obtained by fitting the model on a standardized version of the dataset, while confidence intervals were computed using a Wald
t-distribution approximation. To test whether worms from the top, the bottom, or outside the tower had reproductive condition dif-
ferences (Figure 4A), a LMM was run using total brood size as response variable and worm position (three levels: top, bottom or
outside) and tower height as fixed explanatory variables. To assess the effect of physiological conditions (Figure 4B), a LMM was
run using thrash counts (z-transformed) as response variable. Position (three levels: top, bottom or outside) and tower height
were pitted as fixed explanatory variables. The effect of pillar length was not included in the model, since towers were picked as
soon as they reached the top of the pillar so pillar length was equivalent to tower height. Plate ID (three worms picked from each plate)
was accounted for in all models as a random factor. To obtain the simplest model with a minimum of predictors that explains the
maximum variance, model selection was performed by starting with the full model structure with all predictors, and then dropping
the variables one by one and assessing the effect compared to the full model using the Akaike Information Criterion (AIC) (AlCtab
in the bbmle*®) and y? tests (anova function in the car package®?). Response variable frequency distributions were checked
for normality and data transformations were conducted when necessary. All assumptions for model fit were visually inspected for
e.g. residuals distribution using the packages DHARMa®' and performance.>® The model results and raw data were plotted using
the packages ggplot2°° plotly®* interactions.*®
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