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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.g001

https://doi.org/10.1371/journal.pone.0319354.g001
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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 µm, helix amplitude of 4.48 ± 0.35 
µm, and wavelength of 11.33 ± 0.75 µm possessed 4,5 helix and were similar in all 4 males. Ray 
spermatozoa had larger heads, with a length of 54.21 ± 1.09 µm, helix amplitude of 5.32 ± 0.17 
µm, and wavelength of 10.63 ± 0.6 µm 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 µm), 
pitch (2.23 ± 0.27 µm) that remains constant along its length 59.36 ± 1.51 µm (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

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

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 (S1e 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 ASF, 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 µm/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 µm/s observed at 0.75% MC (Fig 4B and S3c Video). In comparison, 1% 
MC instigated higher speeds in ray 51.6 ± 12.9 µm/s and skate sperm 64.8 ± 2.9 µm/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 µm at 0.75% MC to 3.9 ± 0.4 µm at 2% MC in shark; from 9.6 ± 0.7 µm at 0.75% MC 
to 4.7 ± 1.4 µm at 2% MC in skate) and wavelength (from 36 ± 1 µm at 0.75% MC to 26.5 ± 1.8 µm 
at 2% MC in shark; from 30.5 ± 1.8 µm at 0.75% MC to 22 ± 1.4 µm 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 

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.g004

https://doi.org/10.1371/journal.pone.0319354.g004
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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 

Fig 5.  Parameters of spermatozoa and flagella motility of ray Potamotrygon motoro, skate Raja asterias, and shark Scyliorhinus canicula spermatozoa 
at different viscosities (0, 0.75, 1, 2% MC present in ASF). (A) – flagella amplitude; (B) – flagellar wave propagation frequency; (C) – flagellar wavelength; 
(D) – head rotation frequency. Data are presented as median, 75, and 25 percentiles (box), min, and max values (whiskers). 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).

https://doi.org/10.1371/journal.pone.0319354.g005

https://doi.org/10.1371/journal.pone.0319354.g005
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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 

Fig 6.  Correlations between tail wavelength and amplitude 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. Each individual point on a graph represents measurements of a single spermato-
zoon. Regression equation, r, r2, and P-values are presented in the bottom right corner of each graph.

https://doi.org/10.1371/journal.pone.0319354.g006

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, r2, and P- 
values are presented in the bottom right corner of each graph.

https://doi.org/10.1371/journal.pone.0319354.g007

https://doi.org/10.1371/journal.pone.0319354.g006
https://doi.org/10.1371/journal.pone.0319354.g007
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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 S4 Video.

https://doi.org/10.1371/journal.pone.0319354.g008

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 η, frequency of the beat is ω, and the bending stiffness of the flagellum is Eb :

	 Sp L Eb= ( )ηω /
1
4 	

Low Sp values are associated with effectively “stiff ” 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 µm/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 ASF. 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. 
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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‰) 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 Oceanogràfic Animal Care & Welfare Committee at the Fundación 
Oceanogràfic 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 České 
Budějovice. 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−1 tricaine methanesulfonate (MS 
222) and 200 mg L−1 NaHCO3 [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 µl) was deposited in 40 µl 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 µl) were diluted 
with 0.5 ml 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, KCl 8 mM, CaCl2 0.6 mM, Glucose 
0.4 mM, 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, KCl 8.4 mM, Glucose 50 mM, CaCl2 7 mM, NaHCO3 
3.5 mM, Na2SO4 0.08 mM, 1.4 mM MgSO4, 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, 
M0512) were added [16]. These solutions have correspondingly resulted in approximate 
viscosity of 0, 5, 25, 80, 200 and 4000 mPa × 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 ASF. Records 
were done with a digital video camera (IDS Imaging Development Systems GmbH, Ober-
sulm, Germany) set to 193 FPS (800 × 600) and a high-speed video camera (Olympus i-speed 
TR, Tokyo, Japan, providing 848 × 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 ImageJ 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 2 h 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), r2, 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 (0.05 s 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 (μm). Recalculating the distance spermatozoa tip travelled during 
one second will give us info about sperm velocity V (μm/s). The amplitude of the flagella 
wave is the distance between two parallel lines connecting the waves of the flagellum from 
both sides, A (μm). 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)

S2 Video.  Examples of cytoplasmic sleeve removal during the motion of spermatozoa. 
Related to the results section “Cytoplasmic sleeve.”
(MP4)

S3 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)

S4 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)
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