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Abstract

Subclass Elasmobranchii belongs to an old evolutionary class of Chondrichthyes that
diverged 450 mya, presenting a wide diversity of reproductive strategies while preserving
the ancient mode of internal fertilization. Despite such evolutionary success, many spe-
cies in this group are at serious risk of extinction. Understanding the principles of sperm
progressive motility and physiology of such an ancient group of vertebrates is crucial

for advancing future assisted reproductive techniques to safeguard this species and for
deepening our understanding of the evolution of reproduction. Elasmobranchii species
possess big spermatozoa (compared to bony fishes) with an elongated helical head and
tail similar to one currently existing (but later diverged) in birds, reptiles, and amphibians,
which can be considered an evolutionary ancient. These structures may be associated
with the necessity to penetrate viscous ovarian fluid or the jelly layer of eggs, suggesting
environmental viscosity as the driving pressure shaping large-sized sperm heads into
helical shapes through evolution. We observed spermatozoa motility with high-speed
video microscopy to capture sperm and flagellar motion in three Elasmobranchii species:
the freshwater ray Potamotrygon motoro, the marine skate Raja asterias and the shark
Scyliorhinus canicula. We investigated the effect of viscosity on spermatozoa motility
parameters and its ability to break free from spermatozeugmata, move progressively, and
perform directional changes. After 20 min of observation, the spermatozeugmata con-
served their structure in a low viscosity media of 1000 mOsm/kg osmolality. In compari-
son, no remaining structure of spermatozeugmata could be found in high-viscosity media
with 2% methylcellulose (MC) in all three species due to progressive spermatozoa motion.
We find that spermatozoa’s unique helical head-to-flagellum architecture is specific to
promote locomotion in high-viscosity fluid; they cannot move progressively in low viscos-
ity. The highest velocity for shark sperm was observed at 0.75% MC and 1% MC for ray
and skate sperm. Viscosity stabilizes the flagellar propagation, producing rotational forces
and allowing the helical head to “screw” into the media. Our observations suggest that the
surrounding viscosity is critical to allowing spermatozoa progressive motility and enabling
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spermatozoa to control direction via newly observed head buckling in high viscosity. As
such, the viscosity may be a key element controlling and regulating sperm performance
and navigation during fertilization in the Elasmobranchii species.

Introduction

Chondrichthyans (cartilaginous fishes, including Elasmobranchii) are an old evolutionary
class of aquatic vertebrates that diverged 450 mya [1]; Fig 1). Currently living cartilaginous
fishes are characterized by various reproductive strategies [2] while still being unique since
they preserved an ancient mode of internal fertilization in contrast to bony fishes, in which
internal fertilization appeared evolutionary later, from externally fertilizing ancestors [3]. As
such, the cartilaginous, particularly Elasmobranchii fish (most commonly known as sharks
and rays), are critically important for reproductive biology studies, from its spermatology,
physiology, and biophysics since their reproduction strategy remained almost unchanged in
these species for millions of years.

Spermatozoa are one of our planet’s most diverse eukaryotic cell types [4]. While highly
specific for reproduction purposes (its primary function is to deliver the male genetic infor-
mation to the female ova), spermatozoa are taxa-specific and have morphed as a response
to different fertilization and environmental pressures. This is the fundamental hypothesis of
Darwinian sex evolution. It is predicted that due to gamete competition, individuals who start
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Fig 1. Cladogram of the relationship between present-day vertebrates. The length of the outer ring segments shows the number of extant species. The number
next to the nodes refers to the last common ancestor in millions of years. The yellow portion represents the chondrichthyans, consisting of the Elasmobranchii
and the Holocephali, whose proportional representation is based on their number of extant species. The phylogenetic tree is adapted from Amaral et al., 2018. The
three species illustrated, Potamotrygon motoro, Raja radula, and Scyliorhinus canicula, are placed next to the order to which they belong.

https://doi.org/10.1371/journal.pone.0319354.9001
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to produce larger amounts of smaller-sized cells become defined as a male, which competes
for fertilizing big-size ova produced by females, providing a safe environment for the nourish-
ment of the future embryo and its development.

Several studies have demonstrated that different fertilization modes could drive the overall
length of the spermatozoa: longer cells are correlated with internally fertilizing species and
shorter cells with externally fertilizing ones [5]. As internal fertilization can be considered
an evolutionary primitive feature for all gnathostomes [6], the evolutionary studies of early
diverged taxa, such as cartilaginous fishes, are of primary interest for understanding the
fundamental pathways leading to the diversity of reproduction modes in vertebrates and taxa
specificity of spermatozoa morphology. Interestingly, some evolutionary later diverged birds
[7], reptiles [8], monotremes [9-11], and amphibians [12] share a similar sperm morphology
to that of cartilaginous fish, characterized by elongated and helical-shaped heads.

This similarity hints that chondrichthyan fishes’ spermatozoa shape is evolutionarily
ancient (plesiomorphic for vertebrates). Their distinctive features, such as sperm head mor-
phology and flagellar structures, could be a specific adaptation to allow sperm to penetrate the
highly viscous environment of the ovarian fluid and the jelly layer that coats the eggs. If this is
the case, the environmental fluid viscosity could be the main driving force in shaping large-
sized spermatozoa heads into slender helical-shaped heads during evolution.

Generally, hydrodynamical effects associated with body shape and size are well known
to influence the swimming kinematics of microorganisms [13]. The sperm head shape was
recently found essential for progressive motility and spinning movement in two cartilaginous
fishes, rays- Rhinoptera javanica and Taeniura meyeni, possessing the head helical shape with
four turns. This head shape was experimentally and computationally found essential for adap-
tation to a viscous environment. Contradictory statements have been made whereby the low
progressive motion of sperm has been observed in high-viscosity conditions [14].

Despite valuable knowledge of the processes of fertilization and reproduction, there is still
no clear understanding of how viscosity could influence sperm motility in different species,
particularly in relation to the size and shape of spermatozoa. Thus, future studies of viscosity’s
biological relevance and its effect on reproduction are still highly interesting. Several studies
have examined the impact of swimming media viscosities on sperm performance in different
species, using different substances to alter the viscosity. Based on previous detailed studies
[15,16], we choose methylcellulose due to its non-toxic, inert nature, stability and ability to
modify the viscosity of solutions in relatively low concentrations.

Moreover, it is unclear whether the effect of viscosity is specific to all Elasmobranchii and
other species with helical spermatozoa architecture, with a big diversity of spermatozoon
shape and size [17]. Other studies suggest that sperm competition associated with postcop-
ulatory sperm selection also affects the sperm flagellum length in sharks, though the reasons
for diversity in spermatozoon head and midpiece shape and length remain unclear [18].
Understanding the spermatozoon structure and principles of sperm motility and physiology
is an essential step toward better predicting the different pressures driving their evolutionary
adaptations. Also, from a more pragmatic point of view, this knowledge may be indispensable
for developing the next generation of assisted reproductive techniques in Elasmobranchii, as
many of them face extinction [19].

The study aims to investigate the effect of surrounding fluid viscosity on spermatozoa
motility parameters and its ability to swim progressively in connection to the specific sperm
head shape and size. To achieve this, get a better understanding of the role of viscosity across
different species, and gain more insights into the reproduction process in Elasmobranchii, we
investigated the sperm motility and flagellar propagation in three species: (1) Small-spotted cat-
shark - Scyliorhinus canicula, (2) Mediterranean starry skate — Raja asterias and (3) the South
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American stingray - Potamotrygon motoro as a representative of freshwater later diverged
Elasmobranchii species (Fig 1).

Results
Spermatozoa structure

The Elasmobranchii spermatozoa possesses a long and helical head, an elongated midpiece,
and a flagellum supplemented with additional ultrastructural components to its axoneme.
The head shape of the ray and skate spermatozoa observed are helixes turning toward the left
(counterclockwise helixes, with a large non-monotonic modulated pitch and diameter along
its length, increasing to a maximum before decreasing again at the connecting piece (Fig 2A).
Skate spermatozoa had a head with a length of 48.16+1.31 um, helix amplitude of 4.48+0.35
pm, and wavelength of 11.33 +0.75 pum possessed 4,5 helix and were similar in all 4 males. Ray
spermatozoa had larger heads, with a length of 54.21 +1.09 um, helix amplitude of 5.32+0.17
pm, and wavelength of 10.63 +0.6 um possessed 5,5 helix and also were similar in all 3 males.
The shark (Scyliorhinus canicula) spermatozoa observed, on the other hand, is a “screw-
shaped” helix turning toward the left (counterclockwise helixes) with approximately 30-35
turns, accurate measurement of which was challenging due to a tiny diameter (3.28 +£0.66 pum),
pitch (2.23 £0.27 um) that remains constant along its length 59.36+1.51 um (Fig 2B).

In all species, the flagellar ultrastructure is reinforced by two accessory axonemal columns on
the sides of the axoneme (Fig 2C). These columns rotate clockwise relative to the 9+ 2 axoneme,

Fig 2. Electron microscopy micrographs of spermatozoon structures. (A) - ray Potamotrygon motoro spermatozoon head (H) and midpiece (M), (B) - shark
Scyliorhinus canicula, SEM of the whole spermatozoon: head (H), midpiece (M) and flagellum (F). (C) - element of the flagellum in ray Potamotrygon motoro, trans-
verse section of the flagellum, TEM, arrowheads - longitudinal columns, arrow - 9 + 2 structure axoneme. (D) - element of midpiece in ray Potamotrygon motoro, SEM.
(E) - element of the flagellum in ray Potamotrygon motoro, SEM.

https://doi.org/10.1371/journal.pone.0319354.g002
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following the same handedness of their helical heads. Thus, they are twisted around the axoneme
in a counterclockwise helical fashion (Fig 2E). A similar twisting is observed at the midpiece (Fig
2D). Interestingly, the counterclockwise helical chirality of head-to-flagellum structures is con-
served for all three species despite the changes in head morphology between rays/skates and sharks.

Spermatozeugmata: Collective beating sperm bundles in large sperm
clusters

We observed spermatozeugmata for all three species, sperm not encapsulated and tails of periph-
eral sperm protruding in all cases (Fig 3). The spermatozoa arrangement within the spermatoze-
ugmata is very distinct between ray and skate (Fig 3A, 3B). Spermatozeugmata in rays contain
different amounts of randomly distributed spermatozoa, forming a mesh-like structure (Fig 3A).
Skate sperm clusters ranged from dozens to hundreds of sperm cells (Fig 3B). Spermatozoa were
all braided and coiled together by the helical heads, aligned in parallel so that all heads seemed to
work as one unit. The parallel alignment permitted the self-organized formation of large flagellar
bundles that could beat in collective synchrony with high levels of order, with travelling waves
propagating in the bundle from head to tail. Shark spermatozoa were connected by the tip of the
heads and at the midpiece region, forming a symmetric arrangement of their cluster towards a
common centre. As such, sperm heads tended to be directed to the centre while their moving
flagellum formed a large-scale beating flagellar bundle in the outer direction (Fig 3C).

Sperm release from spermatozeugmata clusters

Spermatozeugmata in all three species were observed to possess active flagellum within the
high-density clusters of spermatozoa. In a low-viscosity medium [LVM, 0% methylcellulose (MC)
in artificial seminal fluid (ASF)], only several sperm cells escaped the cluster entanglement, causing

Fig 3. Agglomeration of sperm samples. Observed by: (A) electron microscopy in ray Potamotrygon motoro, demonstrating randomly distributed spermatozoa inside
of spermatozeugmata; (B) phase-contrast microscopy in skate Raja asterias spermatozeugmata, demonstrating coiled together spermatozoa heads with synchronously
moving flagella; (C) electron microscopy in shark Scyliorhinus canicula, demonstrating spermatozoa connected by the tip of the heads and at the midpiece region. See
also S1 Video.

https://doi.org/10.1371/journal.pone.0319354.g003
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a very slow release of spermatozoa from clusters. The sperm cells that managed to break free from
clusters, however, did not manage to swim far from them. After 20 min of observation, the sper-
matozeugmata conserved their structure, with most spermatozoa residing inside the cluster despite
the vigorous motion of individual cells and their collective beating bundles. This scenario changes
under high-viscosity fluid environments (HVM, 1-2% MC in ASF). In this case, all spermatozoa
were effectively released in a few minutes. After 20 min of observation, no remaining structure of
spermatozeugmata could be found in 2% MC in all three species and all tested sperm samples.

The randomly arranged spermatozeugmata of rays (Fig 3A) were observed to release sperm
fully from its entangled clusters in HVM (S1a Video) but remain in the cluster in LVM. In
sharks, the radial configuration of spermatozeugmata (Fig 3B) switched into a “spikey shape”
arrangement in HVM due to the progressive collective motility of the spermatozoa bundle.
The connection between head tips was broken, and spermatozoa sheared relative to each
other towards the centre, ending with all heads pointing outwards while still stacked at the
midpiece region, with the beating flagellum in the inner core, forming a perfect monopole
configuration with sperm cells aligned radially [20]; S1b Video). The rate of shape changes of
the sperm cluster from a symmetrical circular arrangement to a monopole configuration and
the time for how long it will remain in this shape also depended on the viscosity of the media.
LVM considerably suppressed any cluster rearrangement for extended periods compared with
HVM. In 2% MC, spermatozeugmata was broken in the first few seconds after contact with
the medium, and the sperm spiked monopole “explodes” with the sperm concentrated at the
centre released and swimming in all directions, similar to fireworks (S1c Video).

Skate spermatozeugmata are made of braided sperm, coiled together by their large-diameter
helical heads whose flagellar bundle self-organizes into a collective motion with waves travel-
ling from head to flagellum tip. Despite its collective motion, spermatozeugmata with motile
flagella are nonprogressive and tumble around the same region. Interestingly, sperm reverse
their flagellar beat with waves travelling from tip to head, forcing the head to spin in the opposite
direction, thus effectively unentangling all sperm helices from the cluster. The flagellar bundle
stops entirely before the reversal in wave progression, thus provoking a backward movement.
The backwards motion and reversal in the spinning direction cause the sperm helical heads
to “unscrew” from the dense spermatozeugmata cluster (S1d Video). Once spermatozoa are
released from nearby cells, the flagellar wave progression switches to regular beating, and all
spermatozoa swim efficiently away from the cluster. Interestingly, we observed that this switch
in wave-propagation could be equally utilized to unscrew helical sperm from dense structures
and reverse steering to avoid obstacles, making them highly adaptative and autonomous swim-
mers in a variety of environments (Sle Video).

Cytoplasmic sleeve

Another specific structure of Elasmobranchii sperm is the “cytoplasmic sleeve” Before sperm
activation, the sleeve covers the midpiece (Fig 2D), while it is not typically present after
activation and in free-swimming sperm. However, at the onset of sperm activation, some
motile spermatozoa still carry their sleeves. In some cases, it is even possible to observe the
progressive release of the sleeve as it slides and corkscrew down the flagellum while the sperm
carefully swims away due to hydrodynamic friction acting on the sleeve (S2a Video). When
the spermatozoa leave the spermatozeugmata by their own motion, most do not have this
sleeve. The sleeves remain in the cluster “exit” area. An example of such a phenomenon can be
observed in S2b Video, where disaggregation of skate spermatozeugmata was slow due to the
relatively low viscosity of the ASF (0.125% MC), and many sleeves can be observed surround-
ing the cluster of beating spermatozoa.
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Sperm motility and progressive motion under different viscosity
environments

After dilution in ASE, spermatozoa were released from spermatozeugmata, forming a dilute
suspension in which active motility was maintained for 30 to 40 min. As expected from the
sperm morphology, the flagellar beating was helical. The flagellum rotated around its swim-
ming axis, causing the helical head to spin as sperm swam freely in the fluid. During such
movement, parts of the flagellum and head were observed to go in and out of focus, demon-
strating the 3D nature of swimming (see S3a Video for a skate spermatozoon in 2% HVM).
Interestingly, the spermatozoa of all three species in the LVM were almost nonprogressive,
tumbling and spinning around with high frequency (velocity less than 10 um/s), though
ineffectively, and with highly asymmetric flagellar waveforms containing coiled parts on the
distal ends of their flagella, restricting proper measurements of flagellar parameters at 0%
MC solution (see ray sperm example in LVM in S3b Video). The sperm motility efficiency
increased with increasing viscosity (Fig 4). At the same time, in such conditions, the linear
velocity is strongly connected to the sperm’s ability to spin around its longitudinal axis, effec-
tively “corkscrewing” the sperm into the medium. The highest progressive velocity for shark
sperm was 31.3 + 1.9 um/s observed at 0.75% MC (Fig 4B and S3c Video). In comparison, 1%
MC instigated higher speeds in ray 51.6 + 12.9 um/s and skate sperm 64.8 + 2.9 um/s (Fig 4B
and S3d, S3e Video).

Flagellar wave parameters under different viscosity environments

As seen in Figs 4A and 5, the flagellar shape is highly affected by viscosity. The increased viscosity of
the fluid limits the propagation of flagella beating from side to side, decreasing its overall amplitude
(from 9.1 £ 0.7 um at 0.75% MC to 3.9 + 0.4 pm at 2% MC in shark; from 9.6 + 0.7 ym at 0.75% MC
to 4.7 + 1.4 um at 2% MC in skate) and wavelength (from 36 + 1 um at 0.75% MC to 26.5 + 1.8 pm
at 2% MC in shark; from 30.5 + 1.8 pm at 0.75% MC to 22 + 1.4 um at 2% MC in skate). Exception-
ally, the amplitude of ray sperm flagella seemed less affected by the increased viscosity. However,
bending waves shifted axially due to the wave compression phenomenon [15], slightly decreasing
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Fig 4. The velocity of ray Potamotrygon motoro, skate Raja asterias, and shark Scyliorhinus canicula spermatozoa at different viscosities (0, 0.75, 1, 2% MC pres-
ent in ASF). (A) - example of flagellar shape and passed the distance of spermatozoa; (B) - linear velocity. Each experimental group has an average of 8 (3-15) measured
spermatozoa. Significant differences inside the same species are marked by capital letters, and differences inside one viscosity concentration are marked by lowercase
letters (nonparametric Kruskal-Wallis ANOVA followed by multiple comparisons of means ranks for all groups, p < 0.05). See also S3 Video.

https://doi.org/10.1371/journal.pone.0319354.9004
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https://doi.org/10.1371/journal.pone.0319354.9g005

wavelength without a visible effect on flagellar amplitude (Figs 4A and 5A, 5C). Thus, we can not
observe a significant correlation between wavelength and tail amplitude of ray spermatozoa at
different viscosity as presented in Fig 6A, in contrast to a significant correlation for skate and shark
spermatozoa (Fig 6B, 6C). Moreover, partial wave compression was also observed in skate and shark
spermatozoa when they were more compressed and shifted to the distal end of the flagellum. The
part of the flagellum proximate to the midpiece remains active during such motion and oscillates
with extremely high frequency and almost undetectable amplitude (S3f Video).

Helical head spinning

When the flagellum propagates helically, the whole spermatozoon spins around its longitude
axis. Thus, the rotation frequency could be related to sperm velocity, especially given their
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helical sperm architecture. In our study, the observed frequency of flagellar propagation was
low and sometimes almost identical to rotation frequency, up to 6 Hz for all three species and
studied viscosities (Fig 5B). In the condition of LVM, the frequency of head spinning was very
high, reaching rates higher than 50 Hz, but usually with a frequency between 20 and 35 Hz
for skate and ray. Increasing media viscosity stabilized rotation frequency at approximately 10
Hz for skate and ray spermatozoa (Fig 5D). The correlation of velocity and total frequency of
a head rotation and flagellar wave progression under different viscosity is presented in Fig 7.
The head-spinning frequency in sharks was only possible to measure at 2% MC, demonstrat-
ing exceptionally high rates, around 50 Hz (Fig 5D).

Steering long sperm helical bodies in high-viscosity

During the regular motion of such a long, spinning helical head, Elasmobranchii spermatozoa
usually swim in a straight line. However, we observed that steering their long helical heads was
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Fig 7. Correlations between velocity and total frequency of a head rotation and flagellar wave progression under conditions of different viscosity (0, 0.75, 1, 2%
MC present in ASF). (A) ray Potamotrygon motoro; (B) skate Raja asterias; and (C) shark Scyliorhinus canicula spermatozoa (in the case of shark, only the frequency
of flagellar wave propagation is present). Each individual point on a graph represents measurements of a single spermatozoon. Regression equation, r, 12, and P-
values are presented in the bottom right corner of each graph.

https://doi.org/10.1371/journal.pone.0319354.9007
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possible in high-viscosity media through forced buckling of the elastic head. Depending on
the level of helical buckling, the swimming trajectories ranged from smooth turns (S4a Video)
to sharp bends ending in large directional changes (Fig 8 and S4b Video).

This helical buckling is unique because while it occurs, the helical head continues to rotate
around its longitudinal axis with a high spinning frequency and a conserved spinning direc-
tion (S4b Video). The head buckling could also be transient, leading to fast and sharp tempo-
ral directional changes (S4c Video). No head helical buckling could be observed in LVM. In
such LVM situations, we only observed the head bending after the tail entangled the sperma-
tozoa head during backward wave propagation in ray spermatozoa (since it could not propa-
gate and rotate in one place). During this process, the spermatozoa head was bent, and after a
while, the flagellum was released, leaving the head free again. When the head was not held by
the flagellum anymore, its shape immediately returned to its unstressed straight configuration
(S4d Video).

The backward motion of spermatozoa, which could be used to disentangle sperm from
spermatozeugmata, was also utilized to change the swimming direction and steer sperma-
tozoa. This swimming reversal re-aligns the long helical sperm head to avoid obstacles or
penetrate a more viscous environment (S4e Video).

After release from spermatozeugmata, the spermatozoa moved linearly away from the
centre until they reached the edges of the viscous drop, where the properties of media differ
(due to evaporation, surface tension, etc.). Precisely at this moment, near the drop boundary,
the swimming direction of most of the cells changed, and the process of sperm steering was
observed. An example of the different stages of sperm release, the linear progressive motility,
and the sperm steering as the drop boundaries are approached can be found in S4f Video.

Discussion

Our results shed light on the fundamental principles of sperm motility in Elasmobranchii.
Their unique helical head morphology and three-dimensional flagellar beating enable sperm
cells to move in a highly viscous environment. We show that in low viscosity, sperm cells

are nonprogressive while gaining the ability to move progressively in an environment with
high viscosity. High viscosity was required during spermatozeugmata dissociation, allowing
spermatozoa to unbundle from the others and move progressively and straightforwardly. This
strongly indicates that low-viscosity environments suppress sperm progressive motility and
release from spermatozeugmata in these species. Additionally, increased viscosity also creates

Fig 8. Pictures of motile spermatozoa in 2% MC demonstrate buckling of the head, leading to a sperm turning. (A) ray Potamotrygon motoro; (B) skate Raja
asterias, and (C) shark Scyliorhinus canicula. See also $4 Video.

https://doi.org/10.1371/journal.pone.0319354.g008
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an environment under which elongated helical heads of spermatozoa can buckle during
motion, thus enabling directional change critical for navigation purposes.

The spermatozoa of Elasmobranchii possess specific characteristics (apomorphies) such as
elongated heads (bigger than most internal and external fertilizers [21], elongated midpieces,
longitude columns, and cytoplasmic sleeves [22]). These lead to distinct elastohydrodynamic
effects compared to microswimmers with smaller sizes and simplified structures. The elasto-
hydrodynamic sperm number parameter [15,23] contrasts flagellar bending and viscous forces
acting on the tail and is proportional to the flagellar length L , where the viscosity of the fluid
is denoted by #, frequency of the beat is w, and the bending stiffness of the flagellum is E,:

$p=L(m/ B,

Low Sp values are associated with effectively “stift” tails, while large Sp is linked with effec-
tively “floppy” behaviour of the flagellum. Having large Sp, due to a very long flagellum or
high viscosity of the fluid, poses complex challenges to be overcome by the sperm, as it makes
it harder to propagate waves due to the large elastohydrodynamic dissipation continually
acting along the flagellum [24].

Large sperm number Sp also makes the flagellum prone to flagellar buckling instability
[15] and nonprogressive swimming [25]. Interestingly, mammalian species overcome these
difficulties by reinforcing the flagellum with large ultrastructural elements that taper along
the flagellum to prevent flagellar buckling and promote sperm progressive motility in high Sp
regime [15,26]. Elasmobranchii species, however, recur the longitudinal columns but distrib-
ute them helically along the flagellum, forcing the flagellar bending into a helical shape during
the beating. Hence, instead of pushing the long head by the beating flagellum, the flagellum
rotates around the swimming axis to induce torque around the elongated helical head - the
helical shape stabilizes the rotation around the head axis [27]. Ultimately, this generates the
exquisite corkscrewing motion of the helical head into the thick fluid environment. However,
this mechanism was ineffective in our experiments under low-viscosity environments when
Sp is low. Overall, this avoids flagellar buckling and transfers most of the motion in the direc-
tion which seems more effective for this size and shape of the cell: the rotation of the helical
head. Altogether, the body-to-flagellum helical architectures allow a matched helical motion,
with rotation of the flagellum inducing the corkscrewing of the large-sized head into the
media, making swimming more effective in highly viscous fluids. Indeed, our results demon-
strated that despite the specific shape and large sizes of the Elasmobranchii spermatozoa, they
could reach swimming speeds similar to the much smaller mammalian spermatozoa in a sim-
ilar medium, as an example of human spermatozoa with an average of 62 pm/s of progressive
velocity [28].

The above-described physical background for differences in spermatozoa swimming with
differentially shaped heads is essential for understanding fundamental relationships between
spermatozoon shape and size evolution and its biological performances [21]. Moreover, it is
suggested that spermatozoa physiology is a complex subject that should be studied, consider-
ing the balance between reproduction strategy, specific physiological environment (conditions
of fertilization), and the ability of sperm to adapt, progress, and react to the changes under
this environment. Several studies attempted to correlate sperm size and motility in differ-
ent species, including fish, mammals, birds, etc [29-33], including cartilaginous fish [5,18],
sometimes reporting no or even negative correlation [34-37]. Most of the studies simplified
spermatozoa size to a single parameter, such as flagellar length or whole spermatozoa length,
without considering the head size or shape or not optimizing the swimming environment.
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This could explain the high heterogeneity of results and sometimes contradictory conclusions
reported in the literature.

This study aimed to test the hypothesis that the head-to-flagellum shape of Elasmobranchii
spermatozoa is specifically adapted to high-viscosity environments, as found in physiological
conditions. To investigate this, we evaluated the sperm performance of three Elasmobranchii
species across different physiological scenarios involving the release from spermatozeugmata,
the progressive motion, and the regulation of motility.

Activation of spermatozoa

All Elasmobranchii species are internal fertilizers. At the same time, the fertilization process
itself is not fully understood in these species. Males deposit spermatozoa through specific
grooves on claspers (extended pelvic fins) during mating [2]. However, these channels are not
fully closed, allowing contact with the aquatic environment (seawater in marine species and
freshwater in freshwater species). Also, the sperm is propelled into the female by the accumu-
lation and subsequent release of water from the siphonal sacs in sharks [38,39] or, presumably,
by secretions from claspers glands in rays and skates [40]. Thus, sperm motility could poten-
tially be activated by external factors similar to external fertilizers [41]. On the other hand, the
unique physiology of marine Elasmobranchii species sets them apart from other vertebrates
since their blood and seminal plasma osmolality is approximately 1000 mOsm/kg (equivalent
to seawater), thus preventing osmotic shock during transition. In contrast, freshwater Elasmo-
branchii have internal body fluid osmolality ranging between 243-350 mOsm/kg. In this case,
contact of spermatozoa with freshwater induces osmotic shock, potentially resembling signal-
ling in freshwater external fertilizers. However, in our previous observations, freshwater led to
a rapid cessation of flagellar beating [42]. These findings suggest that the motility of Elasmo-
branchii spermatozoa is not directly regulated by environmental osmolality. Nevertheless,
further research is needed to explore the potential effects of the siphonal sac or clasper gland
fluids on sperm physiology during mating and to uncover the precise mechanisms involved

in sperm deposition and interaction with the female’s internal environment. Our observations
indicate that the spermatozoa flagellum remained actively beating in undiluted seminal fluid
and ASF across all three species, even when spermatozoa were still compacted within the
spermatozeugmata. When LVM was used, the spermatozoa were nonprogressive, tumbling

in place, and struggled to leave the spermatozeugmata unless it was mechanically disrupted
during mixing with ASE. Interestingly, an increase in ASF viscosity was sufficient to trigger
progressive sperm motility. Thus, we suggested that during mating, the already activated
spermatozoa (still packed in spermatozeugmata) are transported towards the female’s internal
organs, where the next phase of progressive motility is initiated upon encountering the more
viscous internal environment.

Spermatozeugmata and spermatophores

Similar aggregations of spermatozoa, when spermatozoa connected without surrounding
matrix (unencapsulated), were observed in different Elasmobranchii species and called sper-
matozeugmata [43-46]. Clumped spermatozoa were also observed surrounded by additional
structures (matrix), thus being embedded inside capsules or spermatophores and observed in
several other Elasmobranchii species [47,48].

Several authors suggest that Elasmobranchii species may store spermatozoa after ejac-
ulation in the terminal zone of the oviducal gland, ensuring a supply of sperm for succes-
sive fertilization of ova released during ovulation over a period of several weeks or months
[49-51]. Thus, the presence of spermatozeugmata or spermatophores in ejaculation could
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have several biological functions. It can keep spermatozoa aggregated during transport along
the female reproductive tract if the water flow from the siphonal sacs carries sperm close to
the fertilization site (presumably, the oviducal gland). In this case, the aggregations would not
disintegrate, as the surrounding medium (water) would be low viscosity. Another possible role
can be associated with enhanced motility of the entire group of spermatozoa. This has been
suggested for the clusters of spermatozoa that appear in some monotremes and apparently
are similar to rays [11]. Last, these aggregations may be linked to sperm competition between
males in polyandrous species where multiple matings have been described as an example of
elasmobranchs [52]. In this case, the formation of sperm bundles has been considered an
adaptive mechanism to improve the reproductive fitness of males due to selective pressure to
optimize their sperm delivery. In this way, sperm can arrive more quickly at the storage area
or more easily displace sperm from other males [11,53].

Spermatozeugmata and spermatophores could be stored safely inside the female body for
a long time, waiting for a signal to release and start a free active movement to ensure fertiliza-
tion at the right time. That mechanism could be similar to the synchronization mechanism in
external fertilizers when sperm is activated only after ejaculation and contact with water [54].
Still, the elements of such a signalling cascade should be further discovered. In some mam-
mals, fertilization synchronization is realized through the capacitation process when only a
small part of the sperm population is capacitated and ready to fertilize during the ovulation
period, thus prolonging the time window for successful fertilization [55], but for fishes, sperm
capacitation was described only in a few species [56,57]. For many Chondrichthyan species,
synchronization may be needed to ensure fertilization immediately after ovulation and before
egg encapsulation [2]. At the same time, the process of spermatozoa releasing from agglom-
erations and capsulation of the eggs in Elasmobranchii has not been studied in detail. In our
study, the process of sperm unbundling from spermatozeugmata was significantly accelerated
when the HVM was used for sperm dilution, resulting in a burst of spermatozoa motility in
all three studied species. Thus, the increased viscosity may play a role in the trigger of sperm
unbundle in these species.

We observed, specifically for Elasmobranchii species, cytoplasmic sleeves structure pre-
sented in all of the studied species, which was also reported for Scyliorhinus canicula previ-
ously [58]. From our results, we can not conclude the exact function of these sleeves and if
they are involved in spermatogenesis, playing the Hermes body’s role, as suggested before
[47]. The Hermes body, or the cytoplasmic droplet, is a component of the sperm flagellum
unique to epididymal spermatozoa, originating as the remnant of germ cell cytoplasm during
spermatogenesis. Its precise role and function are unclear, but several authors hypothesize
that this structure might be associated with the maturation process and acquisition of sperm
motility [59,60]. Alternatively, the observed sleeves could be reminiscent of the structural
matrix that facilitates the interaction between Sertoli cells and developing spermatozoa during
spermatogenesis since they are not a part of the spermatozoa itself but rather provide an
additional layer or cover at the midpiece with this extra membrane. Our results confirm that
the sleeves are not required for proper motility of spermatozoa. Instead, it could be associated
with the unbundling process since, commonly, spermatozoa remove them while exiting the
spermatozeugmata. Thus, we suggest that the cytoplasmic sleeves connect spermatozoa inside
spermatozeugmata. In that case, the spermatozoon can rotate around its axis inside the sleeve
(like inside a tube) while still connecting to other spermatozoa inside the spermatozeugmata.

It should be mentioned that some of the authors reported sperm storage at the oviducal
gland involving only individual spermatozoa, which are basically stacked inside the gland
tissue in the terminal zone [61]. Currently, there is no direct indication of how exactly
sperm storage is ongoing. Many questions still exist and require further study and deeper
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consideration: Do the spermatophores or spermatozeugmata preserve their structure during
storage inside the female reproductive tract? What are the exact triggers of spermatozoa
activity and unbinding process in species with different sperm aggregation structures? Are the
cytoplasmic sleeves involved in organizing spermatozoa inside spermatozeugmata or sper-
matophores, and what is their exact function? How do spermatozoa aggregates impact sperm
competition and cryptic female choice in different species? Those questions are fundamental
for a general understanding of the reproduction strategy. They should be further considered,
taking into account specific spermatozoa physiology and their ability to progress and adapt to
specific environmental viscosity.

Sperm progressive motility

After being released from spermatozeugmata, nearly 100% of spermatozoa moved straightfor-
wardly in HVM. However, spermatozoa stayed almost nonprogressive in LWM, even though
the flagellum is active and head rotation frequency is high. In this situation, the rotating
spermatozoa head could move the liquid around without effective propulsion, while flagel-

lar waves did not produce enough force to push forward cells with such a large helical head.
When the medium viscosity increased, the situation changed. Instead of rotation without
propulsion, the spermatozoon head began to screw into the media with the help of the helical
shape head and the helical flagellar wave, thus progressing forward. We could observe high
viscosity effects on the flagellum: more symmetrical flagella wave and decreasing wave ampli-
tude and wavelength as described previously [28]. Consequently, spermatozoa began to swim
more straightforwardly since the side-to-side movement of the head and flagellum was limited
by increased viscosity. Nevertheless, Elasmobranchii spermatozoa (particularly ray sperma-
tozoa) were prone to wave compression [25,62]. The lateral to midpiece part of the flagellum
remained highly active, producing high-frequency shallow amplitude waves. This behaviour
suggests that different parts of the flagellum could be regulated differently, depending on

the environment, leading to the appearance of varying shapes of waves along the flagellum.
Surprisingly, the sperm motility in high viscosity was not hindered by the fact the amplitude
of the flagellar waves was very small. It may be attributed to the induced head spinning by the
flagellum. This suggests that sperm penetration in high viscosity can be achieved with two dis-
tinct modes in Elasmobranchii: the classical way in which large amplitude bending waves pro-
pel the large head forwards and a novel mechanism in which bending waves are insufficient to
produce cell propulsion but sufficient to induce torques on the helical head that subsequently
corkscrew into the medium.

The recent publication of Wang et al. [14] suggested that head shape could contribute up
to 31% efficiency of forces used for spermatozoon propagation/movement. The authors tested
the Heterogeneous Dual Helical Propulsion Mechanism, explaining the high adaptability of
ray spermatozoa to different viscosities. In many aspects, the observed spermatozoa behaviour
that they described, including the rotational basis of sperm progressive motion, rotation fre-
quency, and velocity of spermatozoa, are very consistent with our observation, except for the
effect of viscosity on spermatozoa progressive motility. In this case, the most efficient sperma-
tozoa motility was observed in LVM. Our study observed the highest velocity for shark sperm
at 0.75% MC, at 1% MC for ray and skate, and a slight decrease in higher viscosities. This dif-
ference could be related to species-specific differences in motility regulation or the differences
in the chemical effect of compounds used to create viscosity (MC in our study and alginate
in Wang et al. study) and will require further investigations. Interestingly, Wang et al. [14]
observed similar tail deformation in HVM due to the curling of the flagellar tip and entangling
of the flagellum on the helical head, a typical observation in our study for ray spermatozoa in
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LVM. Critically, in HVM, we found that close to 100% of observed spermatozoa were progres-
sive, demonstrating efficient forward motion with highly symmetrical flagellar waves.

As discussed above, the properties of spermatozoa observed in our study for Elasmo-
branchii could be easily applied to explain sperm motility in any other species with similarly
shaped spermatozoa as an adaptation to high viscosity during fertilization, for example, birds
and amphibians [63,64]. This suggests that environmental viscosity is a highly overlooked
parameter affecting sperm behaviour in many species. Increased drug forces in high viscos-
ity may provoke adaptation by elongating the head and applying a helical structure for the
rotational mode of progressive motility in large-sized evolutionarily conserved sperm types.
At the same time, viscosity could be one of the driving forces for further adaptions, leading to
decreasing spermatozoa size and simplifying spermatozoa structures, which could be observed
in many modern species (as examples of numerous mammals and teleost fishes).

Sperm navigation/directional changes

After release and finding optimal conditions for progressive motion, all spermatozoa con-
tinue to move straightforwardly, with the primary objective of locating and fertilizing the egg.
Recently, the common hypothesis of random fertilization has been replaced with the guidance
hypothesis [65]. According to this hypothesis, spermatozoa sense the changes in the envi-
ronment and adapt their motility accordingly, thus increasing the chance of encountering/
meeting the egg. If the cells can control motility dynamically (time) and spatially (navigation),
the opportunities for fertilization will be highly improved. Thus, the ability of spermatozoa

to react to environmental changes may predetermine the fertilization success and increase

the value of such males, providing additional selection criteria. Our study showed the sperm’s
ability to steer and change direction successfully despite the large sizes and complex motility
mechanism. This is done by uniquely exploiting the head buckling in high viscosity due to
elastic buckling instability [15,23,66]. Simpler buckling phenomena have been explored by
bacterial hook flagellum to induce directional changes in navigation [67].

In our study, in addition to the already observed and discussed phenomenon of the back-
ward motion of spermatozoa [47,68], we also demonstrated that this is involved in sperm
release from the bundle. Moreover, we observed that these long helical spermatozoa could
exploit a head-to-tail buckling phenomenon to change swimming direction, demonstrat-
ing a sophisticated strategy compared to simpler microorganisms with smaller bodies [67].
This mechanism is probably passive and may appear in a situation when high forces coming
from the flagellum (relatively high flagellar amplitude) push the spermatozoon head forward
while spinning (screwing) speed slows down. The same spermatozoon can quickly change
the bending/turning direction and thus could respond rapidly to changes in the properties of
the surrounding medium. Interestingly, the media can not keep the buckled head’s shape in
LVM conditions due to the fast relaxation time associated with an effectively “stiff” passive
elastic rod [69], equivalent to a low Sp regime for an active flagellum (as discussed above).
This indicates the elastic helical head did not possess any intrinsic internal moment or
pre-deformed configuration. The helical head structure thus appears to respond as a passive
elastic helical rod.

Conclusions

We investigated the spermatozoa of three Elasmobranchii species, the presence of sperma-
tozeugmata, the bundle formation and unbundling processes, their progressive motility, and
directional changes in navigation. Environmental viscosity was key in all aspects of motion,
and specific spermatozoa structures were used to allow motion in high-viscosity conditions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0319354  February 25, 2025 15/23




PLOS ONE

Helical architecture of Elasmobranch spermatozoa enables progressive motility in viscous environments

Our results suggest that these cells perform optimally in high-viscosity media and should be
considered for future spermatological studies and possible artificial reproduction in these
essential species. The observed helical head-to-flagellum architecture in these spermatozoa
may suggest that high viscosity is one of the main environmental conditions affecting and
shaping the spermatozoa and their performance during evolution to the state in which we
observe them now.

Materials and methods
Experimental models and ethics approval

Three Elasmobranchii species were used in this study: Scyliorhinus canicula (n = 4), Raja
asterias (n = 4), and Potamotrygon motoro (n = 3). The small-spotted catsharks Scyliorhinus
canicula were randomly selected from a sample of 11 male individuals sharing their aquar-
ium with no other species. The sharks were kept in an 8,000 L aquarium with recirculating
seawater (temperature: 16-18°C; salinity: 35-37%o) and fed twice daily with herring, squid,
and shrimps. All animals were adult males of an estimated age of 5 years. The maturity status
was determined by assessing the degree of calcification of the claspers (a method previously
employed in other studies on sperm quality). Sperm samples were collected from sharks
without using anaesthesia, turning them down to get tonic immobility. Manipulation of ani-
mals was approved by the Oceanografic Animal Care & Welfare Committee at the Fundacién
Oceanografic Valencia, Spain (Project reference: OCE-16-19).

The Mediterranean starry skate Raja asterias specimens came from commercial fisheries.
The animals, already dead at the time of collection, were obtained fresh from the fish market
approximately five hours after capture and kept on ice until pick-up. The appropriateness of
sperm samples collected post-mortem use was proved in previous studies [70]. The animals
came from artisanal trammel net fisheries in the Gulf of Valencia, Spain. All animals were
adult males of undetermined age. Maturity status could be determined by the degree of calcifi-
cation of the claspers and the development of testes and epididymis.

The ocellate river stingray (Potamotrygon motoro) was kept in experimental facilities at
the Faculty of Fisheries and Protection of Waters, University of South Bohemia in Ceské
Budé¢jovice. These facilities are certified by the Ministry of Agriculture of the Czech Republic
for breeding potamotrygonids and using them as experimental animals (reference numbers:
56665/2016-MZE-17214 and 55187/2016-MZE-17214). The stingrays were housed in a 900 L
aquarium with recirculating freshwater, maintained at 25-26°C and 100% oxygen saturation,
with a pH range of 7.2-7.4. They were fed twice daily with dry pellets and frozen forage fish.
All the animals used in the study were adult males aged between 5 and 7 years. Sperm samples
were collected following immersion anaesthesia in 100 mg L' tricaine methanesulfonate (MS
222) and 200mg L' NaHCO, [71].

All animal manipulation procedures were conducted in accordance with the Animal
Research Committee of the Faculty of Fisheries and Protection of Waters, following the prin-
ciples based on the EU-harmonized animal welfare act of the Czech Republic and the princi-
ples of laboratory animal care in compliance with the national law (Act No. 246/1992 on the
protection of animals against cruelty).

Sample collection and sperm motility video recordings

Sperm samples were collected from a shark - Scyliorhinus canicula (n = 4), skate - Raja
asterias (n = 4), and ray species - Potamotrygon motoro (n = 3) males after abdomen mas-
sage according to recommendations for cartilaginous fishes [72,73] and stored at 4 °C before
motility recordings. One aliquot of sperm (0.1-0.3 ul) was deposited in 40 ul of artificial
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seminal fluid (ASF) on a glass slide using the tip of an injection needle for further observa-
tions and recording. To observe spermatozeugmata and the process of sperm releasing, the
raw sperm samples were carefully placed in the middle of ASF flat drop under the micro-
scope without mixing for each sperm sample (preserving in this way the natural physiologi-
cal condition by which sperm is found in ejaculate). One observation field (with 1-3
spermatozeugmata) was followed for 20 min to estimate the efficiency of spermatozoa
release. To observe spermatozoa realizing and progression towards the boundary of the drop,
we moved the observation field following motile spermatozoa rather than focusing on sper-
matozeugmata location. To estimate motility duration, sperm aliquots (0.5-1 ul) were diluted
with 0.5ml of ASF in Eppendorf, and the presence of active (moving) flagellar was checked
every 10 min under the microscope. The composition of the ASF was formulated to mimic its
natural seminal fluid osmolality and ionic composition in the target species. For the fresh-
water species, P. motoro, ASF consisted of: NaCl 130 mM, KCI 8 mM, CaCl, 0.6 mM, Glucose
0.4mM, Tris 10 mM, pH 7.84, osmolality 295 mOsm/kg modified after [56]. For the marine
species, S. canicula and R. asterias, ASF consisted of: urea 433 mM, NaCl 376 mM, Trime-
thylamine N-oxide (TMAO) 120 mM, KCI 8.4 mM, Glucose 50 mM, CaCl, 7mM, NaHCO,
3.5mM, Na SO, 0.08 mM, 1.4 mM MgSO,, adjusted to pH 6.5 and osmolality 1000 mOsm/
kg [73]. To vary the viscosity of ASF and cover the physiological diapason of internal fluids,
the concentrations of 0, 0.125, 0.5, 0.75, 1, and 2% of Methylcellulose (MC; Sigma-Aldrich,
MO0512) were added [16]. These solutions have correspondingly resulted in approximate
viscosity of 0, 5, 25, 80, 200 and 4000 mPa x s (according to Methylcellulose M0512 manufac-
turer product information). The solutions with 0% MC are considered low viscosity (LVM),
solutions with MC concentrations of 0.75% or above are considered high viscosity (HVM),
while 0.125 and 0.5% are considered medium.

The motility of all three species (11 males in total) was recorded under room temperature
conditions (22-24 °C) during the initial 2-5 minutes after placing sperm in ASE. Records
were done with a digital video camera (IDS Imaging Development Systems GmbH, Ober-
sulm, Germany) set to 193 FPS (800 x 600) and a high-speed video camera (Olympus i-speed
TR, Tokyo, Japan, providing 848 x 688 pixels spatial resolution) at 2000 FPS mounted on a
phase-contrast microscope and x20 or x100 objectives for several minutes (depends on experi-
mental conditions). Motility records were stored in AVI format before analyses.

Analysis of sperm motility and flagella characteristics

Standard CASA methodology is inadequate for analyzing the motility of these specific
spermatozoa and does not yield valuable data to comprehend complex motions due to dif-
ficulties with tracking long (non-spherical) heads and due to the three-dimensional nature
of sperm motility, relying on rotation. Therefore, we have developed a bespoke method to
observe and process this unique motility. Our approach lets us directly capture flagellar
and head motion, manually extracting information about motility and rotation. Digital
frame-to-frame analyses of our video-microscopy recording were performed to measure
linear swimming velocity, flagellar waveform amplitude, wavelength and frequency of
wave oscillation, and sperm head-spinning frequency in Image]J software (U. S. National
Institutes of Health, Bethesda, Maryland, USA). Since the whole spermatozoa rotate during
the movement, the actual frequency of flagellar oscillation is a sum of both observed wave
propagation frequency plus the frequency of spermatozoa rotation. If the wave propagation
is not detected at all (“frozen” wave of flagellum), it will mean that the frequency of flagellar
propagation is equal to the frequency of rotation. The detection of rotation in shark sperm
was challenging due to the small radius of the head helix being partly out of focus in lower
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viscosities, also restricting the number of measurements for shark spermatozoa in 1 and
0.75% MC to 4 and 3 correspondingly, and was only possible to measure at 2% MC at x100.
An example of measured parameters is shown in S1 Fig, where the sperm head-spinning
frequency is calculated directly from the spinning motion of the helical-shaped head, which
travels along the head axis, similarly to a propagating wave.

Analysis of spermatozoa head morphology and electron microscopy

To visualize the precise shape and size of the spermatozoa used in this study, we esti-
mated morphometry parameters from video recordings and performed TEM on fixed
samples.

Frames obtained from video records were processed to measure head length, head helix
amplitude, and wavelength, as presented in S2 Fig. The number of helices is calculated as the
total number of all crests on both sides of the head divided by 2.

Sperm samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for two days
at 4 °C. For Transmission Electron Microscopy (TEM), samples were post-fixed in osmium
tetroxide for 2h at 4 °C, washed, dehydrated through an acetone series, and embedded in
resin (Poly/Bed 812; Polysciences, Inc., Warrington, USA). A series of ultrathin sections were
cut using a Leica UCT ultramicrotome (Leica Microsystems, Wetzlar, Germany) after being
counterstained with uranyl acetate and lead citrate and examined in a TEM JEOL 1010. The
fixed samples for the Scanning Electron Microscope (SEM) were step-wise dehydrated in an
acetone concentration, dried using a critical point dryer PELCO CPD 2 (Ted Pella Inc., Cali-
fornia, USA), and coated with gold in vacuum SEM Coating Unit E5100 (Polaron Equipment
Ltd., California, USA). Samples were examined with an SEM JSM 401-F or SEM JEOL 6300
(JEOL Ltd., Tokyo, Japan) equipped with a Sony CCD camera.

Quantification and statistical analysis

Due to the three-dimensional nature of sperm motility, our analysis focused on spermatozoa
where observable head and flagellar motions consistently appeared within the field of obser-
vation and focus, thus restricting our measurement numbers. In total, 106 spermatozoa were
analyzed from 11 different males. Depending on experimental conditions, each experimental
group included an average of 8 spermatozoa (ranging from 3 to 15) that were measured and
analyzed. The data set with all the measurements per individual spermatozoa is presented in
the S1 Table. The parameters of the sperm velocity and flagellar parameters are presented in
the text as mean * standard deviation. The limited sample size for assessing sperm motility
and flagellum characteristics, non-normally distributed values inside of these experimental
groups (p < 0.05 in Kolmogorov-Smirnov test), and no homogeneous variances (p < 0.05, Lev-
ene’s test) suggested application of nonparametric statistical analysis. Thus, the nonparametric
Kruskal-Wallis ANOVA followed by multiple comparisons of means ranks for all groups was
performed using Statistica (version 13, TIBCO Software Inc., 2017, Palo Alto, CA, USA).
Statistically significant differences in values inside the same species are marked by capital
letters, while differences inside one viscosity concentration are marked by lowercase letters in
corresponding figures.

The parameters of the sperm head are presented in the text as mean + standard devia-
tion from data obtained from 18 spermatozoa of rays (3 males; 5, 6 and 7 spermatozoa per
male), 15 spermatozoa of skates (4 males; 5, 3, 2, 5 per male) and 23 spermatozoa of sharks
(4 males; 8, 5, 5, 5 per male). The analysis was performed using the same spermatozoa frames
used for motility estimation, which allowed accurate measurements. Correlation analysis was
performed using Statistica (version 13, TIBCO Software Inc., 2017, Palo Alto, CA, USA) to
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estimate Pearson Correlation (r), r?, P-value and to determine a linear regression equation
presented in the figures.

Supporting information

S1 Table. The data set. Includes all the measurements per individual spermatozoa.
(XLSX)

S1 Fig. Example of skate flagellar and head motility analysis. The black line corresponds
to the line connecting the tips of the head on each frame. The yellow and orange lines con-
nect the corresponding “waves” on the spermatozoa head, and the green and red connect
waves on the tails. By calculating intervals (number of frames) of the line of the same colour
crossing the black line, we can estimate the time needed for one complete rotation or beat
cycle (0.05s between each frame). The number of such cycles per second will be expressed as
frequency (Hz). The distance between the green and red lines provides information about the
length of the flagellar wave (um). Recalculating the distance spermatozoa tip travelled during
one second will give us info about sperm velocity V (um/s). The amplitude of the flagella
wave is the distance between two parallel lines connecting the waves of the flagellum from
both sides, A (um). Related to the Methods section.

(TIF)

S2 Fig. Example of skate head morphology measurements. The distance from the tip of the
head to the beginning of the flagellar is measured as head length (including midpiece). The
distance between the two parallel lines connecting the waves of the head helix from both sides
is the amplitude of the head helix. The length of the head helix is measured as the average
distance between two wave crests on one side of the head. The number of helices is calculated
as the total number of all crests on both sides of the head divided by 2. Related to the Methods
section.

(TIF)

S1 Video. The motion of spermatozoa during the release from spermatozeugmata in three
Elasmobranchii species. Related to the results section “Sperm release from spermatozeugmata
clusters” and Fig 3.

(MP4)

$2 Video. Examples of cytoplasmic sleeve removal during the motion of spermatozoa.
Related to the results section “Cytoplasmic sleeve.”
(MP4)

83 Video. Motility of Elasmobranchii spermatozoa in different viscosity media. Related to
the results sections “Sperm motility and progression are specific for the highly viscous envi-
ronment,” “Flagellar wave adaptation to viscosity, “and Fig 4.

(MP4)

5

$4 Video. The motion of Elasmobranchii spermatozoa during direction changes and head
steering. Related to the results section “Steering long sperm chiral bodies in high viscosity”
and Fig 8.

(MP4)

Acknowledgments

The authors would like to thank the Fundacion Oceanografic for collaborating to obtain some
of the samples.

PLOS ONE | https://doi.org/10.1371/journal.pone.0319354  February 25, 2025 19/23



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319354.s007

PLOS ONE

Helical architecture of Elasmobranch spermatozoa enables progressive motility in viscous environments

Author contributions

Conceptualization: Sergii Boryshpolets, Borys Dzyuba, Hermes Bloomfield-Gadélha, Juan E.
Asturiano.

Formal analysis: Sergii Boryshpolets, Borys Dzyuba, Anatoliy Sotnikov.
Investigation: Sergii Boryshpolets, Borys Dzyuba, Pablo Garcia-Salinas, Victor Gallego.

Methodology: Sergii Boryshpolets, Borys Dzyuba, Pablo Garcia-Salinas, Hermes Bloomfield-
Gadélha, Victor Gallego.

Resources: Borys Dzyuba, Pablo Garcia-Salinas, Juan E Asturiano.
Supervision: Sergii Boryshpolets, Borys Dzyuba, Juan E. Asturiano.
Visualization: Sergii Boryshpolets, Pablo Garcia-Salinas, Anatoliy Sotnikov.
Writing - original draft: Sergii Boryshpolets, Borys Dzyuba.

Writing - review & editing: Sergii Boryshpolets, Borys Dzyuba, Pablo Garcia-Salinas, Hermes
Bloomfield-Gadélha, Victor Gallego, Anatoliy Sotnikov, Juan E. Asturiano.

References

1. Amaral CRL, Pereira F, Silva DA, Amorim A, de Carvalho EF. The mitogenomic phylogeny of the Elas-
mobranchii (Chondrichthyes). Mitochondrial DNA A DNA Mapp Seq Anal. 2018;29(6):867—-78. hitps:/
doi.org/10.1080/24701394.2017.1376052 PMID: 28927318

2. Walker TI. Reproduction of Chondrichthyans. In: Yoshida M, Asturiano JF, editors. Reproduction in
aquatic animals: from basic biology to aquaculture technology. Singapore: Springer Singapore; 2020.
p. 193-223.

3. Fitzpatrick JL. Sperm competition and fertilization mode in fishes. Philos Trans R Soc London Ser B.
2020;375(1813):20200074. https://doi.org/10.1098/rstb.2020.0074 PMID: 33070731

4. Pitnick S, Hosken DJ, Birkhead TR. 3 - Sperm morphological diversity. In: Birkhead TR, Hosken DJ,
Pitnick S, editors. Sperm biology. London: Academic Press; 2009. p. 69-149.

5. Kahrl AF, Snook RR, Fitzpatrick JL. Fertilization mode drives sperm length evolution across the ani-
mal tree of life. Nat Ecol Evol. 2021;5(8):1153—64. https://doi.org/10.1038/s41559-021-01488-y PMID:
34155385

6. Long JA, Mark-Kurik E, Johanson Z, Lee MSY, Young GC, Min Z, et al. Copulation in antiarch placo-
derms and the origin of gnathostome internal fertilization. Nature. 2015;517(7533):196-9. hitps://doi.
org/10.1038/nature 13825 PMID: 25327249

7. Stestad HN, Johnsen A, Lifjeld JT, Rowe M. Sperm head morphology is associated with sperm swim-
ming speed: a comparative study of songbirds using electron microscopy. Evolution. 2018;72(9):1918—
32. https://doi.org/10.1111/evo.13555 PMID: 30015353

8. Simon CO, Barrie GMJ, David MS. The Ultrastructure of spermatozoa of Squamata. Il. Agamidae,
Varanidae, Colubridae, Elapidae, and Boidae (Reptilia). Herpetologica. 1996;52(2):216—41.

9. Carrick FN, Hughes RL. Aspects of the structure and development of monotreme spermatozoa and
their relevance to the evolution of mammalian sperm morphology. Cell Tissue Res. 1982;222(1):127—
41. Epub 1982/01/01. https://doi.org/10.1007/BF00218293 PMID: 7060089

10. Ecroyd H, Nixon B, Dacheux JL, Jones RC. Testicular descent, sperm maturation and capacitation.
Lessons from our most distant relatives, the monotremes. Reprod Fertil Dev. 2009;21(8):992—1001.
Epub 2009/10/31. https://doi.org/10.1071/RD09081 PMID: 19874723

11.  Nixon B, Ecroyd H, Dacheux J-L, Dacheux F, Labas V, Johnston SD, et al. Formation and dissoci-
ation of sperm bundles in monotremes1. Biol Reprod. 2016;95(4):91. https://doi.org/10.1095/biolre-
prod.116.140491 PMID: 27557648

12. Scheltinga J. Spermatogenesis and the mature spermatozoon: Form, function and phylogenetic impli-
cations. In: Jamieson BGM, editor. Reproductive biology and phylogeny of anura CRC Press; 2003. p.
119-217.

13. Lisicki M, Velho Rodrigues MF, Goldstein RE, Lauga E. Swimming eukaryotic microorganisms exhibit
a universal speed distribution. eLife. 2019;8:€44907. hitps://doi.org/10.7554/eLife.44907 PMID:
31310238

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319354  February 25, 2025 20/23



https://doi.org/10.1080/24701394.2017.1376052
https://doi.org/10.1080/24701394.2017.1376052
http://www.ncbi.nlm.nih.gov/pubmed/28927318
https://doi.org/10.1098/rstb.2020.0074
http://www.ncbi.nlm.nih.gov/pubmed/33070731
https://doi.org/10.1038/s41559-021-01488-y
http://www.ncbi.nlm.nih.gov/pubmed/34155385
https://doi.org/10.1038/nature13825
https://doi.org/10.1038/nature13825
http://www.ncbi.nlm.nih.gov/pubmed/25327249
https://doi.org/10.1111/evo.13555
http://www.ncbi.nlm.nih.gov/pubmed/30015353
https://doi.org/10.1007/BF00218293
http://www.ncbi.nlm.nih.gov/pubmed/7060089
https://doi.org/10.1071/RD09081
http://www.ncbi.nlm.nih.gov/pubmed/19874723
https://doi.org/10.1095/biolreprod.116.140491
https://doi.org/10.1095/biolreprod.116.140491
http://www.ncbi.nlm.nih.gov/pubmed/27557648
https://doi.org/10.7554/eLife.44907
http://www.ncbi.nlm.nih.gov/pubmed/31310238

PLOS ONE

Helical architecture of Elasmobranch spermatozoa enables progressive motility in viscous environments

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wang P, Al Azad MAR, Yang X, Martelli PR, Cheung KY, Shi J, et al. Self-adaptive and efficient pro-
pulsion of Ray sperms at different viscosities enabled by heterogeneous dual helixes. Proc Natl Acad
Sci USA. 2021;118(23):€2024329118. https://doi.org/10.1073/pnas.2024329118 PMID: 34088836

Gadélha H, Gaffney EA. Flagellar ultrastructure suppresses buckling instabilities and enables mam-
malian sperm navigation in high-viscosity media. J R Soc Interface. 2019;16(152):20180668. https://
doi.org/10.1098/rsif.2018.0668 PMID: 30890052

lvic A, Onyeaka H, Girling A, Brewis IA, Ola B, Hammadieh N, et al. Critical evaluation of methylcel-
lulose as an alternative medium in sperm migration tests. Hum Reprod. 2002;17(1):143-9. https://doi.
org/10.1093/humrep/17.1.143 PMID: 11756379

Tanaka S, Kurokawa H, Masako H. Comparative Morphology of the Sperm in Chondrichthyan Fishes.
In: Jamieson BG, Ausio J, Jean-Lou J, editors. Advances in spermatozoal phylogeny and taxonomy.
Paris: Editions du Muséum national d’Histoire naturelle; 1995. p. 313-20.

Rowley A, Locatello L, Kahrl A, Rego M, Boussard A, Garza-Gisholt E, et al. Sexual selection and the
evolution of sperm morphology in sharks. J Evol Biol. 2019;32(10):1027-35. https://doi.org/10.1111/
jeb.13501 PMID: 31250483

Penfold LM, Wyffels JT. Reproductive Science in Sharks and Rays. Adv Exp Med Biol.
2019;1200:465-88. Epub 2019/09/01. https://doi.org/10.1007/978-3-030-23633-5_15 PMID: 31471806

Oriola D, Needleman DJ, Brugués J. The physics of the metaphase spindle. Annu Rev Biophys.
2018;47:655-73. Epub 2018/05/25. https://doi.org/10.1146/annurev-biophys-060414-034107 PMID:
29792816

Kahrl AF, Snook RR, Fitzpatrick JL. Fertilization mode differentially impacts the evolution of vertebrate
sperm components. Nat Commun. 2022;13(1):6809. hitps://doi.org/10.1038/s41467-022-34609-7
PMID: 36357384

Jamieson BGM. Chondrichthyan Spermatozoa and Phylogeny. In: Hamlett WC, editor. Reproductive
biology and phylogeny of Chondrichthyes. 1st ed. Boca Raton, Florida: CRC Press; 2005. p. 201-36.

Gadélha H, Gaffney EA, Smith DJ, Kirkman-Brown JC. Nonlinear instability in flagellar dynamics: a
novel modulation mechanism in sperm migration? J R Soc Interface. 2010;7(53):1689-97. hitps://doi.
0org/10.1098/rsif.2010.0136 PMID: 20462879

Cass JF, Bloomfield-Gadélha H. The reaction-diffusion basis of animated patterns in eukaryotic fla-
gella. Nat Commun. 2023;14(1):5638. https://doi.org/10.1038/s41467-023-40338-2 PMID: 37758714

Woolley DM. A novel motility pattern in quail spermatozoa with implications for the mechanism of
flagellar beating. Biol Cell. 2007;99(12):663-75. Epub 2007/06/15. https://doi.org/10.1042/bc20070050
PMID: 17561807

Leung MR, Roelofs MC, Ravi RT, Maitan P, Henning H, Zhang M, et al. The multi-scale architecture
of mammalian sperm flagella and implications for ciliary motility. EMBO J. 2021;40(7):e107410. Epub
2021/03/12. https://doi.org/10.15252/embj.2020107410 PMID: 33694216

Andrietti F, Bernardini G. The movement of spermatozoa with helical head: theoretical analysis and
experimental results. Biophys J. 1994;67(4):1767—74. hitps://doi.org/10.1016/S0006-3495(94)80651-4
PMID: 7819509

Smith DJ, Gaffney EA, Gadélha H, Kapur N, Kirkman-Brown JC. Bend propagation in the flagella of
migrating human sperm, and its modulation by viscosity. Cell Motil Cytoskeleton. 2009;66(4):220—-36.
https://doi.org/10.1002/cm.20345 PMID: 19243024

Fitzpatrick JL, Montgomerie R, Desjardins JK, Stiver KA, Kolm N, Balshine S. Female promiscuity
promotes the evolution of faster sperm in cichlid fishes. Proc Natl Acad Sci USA. 2009;106(4):1128—
32. https://doi.org/10.1073/pnas.0809990106 PMID: 19164576

Briskie JV, Montgomerie R. Sperm size and sperm competition in birds. Proc Biol Sci.
1992;247(1319):89-95. https://doi.org/10.1098/rspb.1992.0013 PMID: 1349186

Immler S, Pitnick S, Parker GA, Durrant KL, Liipold S, Calhim S, et al. Resolving variation in the
reproductive tradeoff between sperm size and number. Proc Natl Acad Sci USA. 2011;108(13):5325—
30. https://doi.org/10.1073/pnas.1009059108 PMID: 21402912

Lipold S, Calhim S, Immler S, Birkhead TR. Sperm morphology and sperm velocity in passerine
birds. Proc Biol Sci. 2009;276(1659):1175-81. https://doi.org/10.1098/rspb.2008.1645 PMID: 19129098
Tourmente M, Gomendio M, Roldan ER. Sperm competition and the evolution of sperm design in
mammals. BMC Evol Biol. 2011;11(1):1-10. https://doi.org/10.1186/1471-2148-11-12

Stockley P, Gage MJG, Parker GA, Mgaller AP. Sperm competition in fishes: the evolution of testis

size and ejaculate characteristics. Am Naturalist. 1997;149(5):933-54. https://doi.org/10.1086/286031
PMID: 18811256

PLOS ONE | https://doi.org/10.1371/journal.pone.0319354  February 25, 2025 21/23



https://doi.org/10.1073/pnas.2024329118
http://www.ncbi.nlm.nih.gov/pubmed/34088836
https://doi.org/10.1098/rsif.2018.0668
https://doi.org/10.1098/rsif.2018.0668
http://www.ncbi.nlm.nih.gov/pubmed/30890052
https://doi.org/10.1093/humrep/17.1.143
https://doi.org/10.1093/humrep/17.1.143
http://www.ncbi.nlm.nih.gov/pubmed/11756379
https://doi.org/10.1111/jeb.13501
https://doi.org/10.1111/jeb.13501
http://www.ncbi.nlm.nih.gov/pubmed/31250483
https://doi.org/10.1007/978-3-030-23633-5_15
http://www.ncbi.nlm.nih.gov/pubmed/31471806
https://doi.org/10.1146/annurev-biophys-060414-034107
http://www.ncbi.nlm.nih.gov/pubmed/29792816
https://doi.org/10.1038/s41467-022-34609-7
http://www.ncbi.nlm.nih.gov/pubmed/36357384
https://doi.org/10.1098/rsif.2010.0136
https://doi.org/10.1098/rsif.2010.0136
http://www.ncbi.nlm.nih.gov/pubmed/20462879
https://doi.org/10.1038/s41467-023-40338-2
http://www.ncbi.nlm.nih.gov/pubmed/37758714
https://doi.org/10.1042/bc20070050
http://www.ncbi.nlm.nih.gov/pubmed/17561807
https://doi.org/10.15252/embj.2020107410
http://www.ncbi.nlm.nih.gov/pubmed/33694216
https://doi.org/10.1016/S0006-3495(94)80651-4
http://www.ncbi.nlm.nih.gov/pubmed/7819509
https://doi.org/10.1002/cm.20345
http://www.ncbi.nlm.nih.gov/pubmed/19243024
https://doi.org/10.1073/pnas.0809990106
http://www.ncbi.nlm.nih.gov/pubmed/19164576
https://doi.org/10.1098/rspb.1992.0013
http://www.ncbi.nlm.nih.gov/pubmed/1349186
https://doi.org/10.1073/pnas.1009059108
http://www.ncbi.nlm.nih.gov/pubmed/21402912
https://doi.org/10.1098/rspb.2008.1645
http://www.ncbi.nlm.nih.gov/pubmed/19129098
https://doi.org/10.1186/1471-2148-11-12
https://doi.org/10.1086/286031
http://www.ncbi.nlm.nih.gov/pubmed/18811256

PLOS ONE

Helical architecture of Elasmobranch spermatozoa enables progressive motility in viscous environments

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gage MJG, Macfarlane C, Yeates S, Shackleton R, Parker GA. Relationships between sperm
morphometry and sperm motility in the Atlantic salmon. J Fish Biol. 2002;61(6):1528-39. https://doi.
org/10.1111/j.1095-8649.2002.tb02495.x

Gage MJG, Freckleton RP. Relative testis size and sperm morphometry across mammals:
no evidence for an association between sperm competition and sperm length. Proc Biol Sci.
2003;270(1515):625-32. https://doi.org/10.1098/rspb.2002.2258 PMID: 12769463

Langen K, Thinken T, Klemm J, Sandmann S, Bakker TCM. Sperm size is negatively related to
relative testis size in West African riverine cichlid fishes. Sci Nature. 2019;106(5-6):30. https://doi.
0rg/10.1007/s00114-019-1622-0 PMID: 31147792

Gilbert PW, Heath GW. The clasper-siphon sac mechanism in Squalus acanthias and Mustelus
canis. Comp Biochem Physiol A Comp Physiol. 1972;42(1):97-119. Epub 1972/05/01. https://doi.
org/10.1016/0300-9629(72)90371-4 PMID: 4402727

Whitney NM, Pratt HL, Carrier JC. Group courtship, mating behaviour and siphon sac function in the
whitetip reef shark, Triaenodon obesus. Anim Behav. 2004;68(6):1435—-42. https://doi.org/10.1016/].
anbehav.2004.02.018

Piercy A, Gelsleichter J, Snelson FF, Jr. Morphological changes in the clasper gland of the
Atlantic stingray, Dasyatis sabina, associated with the seasonal reproductive cycle. J Morphol.
2006;267(1):109—14. Epub 2005/11/05. https://doi.org/10.1002/jmor.10389 PMID: 16270309

Cosson J. The ionic and osmotic factors controlling motility of fish spermatozoa. Aquac Int.
2004;12(1):69-85. https://doi.org/10.1023/b:aqui.0000017189.44263.bc

Dzyuba V, Sampels S, Ninhaus-Silveira A, Kahanec M, Verissimo-Silveira R, Rodina M, et al. Sperm
motility and lipid composition in internally fertilizing ocellate river stingray Potamotrygon motoro. Ther-
iogenology. 2019;130:26—-35. hitps://doi.org/10.1016/j.theriogenology.2019.02.029 PMID: 30856412

Del Mar Pedreros-Sierra T, Ramirez-Pinilla MP. Morphology of the reproductive tract and acquisition
of sexual maturity in males of Potamotrygon magdalenae (Elasmobranchii: Potamotrygonidae). J
Morphol. 2015;276(3):273-89. https://doi.org/10.1002/jmor.20337

Girard M, Rivalan P, Sinquin G. Testis and sperm morphology in two deep-water squaloid sharks,
Centroscymnus coelolepis and Centrophorus squamosus. J Fish Biol. 2000;57(6):1575-89. hitps:/
doi.org/10.1111/j.1095-8649.2000.tb02233.x

Jones CJP, Hamlett WC. Glycosylation of the male genital ducts and spermatozeugmata for-
mation in the clearnose skate Raja eglanteria. Histochem J. 2003;34(11):601-15. https://doi.
0rg/10.1023/A:1026093902502

McClusky LM. Sperm of Galeorhinus galeus (Elasmobranchii, Triakidae) traverse an excurrent duct
system characterized by pronounced regionalization: a scanning electron and light microscopy study.
Anat Rec (Hoboken). 2015;298(11):1938—49. https://doi.org/10.1002/ar.23204 PMID: 26248611

Wyffels JT, George R, Adams L, Adams C, Clauss T, Newton A, et al. Testosterone and semen
seasonality for the sand tiger shark Carcharias taurus. Biol Reprod. 2019;102(4):876—87. https://doi.
org/10.1093/biolre/ioz221

Pratt HL Jr, Tanaka S. Sperm storage in male elasmobranchs: a description and survey. J Morphol.
1994;219(3):297-308. https://doi.org/10.1002/jmor.1052190309 PMID: 8169955

Hamlett WC, Knight DP, Koob TJ, Jezior M, Luong T, Rozycki T, et al. Survey of oviducal gland
structure and function in elasmobranchs. J Exp Zool. 1998;282(45):399—-420. hitps://doi.org/10.1002/
(sici)1097-010x(199811/12)282:4/5<399::aid-jez2>3.3.c0;2-y

Moura T, Serra-Pereira B, Gordo LS, Figueiredo |. Sperm storage in males and females of the
deepwater shark Portuguese dogfish with notes on oviducal gland microscopic organization. J Zool.
2011;283(3):210-9. https://doi.org/10.1111/.1469-7998.2010.00775.x

Storrie MT, Walker Tl, Laurenson LJ, Hamlett WC. Microscopic organization of the sperm storage
tubules in the oviducal gland of the female gummy shark (Mustelus antarcticus), with observations on
sperm distribution and storage. J Morphol. 2008;269(11):1308—24. https://doi.org/10.1002/jmor.10646
PMID: 18756524

Lamarca F, Carvalho PH, Vilasboa A, Netto-Ferreira AL, Vianna M. Is multiple paternity in elasmo-
branchs a plesiomorphic characteristic? Environ Biol Fishes. 2020;103(12):1463-70. https://doi.
org/10.1007/s10641-020-01034-y

Pearcy M, Delescaille N, Lybaert P, Aron S. Team swimming in ant spermatozoa. Biol Lett.
2014;10(6):20140308. hitps://doi.org/10.1098/rsbl.2014.0308 PMID: 24919705
Dzyuba V, Cosson J. Matility of fish spermatozoa: from external signaling to flagella response.

Reprod Biol. 2014;14(3):165-75. Epub 2014/08/26. https://doi.org/10.1016/j.repbio.2013.12.005 PMID:
25152513

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0319354  February 25, 2025 22/23



https://doi.org/10.1111/j.1095-8649.2002.tb02495.x
https://doi.org/10.1111/j.1095-8649.2002.tb02495.x
https://doi.org/10.1098/rspb.2002.2258
http://www.ncbi.nlm.nih.gov/pubmed/12769463
https://doi.org/10.1007/s00114-019-1622-0
https://doi.org/10.1007/s00114-019-1622-0
http://www.ncbi.nlm.nih.gov/pubmed/31147792
https://doi.org/10.1016/0300-9629(72)90371-4
https://doi.org/10.1016/0300-9629(72)90371-4
http://www.ncbi.nlm.nih.gov/pubmed/4402727
https://doi.org/10.1016/j.anbehav.2004.02.018
https://doi.org/10.1016/j.anbehav.2004.02.018
https://doi.org/10.1002/jmor.10389
http://www.ncbi.nlm.nih.gov/pubmed/16270309
https://doi.org/10.1023/b:aqui.0000017189.44263.bc
https://doi.org/10.1016/j.theriogenology.2019.02.029
http://www.ncbi.nlm.nih.gov/pubmed/30856412
https://doi.org/10.1002/jmor.20337
https://doi.org/10.1111/j.1095-8649.2000.tb02233.x
https://doi.org/10.1111/j.1095-8649.2000.tb02233.x
https://doi.org/10.1023/A:1026093902502
https://doi.org/10.1023/A:1026093902502
https://doi.org/10.1002/ar.23204
http://www.ncbi.nlm.nih.gov/pubmed/26248611
https://doi.org/10.1093/biolre/ioz221
https://doi.org/10.1093/biolre/ioz221
https://doi.org/10.1002/jmor.1052190309
http://www.ncbi.nlm.nih.gov/pubmed/8169955
https://doi.org/10.1002/(sici)1097-010x(199811/12)282:4/5<399::aid-jez2>3.3.co;2-y
https://doi.org/10.1002/(sici)1097-010x(199811/12)282:4/5<399::aid-jez2>3.3.co;2-y
https://doi.org/10.1111/j.1469-7998.2010.00775.x
https://doi.org/10.1002/jmor.10646
http://www.ncbi.nlm.nih.gov/pubmed/18756524
https://doi.org/10.1007/s10641-020-01034-y
https://doi.org/10.1007/s10641-020-01034-y
https://doi.org/10.1098/rsbl.2014.0308
http://www.ncbi.nlm.nih.gov/pubmed/24919705
https://doi.org/10.1016/j.repbio.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25152513

PLOS ONE

Helical architecture of Elasmobranch spermatozoa enables progressive motility in viscous environments

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72,

73.

Perez-Cerezales S, Boryshpolets S, Eisenbach M. Behavioral mechanisms of mammalian sperm
guidance. Asian J Androl. 2015;17(4):628-32. Epub 2015/05/23. https://doi.org/10.4103/1008-
682X.154308 PMID: 25999361; PMCID: PMC4492055

Dzyuba V, Ninhaus-Silveira A, Kahanec M, Verissimo-Silveira R, Rodina M, Holt WV, et al. Sperm
motility in ocellate river stingrays: evidence for post-testicular sperm maturation and capacitation in
Chondrichthyes. J Zool. 2019;307(1):9—16. https://doi.org/10.1111/jz0.12610

Pérez LM. Fish sperm maturation, capacitation, and motility activation. In: Yoshida M, Asturiano JF,
editors. Reproduction in aquatic animals. 1st ed. Singapore: Springer Nature Singapore Pte Ltd; 2020.
p. 47-68.

Mufoz-Baquero M, Marco-Jiménez F, Garcia-Dominguez X, Ros-Santaella JL, Pintus E,
Jiménez-Movilla M, et al. Comparative study of semen parameters and hormone profile in
small-spotted catshark (Scyliorhinus canicula): Aquarium-housed vs. wild-captured. Animals (Basel).
2021;11(10):2884. Epub 2021/10/24. https://doi.org/10.3390/ani11102884 PMID: 34679905

Hermo L, Oliveira RL, Smith CE, Bergeron JJM. Inherent sperm maturation: a role for the hermes
body (cytoplasmic droplet) of sperm. In: Skinner MK, editor. Encyclopedia of reproduction. 2nd ed.
Oxford: Academic Press; 2018. p. 72—-84.

Au CE, Hermo L, Byrne E, Smirle J, Fazel A, Kearney RE, et al. Compartmentalization of membrane
trafficking, glucose transport, glycolysis, actin, tubulin and the proteasome in the cytoplasmic droplet/
Hermes body of epididymal sperm. Open Biology. 2015;5(8):150080. Epub 2015/08/28. https://doi.
0rg/10.1098/rsob.150080 PMID: 26311421

Hamlett WC, Musick JA, Hysell CK, Sever DM. Uterine epithelial-sperm interaction, endometrial cycle
and sperm storage in the terminal zone of the oviducal gland in the placental smoothhound, Mustelus
canis. J Exp Zool. 2002;292(2):129—44. Epub 2001/12/26. https://doi.org/10.1002/jez.1149 PMID:
11754029

Woolley DM, Vernon GG. A study of helical and planar waves on sea urchin sperm flagella, with a
theory of how they are generated. J Exp Biol. 2001;204(Pt 7):1333—45. Epub 2001/03/16. https://doi.
0rg/10.1242/jeb.204.7.1333 PMID: 11249842

Schmoll T, Rudolfsen G, Schielzeth H, Kleven O. Sperm velocity in a promiscuous bird across experi-
mental media of different viscosities. Proc Biol Sci. 2020;287(1931):20201031. https://doi.org/10.1098/
rspb.2020.1031 PMID: 32673555

Muto K, Kubota HY. A novel mechanism of sperm motility in a viscous environment: Corkscrew-
shaped spermatozoa cruise by spinning. Cell Motil Cytoskeleton. 2009;66(5):281-91. https://doi.
0org/10.1002/cm.20358 PMID: 19334064

Eisenbach M, Giojalas LC. Sperm guidance in mammals — an unpaved road to the egg. Nat Rev Mol
Cell Biol. 2006;7(4):276-85. hitps://doi.org/10.1038/nrm1893 PMID: 16607290

Jawed MK, Khouri NK, Da F, Grinspun E, Reis PM. Propulsion and instability of a flexible helical
rod rotating in a viscous fluid. Phys Rev Lett. 2015;115(16):168101. https://doi.org/10.1103/PhysRev-
Lett.115.168101 PMID: 26550904

Son K, Guasto JS, Stocker R. Bacteria can exploit a flagellar buckling instability to change direction.
Nat Phys. 2013;9(8):494-8. https://doi.org/10.1038/nphys2676

Minamikawa S, Morisawa M. Acquisition, initiation and maintenance of sperm motility in
the shark, Triakis scyllia. Comp Biochem Physiol Part A. 1996;113(4):387-92. https://doi.
org/10.1016/0300-9629(95)02080-2

Coy R, Gadélha H. The counterbend dynamics of cross-linked filament bundles and flagella. J R Soc
Interface. 2017;14(130):20170065. hitps://doi.org/10.1098/rsif.2017.0065 PMID: 28566516

Garcia-Salinas P, Gallego V, Asturiano JF. Development of sperm cryopreservation protocols for
sharks and rays: new tools for elasmobranch conservation. Front Mar Sci. 2021;8:1—-13. hitps://doi.
org/10.3389/fmars.2021.689089

Stamper AM. Immobilization of Elasmobranchs In: Smith MFL, Warmolts D, Thoney DA, Hueter RE,
Murray M, Ezcurra JM, et al., editors. The elasmobranch husbandry manual II: recent advances in the
care of sharks, rays and their relatives. The Ohio State University; 2017. p. 281-96.

Garcia-Salinas P, Gallego V, Asturiano JF. Reproductive anatomy of chondrichthyans: notes on spec-
imen handling and sperm extraction. |. Rays and Skates. Animals. 2021;11(7):1888-16. https://doi.
org/10.3390/ani11071888

Garcia-Salinas P, Gallego V, Asturiano JF. Reproductive anatomy of chondrichthyans: notes on speci-

men handling and sperm extraction. |l. Sharks and Chimaeras. Animals (Basel). 2021;11(8):2191-20.
Epub 2021/08/28. https://doi.org/10.3390/ani11082191

PLOS ONE | https://doi.org/10.1371/journal.pone.0319354  February 25, 2025 23/23



https://doi.org/10.4103/1008-682X.154308
https://doi.org/10.4103/1008-682X.154308
http://www.ncbi.nlm.nih.gov/pubmed/25999361
https://doi.org/10.1111/jzo.12610
https://doi.org/10.3390/ani11102884
http://www.ncbi.nlm.nih.gov/pubmed/34679905
https://doi.org/10.1098/rsob.150080
https://doi.org/10.1098/rsob.150080
http://www.ncbi.nlm.nih.gov/pubmed/26311421
https://doi.org/10.1002/jez.1149
http://www.ncbi.nlm.nih.gov/pubmed/11754029
https://doi.org/10.1242/jeb.204.7.1333
https://doi.org/10.1242/jeb.204.7.1333
http://www.ncbi.nlm.nih.gov/pubmed/11249842
https://doi.org/10.1098/rspb.2020.1031
https://doi.org/10.1098/rspb.2020.1031
http://www.ncbi.nlm.nih.gov/pubmed/32673555
https://doi.org/10.1002/cm.20358
https://doi.org/10.1002/cm.20358
http://www.ncbi.nlm.nih.gov/pubmed/19334064
https://doi.org/10.1038/nrm1893
http://www.ncbi.nlm.nih.gov/pubmed/16607290
https://doi.org/10.1103/PhysRevLett.115.168101
https://doi.org/10.1103/PhysRevLett.115.168101
http://www.ncbi.nlm.nih.gov/pubmed/26550904
https://doi.org/10.1038/nphys2676
https://doi.org/10.1016/0300-9629(95)02080-2
https://doi.org/10.1016/0300-9629(95)02080-2
https://doi.org/10.1098/rsif.2017.0065
http://www.ncbi.nlm.nih.gov/pubmed/28566516
https://doi.org/10.3389/fmars.2021.689089
https://doi.org/10.3389/fmars.2021.689089
https://doi.org/10.3390/ani11071888
https://doi.org/10.3390/ani11071888
https://doi.org/10.3390/ani11082191
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

