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The physical consequences of sperm  
gigantism
 

Jasmin Imran Alsous    1,5, Brato Chakrabarti    2,5, Bryce Palmer    1,3 & 
Michael J. Shelley    1,4 

Males of the fruit fly Drosophila melanogaster produce sperm that are 
each, on average, a couple of millimetres long. Thousands of sperm are 
stored in a seminal vesicle of only about 200 µm in size. Although the 
evolutionary pressures underlying such extreme flagellar lengths have 
been investigated, the physical consequences of their gigantism remain 
unclear. Here we show that sperm are packed into a dense and highly aligned 
state. We also find that sperm exhibit system-wide collective material flows 
with persistent and slow-moving topological defects. Individual sperm, 
despite their extraordinary lengths and in contrast to their feeble motility in 
isolation, propagate rapidly through the flagellar material, moving in either 
direction along material director lines. To rationalize how these collective 
behaviours arise from the non-equilibrium dynamics of the constituents, 
we conceptualize the motion of individual sperm as topologically confined 
to a reptation-like tube formed by its neighbours. Here sperm advance 
through amplitude-constrained and internally driven bending waves, 
pushing off counterpropagating flagella. We derive a continuum theory that 
produces an extensile stress that can sustain an aligned flagellar material, 
and verify theoretical predictions. Our work suggests that active stresses 
in the flagellar material maintain the sperm unentangled in both male and 
female storage organs and establishes giant sperm in their native habitat as a 
physiologically relevant active matter system.

Some animals produce exceptionally long sperm, comparable with 
the animal itself, and exceeding the distance travelled in the female. 
Such ‘giant’ sperm have evolved in several animal taxa1–7 for >100 mil-
lion years8—a testament to the enduring success of sperm gigantism 
as a sexual strategy. Males of the fruit fly Drosophila melanogaster—a 
powerful and relevant organism for the quantitative and mechanistic 
studies of reproduction and post-copulatory sexual selection9–16, pro-
duce ~1,800-μm sperm (Fig. 1a and Extended Data Fig. 1)17,18. Most of the 
sperm’s length is accounted for by a relatively thick (d ≈ 0.5−0.7 μm  
(refs. 19,20)) and active flagellum (tail) that is powered by bending 
waves generated by the conserved microtubule-based axoneme 

(Supplementary Video 1)21–24; the needle-shaped head is merely ~10 μm 
long. Sperm produced in the testes as bundles are deposited as individu-
als in two seminal vesicles (SVs), which are L ≈ 200 μm teardrop-shaped 
sacs that can store thousands of such ultralong sperm until mating25–27 
(Fig. 1b,c and Supplementary Fig. 1). The dense packing of long, slender 
objects is a ubiquitous biological phenomenon—perhaps its most nota-
ble biological realization being the packing of metres of chromosomal 
DNA within a 10-μm human nucleus28. An important class of these prob-
lems arises when the filaments themselves are internally active; one such 
example is the centimetric California blackworm, hundreds of which can 
form a tightly wound three-dimensional (3D) tangled structure, but can 
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Fig. 1 | 3D organization and packing of giant D. melanogaster sperm in the 
SV. a, Schematic of a single D. melanogaster sperm traced from a confocal image 
(Extended Data Fig. 1) shown to scale relative to a Homo sapiens sperm and to 
the male’s sperm storage organ, the SV, in b and c. The sperm generates bending 
waves (Supplementary Video 1); the inset shows two overlaid successive time 
points. Scale bar, 10 μm. b, Simplified schematic of the male’s reproductive 
system. Sperm produced in the ~2-mm-long testes (magenta) are deposited in 
a pair of SVs (orange). c, Maximum intensity projection (MIP) of fluorescently 
labelled sperm flagella in the testis and mature sperm in the SV. Colour encodes 
the DJ-GFP signal intensity, highlighting the dense packing of sperm in the SV. 
Scale bar, 100 μm. d, A 3D rendered image of all sperm in the SV, coloured by 
intensity I, acquired through SBF-SEM of the entire storage organ, with a voxel 

size of 10 nm in the x–y direction and 100 nm along the z direction (Extended 
Data Fig. 2 and Supplementary Video 2). A portion of the data is digitally removed 
to expose the packing of sperm in the bulk; partial views of two segmented sperm 
(orange and magenta), spanning regions of distinct local alignment, are shown. 
Scale bar, 20 μm. e, A single SBF-SEM section with four partially segmented 
sperm. A different viewing angle, with the SV’s boundary demarcated (white 
shell), is also shown. Two regions (white boxes) are magnified to highlight 
the individual sperm’s out-of-plane (i) and in-plane (ii) arrangement. f, MIP of 
fluorescently labelled sperm heads (ProtB-DsRed), colour coded by depth (z) in 
the SV (Supplementary Video 2), with one region magnified. Scale bar, 20 μm. 
The rightmost inset is the corresponding MIP of the flagella (DJ-GFP).
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rapidly disentangle under duress29. Ultralong sperm must resist knots 
and tangles to travel within and across reproductive tracts30,31, raising 
questions about how these cells organize2, and how their autonomous 
activity and interactions manifest within these tight confines.

Here we report the discovery of an in vivo active matter system in 
which dense collectives of giant sperm organize into an aligned and 
structured motile state, punctured only by spontaneous and persis-
tent topological defects, resembling a living liquid crystal32,33. Highly 
resolved and rapid microscopy, perturbation experiments and simu-
lations of active elastic filaments demonstrate that these dynamics 
arise from contact interactions between counterpropagating sperm 
that actively reptate within the flagellar mass. A minimal and experi-
mentally constrained coarse-grained theory built on this conception 
rationalizes the sperm’s ordered motility, separation of timescales and 
system-wide flagellar flows in the SV, as well as the sperm’s dynamics in 
the female’s primary storage organ. Our work suggests a role for active 
material stresses in fluidizing sperm in their native microenvironment, 
with implications for the animal’s fertility.

3D in vivo organization of giant sperm
We first set out to reconstruct the sperm’s 3D organization and packing 
in the SV, readily extractable from the abdomen through dissection 
(Fig. 1a,b and Supplementary Section I.B). Using serial block-face scan-
ning electron microscopy (SBF-SEM), we acquired a volumetric image of 
the SV and its resident sperm. By revealing the nanoscale ultrastructure 
and anatomical features34, SBF-SEM allows us to resolve all individual 
sperm in the entire organ (Supplementary Video 2 and Supplementary 
Section I.C). We discovered that the SV (~200 μm × 150 μm × 150 μm), 
independent of the sectional orientation (Extended Data Fig. 2), is 
densely packed with sperm whose alignment is correlated over a length 
scale of ~48 ± 12 μm (n = 8 +1/2 defect pairs from five SVs; Supplemen-
tary Section II.D). 3D reconstructed segmentations reveal that a sperm 
meanders through the SV, with periodic, low-amplitude undulations 
along its flagellar backbone, presumably resulting from internally 
generated deformation waves (Fig. 1d, middle). The sperm’s length, 
longer than the correlation length of the director orientation, suggests 
that its flagella transits through multiple regions of varying nematic 
orientation (Fig. 1e).

We also performed 3D confocal imaging of sperm whose flagella 
and heads were illuminated through the fluorescent labelling of Don 
Juan protein (DJ-GFP), a male germline-specific mitochondrial pro-
tein found along the entire length of the ~1,800-μm flagellum35, and 
protamine B (ProtB-DsRed), a protein involved in DNA compaction36, 
respectively (Supplementary Section I.B). Consistent with our SBF-SEM 
data, we found that sperm in the SV are packed into a dense, aligned 
state—evident from examining the spatial organization of both their 
relatively short heads and much longer flagella (Fig. 1f). We estimate 
the sperm’s volume fraction φ in the SV ranges from ~40%–60% (Sup-
plementary Section II.H).

Collective material flows and individual laning
We next turn to the sperm’s dynamics. Supplementary Video 3 shows a 
time lapse that captures the individual and collective motion of sperm 
in their dense in vivo environment, visible through the fluorescent 
labelling of the sperm’s heads and flagella, respectively. These data 
reveal that in contrast to the passive, bundled and immotile sperm in 
the testes (Fig. 1c)25,37, sperm in the SV are highly motile. Specifically, the 
sperm’s flagella fold and bend collectively, resulting in continuously 
evolving and coherent, system-wide flagellar material flows, lasting 
for hours following SV extraction (Fig. 2 and Supplementary Video 3). 
We also observe persistent ±1/2-order topological defects (Fig. 2a–c), 
whose cores are devoid of sperm, spontaneously formed by the fold-
ing of long flagella, similar to the defects formed by deforming fibres 
in cavities38 and growing long-chain bacterial colonies39. In a nematic 
field, such ±1/2 defects are singular points around which the director’s 

local orientation rotates by 180°: the +1/2 defect has a comet-like, polar 
shape and is motile, whereas the –1/2 defect has a three-fold symmetric 
structure and is largely stationary40. Gradients in the director field 
near these defects drive material stresses and local flows; however, 
unlike in other active nematics such as epithelial monolayers41, where 
anisotropic friction leads to density accumulation near +1/2 defects42,43, 
sperm in the SV appear to maintain nearly uniform density away from 
the defects’ voids. Live imaging further reveals that flagella are highly 
aligned, as characterized by the scalar order parameter S, obtained from 
the local nematic tensor constructed from tangent vectors along the 
sperm’s centre lines (each filament is represented as a series of short 
rod-like segments, whose tangent orientations are locally averaged; 
Supplementary Section II.A). The nematic director field shows that 
changes in flagellar orientation occur over a characteristic length scale 
Ld ≈ 70 ± 11 μm, given by the separation distance of pairs of +1/2-order 
defects (Fig. 2e), in agreement with the correlation length measured 
from fixed SVs.

By tracking the moving comet-shaped +1/2-order topological 
defects, we obtained a proxy value for the material speed as U ≈ 2.4 ± 
0.9 μm s−1; –1/2-order defects are, by contrast, much slower, moving at 
~0.68 ± 0.24 μm s−1 (Fig. 2g and Supplementary Section II.C). The direc-
tion of motion of the +1/2-order defects (rear to front) indicates that 
the flagellar material is under extensile (← →), rather than contractile 
(→ ←), stress along the material director field41. The orientation of the 
director field changes with a characteristic timescale of τ ≈ 45 ± 15 s 
(Fig. 2f)—interpretable as a measure of the inverse time associated 
with the mean vorticity of the material flow (Supplementary Section 
II.D). Given a system size L ≈ 200 μm, we find that U ≈ L/τ ≈ 3–4 μm s−1—in 
agreement with the measurements of +1/2-order defect speeds.

From the same microscopy data, we also tracked the sperm’s 
needle-shaped heads: being the same width as the flagellum, yet much 
shorter, the ~10-μm-long heads serve as natural, sparser markers for 
sperm motion through the dense flagellar material (Fig. 1a and 
Extended Data Fig. 1). We found that sperm swim past each other  
along the nematic director lines, and do so relatively quickly 
(vs ≈ 15.6 ± 5.1 μms−1) compared with the material speed U (Fig. 2g). 
When successive frames in a time lapse are superimposed, the sperm’s 
laning dynamics can be captured in a still (Fig. 2d), just as long-exposure 
photography captures the laning of cars on highways.

We also acquired time lapses of fluorescently labelled sperm in 
SVs that have been compressed under a coverslip (Supplementary 
Section I.B). In such a setup, the sperm’s out-of-plane motion is sup-
pressed, thereby confining the dynamics to a quasi-two-dimensional 
(2D) geometry, and sperm experience enhanced friction with the con-
fining tissue. Nonetheless, we observe system-wide material flows with 
qualitatively similar features as those observed in the uncompressed 
SV (Fig. 5a,b, Extended Data Fig. 4 and Supplementary Video 5), sug-
gesting that out-of-plane flagellar motion is not central to the emergent 
material flows.

In contrast to the persistent and directional motility of the sperm 
in the SV (Fig. 2a and Supplementary Video 3), sperm released from the 
SV into the surrounding buffer remain largely stationary, despite waves 
of deformation moving along their flagella (Supplementary Video 1). 
The weak or absent progressive motility of isolated Drosophila sperm 
in vitro22,44,45 and of giant sperm in other species24,46 contrasts with that 
of self-propelled cells, such as mammalian sperm or bacteria. These 
data suggest that the spatial restriction of the in vivo environment 
underpins sperm’s directed motility.

Photomanipulation reveals apolar organization
As a first step towards understanding the mechanism and nature of 
interactions that underlie the sperm’s individual dynamics and emer-
gent material flows, we characterized the sperm’s relative motion 
in vivo. Again using time lapses of sperm in the SV, we identified and 
examined over 1,100 contiguous pairs of fluorescently labelled heads 
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Fig. 2 | Spatiotemporal dynamics of individual giant sperm and their collective 
flows in vivo. a, Snapshots from a time lapse of fluorescently labelled sperm (tails 
or flagella in grey; heads in red) in an optical section through the SV, ~20 μm from 
the organ’s surface (blue dashes at t = 0 s delineate the SV’s boundary). The 
flagella exhibit continuously evolving system-wide ‘material’ flows, characterized 
by alignment and persistent ±1/2-order topological defect dynamics 
(Supplementary Video 2). Magnified views of the boxed regions are shown in c. b, 
Material velocity fields with the magnitude of U (colour coded); arrows are 
velocity vectors. The measurement of U ≈ 2 μm s−1 through the optic flow is in 
agreement with the estimate obtained by measuring the timescale of evolution of 
the local average director orientation (see f) and from tracking the motion of 
+1/2-order defects (see g). c, Sperm heads (ProtB-DsRed, red) with an overlaid 
nematic director field in proximity to a +1/2-order (left) and a –1/2-order (right) 
defect. Sperm swim along the nematic director field lines (arrows indicate their 
direction of motion) more rapidly (vs ≈ 15 μms−1) than the emergent flagellar 

material flows (see g). d, Colour-coded MIP of successive frames from a 6-s 
window from the time lapse of an SV with fluorescently labelled heads (ProtB-
DsRed), capturing the sperm’s laning behaviour. e, Snapshot of an SV from the 
time lapse with an overlaid nematic director field (white), showing the separation 
between a pair of +1/2-order defects (average Ld ≈ 70 ± 11 μm, n = 12 +1/2-order 
defect pairs). The nematic order parameter 0 ≤ S ≤ 1 is colour coded. Scale bars, 
10 μm (a, d and e). f, Average orientation of sperm heads (ProtB-DsRed, red) in a 
region of interest (ROI; black) in an optical slice over time, from which we 
estimate the characteristic timescale of reorientation of the flagellar material τ  
(n = 13). Insets show the heads’ average orientation (cyan) within that ROI, with 
the overlaid director field (black). g, Histograms of the speeds of individual 
sperm (red) and +1/2-order defect (grey), highlighting a separation of timescales; 
the dashed lines indicate the respective averages (n = 174 individual sperm in 9 
SVs; n = 59 +1/2-order defects in 11 SVs; –1/2-order defects are much slower, with 
speeds of ~0.68 ± 0.24 μm s−1, n = 10 +1/2-order defects in 4 SVs).
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(separated by less than ~0.5 μm) at various depths and locations, and 
found that in ~79% of cases, sperm swam in opposite directions (Fig. 3a,b 
and Supplementary Section II.F). To relate these data to the behaviour 
of the flagella, we selectively photobleached fluorescently labelled 
flagella in different regions of the SV, thereby marking a subset of fla-
gellar segments. This experiment uncovers the relative dynamics of 
individual tails in the dense assembly—an approach effectively used 
in active in vitro motor-driven microtubule assemblies32,47. We con-
firmed that the director field intensity and individual sperm speeds 
remained largely unaltered pre- and post-photobleaching (Supple-
mentary Section II.G).

Our data reveal that adjacent photobleached flagellar segments 
move predominantly in opposite directions along the field lines 
(Fig. 3c–f and Supplementary Video 4), consistent with results obtained 
from tracking head pairs. The extent of the sperm’s interdigitation can 
be measured by Λ, defined as the distance between two bleached seg-
ments moving in the same direction, separated by one or more bleached 
segments moving in the opposite direction (Supplementary Section 
II.F). As such, Λ has a lower bound of one sperm diameter (d ≈ 0.5−0.7 μm 
(refs. 19,20)), realized by a completely interdigitated arrangement of 
counterpropagating sperm that constitute a locally apolar material, 
whereas higher values of Λ reflect the copropagation of adjacent sperm, 
consistent with a material of higher polarity (Fig. 3e,f). We found that 
Λ̄ = 1.8 ± 1.2μm (Fig. 3h), comparable with the diameter of ~1−2 sperm, 
suggesting that the relative motion of sperm is generally that of coun-
terpropagation, consistent with observations from photobleaching 
experiments in a quasi-2D geometry (Supplementary Section II.G and 
Supplementary Video 5). We further observed that copropagating 
bleached segments moved slower than their interdigitated counter-
parts. In particular, repetitive photobleaching of such polar regions 
revealed the local evolution of the sperm’s relative motion, whereby 
polar regions became progressively apolar (Extended Data Fig. 3 and 
Supplementary Video 4). Although our analysis focused on regions of 
uniformly aligned sperm, we observe similar interdigitation of 
bleached flagella along director lines at topologically more complex 
regions like a tri-junction (Fig. 3g and Supplementary Video 4). The 
sperm’s splitting behaviour described above is similar to that observed 
in densely crosslinked microtubule networks47, but contrasts with that 
observed when photobleaching a dense microtubule-motor suspen-
sion (figure 2a and supplementary videos 2–4 of ref. 48), where no 
measurable relative sliding of microtubules is observed; instead, the 
photobleached region deforms with the surrounding material, stretch-
ing along the director and compressing perpendicular to it—as 
expected for 2D incompressible flows. Taken together, a quantitative 
analysis of the sperm’s in vivo dynamics reveals a nematic material 
comprising predominantly counterpropagating flagella.

Active reptation explains observed dynamics
How might we make sense of our experimental observations? Given 
the sperm’s dense packing and alignment in the SV, we conceived 
of a theoretical model in which an individual sperm’s dynamics are 
geometrically constrained to move in an effective tube formed by its 
neighbours (Fig. 4a). This description is analogous to the reptation 
of linear polymer chains in a melt, where thermally driven transverse 
fluctuations along the polymer backbone are restricted to an imagi-
nary tube49; here, however, the transverse undulations are generated 
through active bending waves along the flagellar backbone. A geometric 
scaling argument based on an idealized uniform packing of aligned 
sperm predicts that above a volume fraction of ~30%, interflagellar 
spacing is comparable with the amplitude of the bending waves (Sup-
plementary Section III); given an average volume fraction of φ ≈ 47% 
in the SV and the sperm’s nematic alignment, wave propagation will 
result in contact-based interactions between adjacent flagellar back-
bones (Fig. 4). The deformation waves found in reconstructed sperm 
morphologies (Fig. 1d), the phase-synchronized waves observed among 

copropagating sperm within the SV (Supplementary Video 6) and the 
travelling bending waves moving along sperm released from the SV 
(Supplementary Video 1) support the thesis of flagellar wave-mediated 
contact interactions in vivo. Although a bacterium derives its thrust and 
drag from the surrounding fluid, we hypothesize that SV sperm motility 
stems from steric and lubrication interactions between counterpropa-
gating flagellar bending waves. As we demonstrate below, given the 
sperm’s dense packing in the SV, hydrodynamic interactions are heavily 
screened50, suggesting that long-range fluid-mediated interactions are 
not central to the observed material flows.

To illustrate that contact forces between counterpropagat-
ing flagellar waves are sufficient to give rise to directed motility, we 
first performed simulations of interacting active filaments whose 
centre-line dynamics are governed by the overdamped force and 
moment balance as

∂sF +∑
i∈C

δ(s − sic)Fi
c + f vis = 0, (1)

∂sM + xs × F +mvis = 0. (2)

The centre line x(s, t) is parameterized by the arc length s; F is the 
internal elastic force along the backbone and M is the internal bend-
ing moment; Fi

c is the ith contact force at the location x(sic) from the 
set of 𝒞𝒞 contacts; fvis and mvis represent viscous forces and moments 
per unit length, respectively. We solve the above equations within 
the computational framework of discrete elastic rods (DER) (Fig. 4b 
and Supplementary Section V.C)51,52 in which sperm are modelled as 
weakly extensible filaments with an aspect ratio of 1:300 and bending 
rigidity of a flagellum53. The filaments are actuated by prescribing an 
internal bending moment of the form M = B ⋅ (κ − κact(s, t)), where B 
is an (isotropic) bending moduli tensor, κ is the instantaneous cur-
vature vector and κact(s, t) is a prescribed time-periodic curvature 
wave. The difference between the instantaneous and active curvature 
gives rise to moving deformation waves along the elastic filament 
(Supplementary Section V.C). Overlap between adjacent filaments 
is prevented through excluded volume interactions, modelled using 
soft repulsive potentials. Note that the model does not prescribe the 
kinematics of the filaments, but solves for the emergent dynamics. 
In Stokes flow, the propulsion of an isolated, undulating active fila-
ment stems from the anisotropic drag forces experienced by the 
slender object54. To preclude this mechanism of propulsion, we use 
isotropic drag for force fvis and torque mvis (Supplementary Section 
V.B); as a result, an isolated active filament does not propel (Fig. 4b(i) 
and Supplementary Video 6).

To investigate how contact interactions alter these dynamics 
in a configuration of such active, densely packed and aligned fila-
ments, we first consider planar (2D) assemblies in two distinct arrange-
ments. In the first, all filaments propagate waves in the same direction 
(Fig. 4b(ii)); in such a polar assembly, the filaments remain largely 
stationary (Supplementary Video 6). In the second case, neighbouring 
filaments propagate waves in opposite directions (Fig. 4b(iii)); in this 
apolar assembly, adjacent filaments translate opposite to their direc-
tion of wave propagation, resembling the experimentally observed 
splitting of bleached flagella in apolar regions of the SV (Fig. 3c). We 
also performed simulations of various configurations of filament 
arrangements of co- and counterpropagating filaments for quantita-
tive comparisons with experimental data (Fig. 3c,d). Building on these 
findings, we next performed large-scale 3D DER simulations to explore 
the consequences of possible effects such as twisting, interlacing and 
local buckling for the two extreme cases: polar and apolar assemblies 
(Supplementary Section V.C). Despite these additional complexities, 
we observe qualitatively similar separation dynamics as in two dimen-
sions, where filaments in an apolar configuration counterpropagate, 
whereas those in a polar assembly remain largely stationary (Fig. 4e). 
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These results demonstrate that the reciprocal pushing of active fila-
ments can give rise to their oppositely directed propulsion. Such 
counterpropagation driven by active bending waves has no direct 
counterpart in cytoskeletal assemblies, where sliding arises from 
multimeric motor proteins that drive anti-aligned filaments past one 
another32,47. The mechanism proposed here is also distinct from that 

of fluid-mediated thrust that drives the motility of mammalian or sea 
urchin sperm54,55, but is similar to that used by other insect sperm to 
propel themselves through narrow ducts: rather than ‘swimming freely 
in the seminal fluid’46, giant sperm have been hypothesized to create a 
thrust to propel through contact-based interactions with the walls of 
the female’s reproductive tract56.
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Fig. 3 | Photomanipulation experiments reveal the sperm’s nematic and 
largely apolar arrangement. a, Snapshots from time lapses of sperm with 
fluorescently labelled heads (ProtB-DsRed, red) and flagella (DJ-GFP, grey) in the 
SV. Two contiguous pairs of heads are shown, with blue and orange arrows 
indicating the heads’ counter- and copropagation, respectively. Scale bar, 5 μm. 
b, Bar chart of the number of such counter- and copropagating head pairs 
(n = 1,104 pairs from six SVs). c, Snapshots from the time lapse of fluorescently 
labelled sperm in the SV, during which a (green) rectangular ROI, perpendicular 
to the sperm’s nematic director, is photobleached at t = 0 s. Photobleaching 
marks the sperm within the photobleached ROI, revealing the relative motion of 
flagella in this dense material. Adjacent photobleached segments 
counterpropagate along the nematic field lines at t = 0.6 s. The third panel shows 
the subtraction of the DJ-GFP signal in the two time frames to aid in visualization, 
with sperm heads (ProtB-DsRed) overlaid (arrows indicate their direction of 
motion). d, Normalized intensity as a function of distance in y along the blue 
region in c at t = 0 s and at t = 0.6 s, demonstrating the rapid recovery of 
fluorescence through the influx of unbleached sperm from above and below the 

bleached region in apolar regions of the material. e, Snapshots from a 
photobleaching experiment showing the splitting of the bleached region into 
relatively larger clusters of copropagating photobleached flagella. The third 
panel shows the subtraction of the DJ-GFP signal in the two time frames, with 
overlaid sperm heads. f, Normalized intensity as a function of distance along y in 
the orange region in e, at t = 2.8 s, highlighting a slower recovery of fluorescence 
through the influx of copropagating flagella in polar regions of the material 
compared with the data shown in c and d. g, Snapshots from an experiment in 
which a rectangular ROI was photobleached at a topologically complex 
‘tri-junctional’ region, displaying qualitatively similar behaviour as that in c, 
namely, the interdigitated splitting of photobleached segments along director 
field lines. Scale bars, 10 μm (c–g). h, Histogram of Λ, a proxy for the material’s 
local polarity, given by the distance between alternating photobleached 
segments travelling in the same direction, separated by single or multiple 
bleached segments travelling in the opposite direction (Λ̄ = 1.8± 1.2, n = 82 from 
23 photobleaching events in 15 SVs).
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This concept of ‘moving by reciprocal pushing’ leads naturally to 
a micro–macro continuum framework with material stresses that 
recapitulate the emergence of material flows in the SV. Similarly to the 
kinetic theory of polymeric liquids, we describe the flagellar conforma-
tion using a distribution function ψ(x, q, t), which encodes the probabil-
ity density of finding a flagellar segment with propulsive orientation 
q ∈ 𝕊𝕊2 (the unit sphere) at location x (ref. 57); bending waves on a flagel-
lar segment propagate along the propulsive orientation vector q. The 
material density is ρ(x) = ∫𝕊𝕊2ψdq, and the local flagellar (or propulsive) 
polarity vector is P(x) = ρ−1∫𝕊𝕊2qψ(x)dq (with scalar order ∣P∣ ∈ [0, 1]). 
The Fokker–Planck equation that evolves ψ(x, q, t) depends on (1) the 

sperm’s translational velocity 
.
x(x,q, t) = U(x, t) +

.
X(x,q, t), where U is 

the material flow velocity common to all flagellar segments at x  
(ref. 57) and Ẋ = vs[P − q] is the propulsion (‘reptation’) speed of indi-
vidual segments (vs is a characteristic propulsion speed, and its deriva-
tion is provided in Supplementary Section IV.B); and (2) an orientational 
velocity 

.
q, modelled using Jeffery’s equation58—a kinematic conse-

quence of the flagellar backbones being rotated by local gradients of 
the material flow (Fig. 2 and Supplementary Section IV.B).

This model makes the experimentally testable prediction that the 
separation speed vsep = |

.
X(ŝ) −

.
X(−ŝ)| between oppositely directed 

and aligned segments of sperm is independent of the material’s local 
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Fig. 4 | A model of reptating active filaments is supported by DER simulations 
and verified experimentally. a, Simplified schematic of a bisected SV showing 
sperm’s transverse flagellar backbones and their bending waves (dashed lines). 
Each flagellum is constrained within a reptation tube (navy) formed by 
neighbouring sperm (grey), where it propagates bending waves with orientation 
q, and an amplitude comparable with the tube radius. Waves interact 
mechanically with those of the adjacent sperm, giving rise to propulsive thrust 
and interfilament friction (cyan and orange arrows, respectively). b, Snapshots 
from 2D DER simulations of active filaments in three different configurations 
(Supplementary Section V.B and Supplementary Video 6). The initial 
configurations are schematized on the top; arrows indicate the direction of wave 
propagation (–q in the hydrodynamic model). The evolved configurations are 
depicted in the bottom, with dashed lines indicating the initial positions of the 
filaments’ end-points. (i) An isolated active filament simulated with isotropic drag 
from the surrounding medium. In the absence of anisotropic friction, the filament 
is immotile. (ii) An arrangement of horizontally periodic active filaments 
propagating bending waves in the same direction. In this polar configuration, the 
filaments become phase synchronized and steric interactions do not lead to 

directed motility. (iii) A horizontally periodic interdigitated configuration in 
which neighbouring filaments propagate bending waves in opposite directions. In 
this apolar arrangement, steric interactions lead to the counterpropagation of 
active filaments, as observed in photobleaching experiments of apolar regions in 
the SV (Fig. 3c). c, Plot of the separation speed vsep of photobleached flagellar 
segments as a function of the splitting distance Λ (n = 82 from 23 photobleaching 
events in 15 SVs; values of Λ are grouped into 40 bins ranging from 0.62 to 8.9 μm; 
Fig. 3h). Measurements from the DER simulations are overlaid. The trends 
observed in the experimental and DER data are in agreement with the theoretical 
prediction (vsep = |

.
X(ŝ) −

.
X(−ŝ)| ≈ constant). d, Evolved configurations of two 

arrangements of interlaced active filaments corresponding to data points (1) and 
(2) from 2D DER simulations, with the initial positions of the filaments’ end-points 
marked by dashed lines (Extended Data Fig. 6 and Supplementary Video 8). e, 3D 
DER simulations of polar (left) and apolar (right) configurations, performed at an 
experimentally comparable volume fraction of 50%, with doubly periodic 
boundary conditions transverse to the long axis of the undulating filaments; 
transparent planes mark the initial positions of the filaments’ end-points.
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Fig. 5 | Simulations of the continuum theory reproduce in vivo spatiotemporal 
dynamics. a, Left: schematic of the quasi-2D experimental setup in which an SV is 
compressed between a coverslip and a glass slide, thereby suppressing 
out-of-plane motion (Extended Data Fig. 4 and Supplementary Video 5). Right: 
colour-coded MIP of successive frames from a time lapse of a compressed SV with 
fluorescently labelled sperm heads (ProtB-DsRed), demonstrating the sperm’s 
alignment and laning behaviour, as observed in three dimensions (Fig. 2d). b, Live 
imaging of flagellar flows (DJ-GFP, grey) reveals ±1/2-order spontaneous 
topological defects, as also observed in three dimensions (Fig. 2a). c, Snapshots 
from simulations in a disc of the evolving director field of the flagellar material at 
successive time points, displayed using line integral convolution; colour encodes 
the nematic order parameter S. Note the continuous bending of director fields 
and the spontaneous emergence of ±1/2-order topological defects 
(Supplementary Video 9). Simulations were initiated with small perturbations to 
the Q tensor field around an aligned state; the emergent features are 
independent of the initial and boundary conditions (Supplementary Section 

IV.G). d, Trajectories of sperm segments (red) overlaid on the director field at a 
later time point, inferred from reconstructing approximations to the local 
distribution function ψ(x, q) (see f). Sperm segments in apolar (∣P∣ ≈ 0) and 
nematic regions counterpropagate along the directors, whereas those in polar 
regions (∣P∣ ≳ 0.5) move unidirectionally in clusters. e, Snapshots of the 
associated polarity field P, where colour encodes the strength of the local 
polarity ∣P∣. Overlaid white arrowheads highlight the average direction of polar 
regions. f, Reconstruction of the microscopic organization of the flagellar 
material through reconstructing ψ(x, q, t) (Supplementary Section IV.H), where 
q = (cosθ, sinθ). ψ(θ∣x) at a –1/2-order defect (R1), in a nematic apolar region 
(R2) and a nematic polar region (R3). g, Results from a numerical bleaching 
experiment on the simulated material. The bleached region is highlighted by 
black dashes; the black bands show the positions of the bleached regions at a 
later time point, and their intensity represents the density of the bleached 
material. Arrows indicate their direction of motion of the bleached regions; their 
lengths indicate their relative speeds.
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polarity P(x, t) (Supplementary Section IV.B). In contrast to 
.
x, which 

includes a contribution from the background material flow U, vsep 
depends only on the sperm’s propulsion speed vs. Using data from the 
photobleaching experiments, we measured the speed difference 
between oppositely propagating bleached sperm segments as a func-
tion of the splitting distance Λ, a proxy for the local material polarity, 
and found that vsep is largely uncorrelated with the local polarity of the 
material. This trend is also in agreement with 2D DER simulations of 
various arrangements of co- and counterpropagating active planar 
filaments (Fig. 4d, Extended Data Fig. 6 and Supplementary Section 
V.B). Quantitative differences in the values of vsep between simulation 
and experiment probably arise from simplifying assumptions in the 
DER model, such as isotropic friction, reduced filament length and the 
lack of details of lubrication flows (Supplementary Section V.C)

A micro–macro theory for material flows
Building on these findings, we now investigate the emergence of mate-
rial flow U through a coarse-grained momentum balance equation:

−ηρU + ∇ ⋅ Σ = 0. (3)

Here η is a friction coefficient and Σ is the coarse-grained stress tensor 
in the flagellar material. The total stress has four contributions Σ =  
Σa + Σel + Σst − ΠI (Extended Data Fig. 5). The active stress Σa, which 
emerges from equal and opposite frictional and contact propulsion 
forces, is extensile and given by Σa = αρ2(PP − Q), where α > 0 is a meas-
ure of activity and Q(x) = ρ−1∫𝕊𝕊2qqψ(x)dq  is the nematic tensor of  
the material. The ρ2 dependence reflects the active stress’s origins in 
steric interactions between counterpropagating waves. Our micro–
macro framework captures the polarity dependence of this stress, such 
that Σa ≈ 0 when the material is polar (∣P∣ ≈ 1) and sperm segments are 
locally immotile. That α > 0 marks the active stress as extensile, as 
revealed by the direction of motion of +1/2-order defects (Fig. 2g and 
Supplementary Video 2)41. The remaining stresses account for appro-
priate long-wavelength dynamics of elastic filaments (Σel)59, aligning 
steric interactions between flagellar backbones (Σst), and incompress-
ibility of the material flows via a Lagrange multiplier (Π) (Supplementary 
Section IV). A linear stability analysis around an apolar aligned state of 
the material predicts an instability reminiscent of the Euler buckling 
of elastic filaments60 that differs from the generic bend instability of 
active suspensions in a Stokesian fluid61,62 (Supplementary Section IV.E).

The first term of equation (3) reflects the dominant momentum 
exchange with the surrounding medium, which acts as a momentum 
sink. A scaling argument based on the filament packing fraction yields 
a hydrodynamic screening length of order 𝒪𝒪 (1μm) , implying that 
long-range hydrodynamic interactions are negligible (Supplementary 
Section IV). This overdamped form of the momentum balance is appro-
priate for capturing the dynamics observed in the live-imaging experi-
ments of sperm in the SV, performed close to the surface 
(Supplementary Video 3), and in the quasi-2D coverslip experiments 
(Fig. 5a,b, Extended Data Fig. 4 and Supplementary Video 5); in these 
contexts, the sperm’s organization is effectively planar and the bounda-
ries provide drag, acting as momentum sinks (how the momentum 
balance is altered in the bulk is outlined in Supplementary Section IV.B). 
Thus, to probe the system’s nonlinear dynamics, we evolve the polarity 
and nematic fields, P(x, t) and Q(x, t), respectively, in a circular disc, 
using a well-tested closure approximation under which the distribution 
function is reconstructed63 (Supplementary Section IV).

Time evolution of the director field reveals a simulated material in 
a highly aligned state, whose velocity U is characterized by the propul-
sion of +1/2-order defects. We also observe the spontaneous emergence 
and annihilation of +1/2- and –1/2-order defect pairs in the bulk which, in 
a disc, preserves a topological charge of +1 (Fig. 5c and Supplementary 
Video 9). Simulations also provide a direct window into the evolution 
of the polarity field: we find that although the material is largely apolar, 

localized polar regions appear and disappear (Fig. 5e), and that their 
appearance correlates with the emergence of +1/2-order defects in the 
director field. For the chosen parameters (Supplementary Section IV), 
the model also reproduces experimentally observed correlations and 
statistics such as the separation of scales between defect and swimming 
speed, statistics of polar regions, and the correlations between mate-
rial vorticity and defect speeds (Extended Data Fig. 7). Increasing the 
activity or the cell radius increases the number of defects observed in 
the system (Supplementary Section IV.I)—in agreement with studies 
of active nematics in confinement40,58,64,65.

The present micro–macro framework of the coarse-grained model 
builds on the sperm’s translational flux. Unique to this approach is now 
our ability to probe the microscopic organization of the flagellar mate-
rial and explore the model’s prediction of its dynamics. To this end, we 
reconstruct ψ(x, q, t) (with q = (cosθ, sinθ) in two dimensions) from 
P(x, t) and Q(x, t) in three distinct regions of the material (Fig. 5f, Sup-
plementary Video 9 and Supplementary Section IV.H)63. We find that 
in the vicinity of a –1/2-order defect, the orientational distribution of 
the microstructure is roughly isotropic, with S ≈ 0, in contrast to aligned 
regions where S ≈ 1. In a nematic polar region, the distribution peaks 
predominantly around one angle, whereas in a nematic apolar region, 
it peaks around two angles separated by π, corresponding to opposite 
orientations of the local director field. We demonstrate how this under-
lying microstructure influences the motion of individual sperm seg-
ments through numerical bleaching experiments (Fig. 5g). In nematic 
regions, sperm segments split into two counterpropagating bands 
along the local director, with their relative density determined by the 
local polarity. Thus, in apolar regions, counterpropagating bands have 
equal densities, whereas in polar areas, segments move unidirection-
ally, resembling the scenarios observed in Fig. 3c,e, respectively. In 
contrast with bleached segments in nematic regions, bleached seg-
ments near a –1/2-order defect split isotropically, capturing the behav-
iour observed experimentally when photobleaching sperm in a 
tri-junctional arrangement (Fig. 3g). Using the translational flux from 
our theory, the reconstructed distribution function at the scale of the 
entire material further allows us to infer the relative motion of marked 
sperm segments in the mass (Fig. 5d).

Discussion
Sperm, nearly universal for sexual reproduction in the animal and plant 
kingdoms, are among the most morphologically varying cell types, 
largely reflecting the various external and competitive environments 
in which they operate5,7,9,10,66,67. Still, the nature and consequences of 
sperm activity have been intensely studied for a few, such as mam-
malian and sea urchin sperm. Drosophila’s ultralong sperm, which 
arise from intense post-copulatory sexual selection10,14,68, is a striking 
beyond-this-canon example. Our work establishes such giant sperm 
in vivo as a novel biological active matter system, whose extensile 
stresses arise from sperm’s rapid and collective counterpropagation 
through densely packed storage organs. We propose that the sperm’s 
aligned, unentangled state is maintained by these self-same stresses. We 
also discovered such actively reptating sperm assemblies in the female’s 
dedicated sperm storage organs—primarily in the seminal receptacle 
(SR), a narrow (d ≈ 10−30 μm) and long (L ≈ 2 mm) blind-ended tube, 
where sperm can be maintained for ~2 weeks (refs. 9,13,25,26,69). 
By examining females mated with males with fluorescently labelled 
sperm, we found that consistent with previous reports (ref. 25 and sup-
plementary video S1 of ref. 9), sperm in the SR are persistently motile 
(Extended Data Fig. 8 and Supplementary Video 10). Our live imaging 
of their flagella, however, further demonstrated that densely packed 
sperm are locally aligned (figs. 4d and 7d of ref. 70), and again, exhibit 
continuously evolving material flows, with slow-moving defects and fast 
counterlaning individuals (Extended Data Fig. 8 and Supplementary 
Video 10). These dynamics in the SR—qualitatively similar to those in 
the SV and following sperm deposition in the uterus as a seemingly 
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jumbled mass (fig. 2c of ref. 9 and fig. 4d of refs. 25,71)—further sug-
gest a functional origin for sperm’s counterpropagation within the 
storage organs. Taken together, these observations suggest that the 
emergence of collective flows is primarily associated with the dense 
packing of sperm, rather than the specific geometry of the confining 
organ. In particular, ~50% of stored sperm fertilize mature oocytes25,26, 
raising questions about how sperm are extracted, almost singly, from 
this state22. Future studies of non-canonical sperm promise to reveal 
an expanding repertoire of behaviours and inspire inquiries at the 
intersection of active matter and evolution.

Active matter concepts are emerging as a powerful lens 
through which to study biological phenomena at the microscale72. 
Non-equilibrium dynamics driven by active extensile stresses can 
drive collective motion in bacterial suspensions62, shape the mitotic 
spindle73, fluidize developing epithelial tissues61, and may drive 
large-scale nuclear chromatin fluctuations through the unfolding 
and alignment of long crumpled active polymers (fig. 3 and supplemen-
tary fig. S1 of ref. 74)75. Our work proposes their functional relevance 
to reproduction in a model organism through a distinct mechanism. 
Although jostled passive elastic filaments inevitably entangle under 
confinement76,77, Drosophila’s sperm avoid the dreaded knot despite 
their dense packing and long-term storage. We suspect that extensile 
active stresses arising from the sperm’s persistent active reptation 
not only drives local nematic alignment but also generates shear via 
material flows that continuously reorganize neighbouring filaments, 
allowing them to propel past one another rather than form enduring 
topological constraints. This dynamic remodelling maintains the flagel-
lar mass in an ordered and fluidized state, reminiscent of the dynamics 
observed in glassy active systems78,79 and in epithelial tissues80, sug-
gesting a generalizable role for extensile activity in maintaining dense 
living matter functional.

The present continuum theory elucidates the mechanisms govern-
ing individual and collective sperm behaviours, yet it makes several 
simplifying assumptions. For example, we neglect non-local elastic 
stresses arising from tension propagation along the flagellar back-
bone and other effects associated with the connectivity of rod-like 
segments along a millimetric active filament. Further, our model 
does not incorporate the density fluctuations observed near defect 
cores. The biological phenomena described here, therefore, should 
inspire the development of a field-theoretic framework that integrates 
these features.

Last, the presence of an apolar collective state in the storage organ 
is notable, especially since sperm are deposited into the SV flagella 
first81. This emergent organization is probably attributable to three 
factors: (1) the free ends of sperm in the SV can deform at boundaries 
and interweave with neighbouring free ends, allowing local topologi-
cal rearrangements; (2) the flexibility of the flagellum can cause local-
ized buckling or bending, leading to in changes in motility, which we 
observe in male and female storage organs; and (3) the sperm’s ability 
to propagate tip-to-base and base-to-tip bending waves30,71. Although 
not commonly observed in mammalian sperm, reversibility in wave 
propagation may allow ultralong sperm to reorient within narrow 
geometries such as the female’s SR, or to detach from the common 
envelope embedding the heads in the male, as documented for the 
fruit fly Ceratitis capitata. The relatively short ~50-μm-long (fertile) 
eusperm of the gastropod Strombus luhuanus can also reverse—here to 
detach from sperm bundles or from the wall of the receptacle37, whereas 
sperm of the marine worm’s Myzostoma cirriferum do so during skin 
(dermal) copulation82,83. Despite the variety of contexts, bidirectional 
wave propagation imparts functional value to its practitioners.
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Methods
Detailed descriptions of experimental methods, image process-
ing, simulations and theory are provided in the Supplementary  
Information.

Experiments
To study sperm with fluorescently labelled heads (ProtB-DsRed) and 
tails (DJ-GFP) in the male and female storage organs, that is, the SV 
and the SR, respectively, were extracted through dissection in ~200 μl 
of Schneider’s medium and placed in a glass-bottom dish with a lid 
to prevent drying. To release sperm into the medium, a thin needle 
was used to rupture the storage organs. Dissected SVs with fluores-
cently labelled sperm were fixed in 4% (wt/vol) paraformaldehyde for 
3D confocal imaging. To reduce the sperm’s dynamics to quasi-two 
dimensions, the storage organs were transferred to a glass slide and 
covered with an 18 × 18-mm2 #1.5 coverslip. Confocal microscopy 
data were acquired using the Nikon AX R laser scanning confocal 
microscope, and the NIS-Elements software (v6.20.02 64-bit), using 
a ×20/0.75 air or ×40/1.25 silicon objective. Serial block-face imaging 
of the resin-embedded SV was performed using a Gatan OnPoint BSE 
detector in a ZEISS GEMINI 300 VP FESEM device equipped with a 
Gatan 3View automatic microtome unit. Data acquisition settings 
and stage control were performed using the Gatan DigitalMicrograph 
software (v. 3.31).

Image analysis
Fiji84 and MATLAB85 were used to analyse the data and gener-
ate the plots. Analysis of the SBF-SEM data was performed using  
Dragonfly 4.1 (ref. 86). 3D visualizations of the SBF-SEM data were 
generated in ParaView (v5.11.2)87,88. Nematic director lines were com-
puted from confocal images of fluorescently labelled sperm heads 
(ProtB-DsRed). The computations were performed in MATLAB 2024 
and closely followed the algorithm outlined in refs. 89–91. To com-
pute the material flow field from live-imaging data, we performed 
optical flow analysis on the confocal time lapses of SVs with fluo-
rescently labelled sperm tails (DJ-GFP), using open-source MATLAB 
2019 codes92 that implement the algorithm outlined in ref. 93. Meas-
urements of average sperm orientation in the SV were performed 
using FibrilTool Batch94,95, which computes the average orientation 
of fibrillar arrays.

Simulations
To perform DER simulations, each fibre was represented as a sequence 
of straight segments joined at nodes, with nodal positions providing 
the sole degrees of freedom. Geometric quantities such as segment 
lengths, tangents and curvatures were derived from this centre-line 
discretization. To resolve curvature with sign and frame consistency, 
we adopted a quaternion-based material frame on each segment, 
following the formalism of ref. 96. Together with weakly inextensible 
backbone springs and Hertzian repulsion between non-adjacent seg-
ments, this formulation captured the essential mechanical ingredients 
of undulatory motion. Time integration was performed using the 
explicit Euler scheme. Details of the implementation are provided in 
Supplementary Section V. To understand how active stresses give rise 
to emergent material flows in the SV, we performed direct numerical 
simulations of the coarse-grained continuum model inside a disc (Sup-
plementary Section IV). Briefly, we evolved the polarity and nematic 
tensor fields P(x, t) and Q(x, t), respectively, using a spectral solver, 
Dedalus97. For time marching, we used an exponential integrator cou-
pled with a fourth-order accurate Runge–Kutta scheme with adaptive 
time stepping.

Data availability
All data that support the plots and other findings of this study are 
available from the corresponding author upon reasonable request.

Code availability
The computational methods are further described in the Supplemen-
tary Information and the associated code is available via GitHub at 
https://github.com/flatironinstitute/alsous_gigantism_2025.
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Extended Data Fig. 1 | Confocal microscopy images of individual Drosophila 
melanogaster sperm. a-f: Examples of individual sperm with fluorescently 
labeled flagella (that is, tails) (DJ-GFP) and heads (ProtB-DsRed), extracted from 
the male’s storage organ, the seminal vesicle (SV). Sperm lengths, in μm, are 
shown; blue arrow points to each sperm’s head. Measured sperm lengths are 

consistent with those reported in18, where sperm lengths were estimated by 
measuring the lengths of individual sperm and of sperm within mature cysts in 
the testes. The sperm in f was used to generate the outline of the sperm in Fig. 1a 
of the main text. Scale bars = 50 μm.
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Extended Data Fig. 2 | Reconstructions of sperm from serial block-face 
scanning electron microscopy (SBF-SEM) data. a, A 3D rendered image 
of sperm in the SV, colored by intensity I, acquired through SBF-SEM 
(Supplementary Video 2). Several cross-sectional views are shown; note the 
dense and aligned packing of sperm throughout the SV. The observed variation 
in intensity arises from variability in the microscope and camera settings during 
data acquisition. Scale bar = 50 μm. b, 3D rendered image of the reconstructed 

SV showing four partially segmented sperm based on SBF-SEM data (Fig. S3). 
Sperm were segmented manually by tracking and highlighting the sperm’s cross 
sectional area in successive slices using Dragonfly 4.1. Figure 1d,e in the main text 
show these segmented sperm overlaid with the SBF-SEM data of the entire SV. 
Also shown are different color-coded views of the SV and segmented sperm. The 
visualizations were generated in ParaView.
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Extended Data Fig. 3 | Photobleaching experiments reveal the evolution of the 
material’s polarity field and organization. a-d Snapshots from a time lapse of 
sperm with fluorescently labeled flagella (DJ-GFP) and heads (ProtB-DsRed) in 
the SV, showing recovery of fluorescence and evolution of the material’s polarity 
after four successive photobleaching events (t = 0 s, t = 19.8 s, t = 38.3 s, t = 73.5 
s). A bleach line, transverse to the sperm’s nematic director, is demarcated by 

dashed white lines. Sperm heads and their direction of propagation (arrows) 
are shown in the final time point of each bleach event. e-h, Normalized intensity 
as a function of distance along the highlighted band (blue) at bleaching and 
at a subsequent time point. As seen from the timelapses and the adjoining 
quantification, the material’s polarity evolves. Scale bar = 10 μm.
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Extended Data Fig. 4 | Features of 3D spatiotemporal dynamics largely 
preserved in compressed quasi-2D samples. a, Schematic of the experimental 
setup. Dissected SVs in Schneider’s medium were aspirated using a pipette with a 
cut tip, placed on a glass slide, and compressed with a coverslip that was partially 
sealed (two sides) with clear nail polish. b,(Left) Confocal image of fluorescently 
labeled sperm (DJ-GFP) in a SV disconnected from the testis (cxn1) and the 
ejaculatory duct (cxn2) under a coverslip. In this experimental setup, the SV is 
compressed, causing rapid exit of sperm from the severed ends. The remaining 
sperm are confined to a ~ 3 − 5 μm depth; this configuration is thus referred 
to as quasi-2D. (Right) Maximum intensity projection (MIP) of sperm heads in 
the boxed region in a, demonstrating the absence of variation in the material’s 
director field in z - as opposed to the 3D case of an uncompressed SV shown in 
c, and in Fig. 1d,f in the main text. Scale bars in left and right panels = 50 μm. 

c, 3D-rendered image of a z-stack of an uncompressed SV. Note the varying 
orientations of sperm heads, a proxy for material organization, as a function 
of depth through this portion of the storage organ (color encodes position in z 
in μm). Scale bar = 20 μm. d, Snapshots from a time series of the boxed region 
of a compressed SV, highlighting two + 1/2- and − 1/2-order defects. Arrows 
overlaid on the sperm heads (ProtB-DsRed) indicate the direction of propagation 
of individual sperm. Scale bars = 20 μm. e, Snapshots from a time lapse in a 
compressed SV, in which a rectangular region (10 μm x 10 μm) in the SV was 
photobleached at t = 0 s. Subsequent time frames show the counter-propagation 
of sperm and eventual recovery of fluorescence through the influx of counter-
propagating sperm. Stars indicate the positions of +1/2-order defects that are 
devoid of sperm. Scale bar = 10 μm.
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Extended Data Fig. 5 | Schematics of the mechanical interactions that form the 
basis of the micro-macro theory. a, Inter-filament friction (red arrows) and 
thrust (blue arrows) forces resulting from mechanical interaction between 
bending waves (dashed lines) in the sperm assembly. The net propulsive thrust 
and, in turn, 

∘
X(q), depend on the local polarity P(x) of the material. The model 

neglects the role of possible phase-synchronization in neighboring waves. b, The 
contact interactions that give rise to directed motility also lead to extensile 

stresses over length scales much larger than those over which contact 
interactions occur. These dipolar stresses (double-headed arrows) depend on the 
nematic tensor Q and the polarity field P. c, Field theoretical description of 
elasticity in aligned fibers that mimic the passive bending relaxation of sperm 
segments. d, Alignment and rotation of sperm segments with the mean-field 
material flow U (portrayed as a shear flow using purple arrows). The green arrow 
indicates the rotation of sperm segments.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-026-03305-4

Extended Data Fig. 6 | Discrete Elastic Rod (DER) simulations of active 
filaments in various interleaved configurations. Active filaments are 
interleaved to various extents. The polarity of these configurations increases 
from left to right (top row arrow). The polar configurations can be associated 
with coherently moving groups of sperm with high Λ in the experiments. The 
bottom row highlights the splitting dynamics of the configurations at a later 
time point. The aspect ratio 300 filaments are modeled using N = 300 weakly 
extensible segments with linear elastic stretching (along each segment) and 
bending rigidity (between adjacent segments) comparable to that of a bull sperm 

flagella53. Undulatory motion is driven by a time-varying sinusoidal rest curvature 
with five periods of osculation long each filament and a random phase shift 
per filament to desynchronize the initial state. The evolution of the filaments is 
governed by isotropic passive drag from the suspending fluid, chosen such that 
isolated filaments do not self-propel. Each of these five simulations contains 20 
filaments—10 propagating waves downward and 10 propagating waves upward—
at an area fraction of 80% with periodic boundary conditions transverse to the 
long axis of the filaments.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-026-03305-4

Extended Data Fig. 7 | Director orientation dynamics and statistics of the 
material velocity U and polarity P from continuum simulations. a,Left: 
Snapshot of the director field of the flagellar material from simulations of 
the hydrodynamic model in a disk, displayed using Line Integral Convolution 
(LIC), where the color encodes the strength of the nematic order parameter S. 
A -1/2-order defect is highlighted in yellow. Right: Plot of the evolution of the 
local director orientation in R1 (white box); insets show the spatial director 
organization. We estimate a dimensionless time scale τ ~ 30 for the organization 
of the material and an associated velocity scale U ~ R/τ ~ Udefects ~ 0.3, where 
R is the system size. b, Histogram of the distribution of the defect speeds 

Udefects, estimated by tracking + 1/2-order defects. For the chosen parameters 
(Supplementary Section IV.G), the swimming speed of flagellar segments vs ~ 1 is 
separated in scale from the average material speed, as observed in experiments 
(Fig. 2g in the main text, Supplementary Video 3). This direct measurement 
of defect speed is in agreement with the scaling estimate obtained using the 
material vorticity. c, Histogram of ∣P∣ sampled across the simulation domain, 
demonstrating the largely apolar nature of the material. Schematized arrows 
reflect the microstructural organization of sperm segments in qualitatively 
different regions of ∣P∣.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Qualitatively similar sperm organization and dynamics 
in the female’s seminal receptacle (SR) as in the male’s SV. a, Simplified 
schematic of the Drosophila melanogaster female reproductive system. A pair of 
ovaries houses developing egg chambers, which give rise to the oocyte  
(egg cell). During mating, sperm deposited in the uterus navigate to the sperm 
storage organs (SSO), where they remain until fertilization for up to two weeks. 
The primary SSO is a blind ~ 2-mm tube called the seminal (or ventral) receptacle 
(boxed), where most (~ 80%) of the sperm are stored25; the rest are stored in a  
pair of mushroom-shaped organs called the spermathecae. b, MIP (~ 40μm deep) 
of stored sperm with fluorescently labeled heads (ProtB-DsRed) and flagella  
(DJ-GFP) in the seminal receptacle. Snapshots of optical sections from time-
lapses of the boxed regions are shown in c (R1) and d (R2). d, Snapshots from 
a time-lapse highlighting a pair of + 1/2-order defects moving in opposing 
directions with speed U in the wider (posterior) region of the seminal receptacle 
(diameter ~ 30μm). e, Snapshots from a time-lapse showing the emergence  

of + 1/2- and − 1/2-order defects in the narrower (anterior) region (diameter 
~ 10μm) of the seminal receptacle. As in the male’s SV, sperm’s flagella in the 
female’s seminal receptacle are highly aligned, resembling a continuous nematic 
material with spontaneously emerging and slowly moving defects. Individual 
sperm, in contrast, counter-propagate within lanes formed by the flagellar 
backbone. Scale bars in b-d = 10 μm. e, Material velocity field, with the magnitude 
of U color-coded; arrows are velocity vectors. f, Nematic order-parameter and the 
associated director field, indicating that sperm in SR are highly aligned (S ~ 1) with 
loss of order close to defects. Through measurements of the relative motion of 
contiguous head pairs in the SR, using the same separation distance criterion as 
in the SV (see Fig. 3b), we also found that in 75% of cases, sperm propagate  
in opposite directions (n = 175 pairs from 3 SRs), and do so relatively quickly  
(vs ~ 28.5 ± 7.8μm/s, n = 14 sperm) compared to the material speed (U ~ 5.5 ± 
2.6μm/s, n = 15 + 1/2 defects).
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