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Swimming spermatozoa from diverse organisms often have very similar mor-
phologies, yet different motilities as a result of differences in the flagellar
waveforms used for propulsion. The origin of these differences has remained
largely unknown. Using high-speed video microscopy and mathematical
analysis of flagellar shape dynamics, we quantitatively compare sperm flagel-
lar waveforms from marine invertebrates to humans by means of a novel
phylokinematic tree. This new approach revealed that genetically dissimilar
sperm can exhibit strikingly similar flagellar waveforms and identifies two
dominant flagellar waveforms among the deuterostomes studied here,
corresponding to internal and external fertilizers. The phylokinematic tree
shows marked discordance from the phylogenetic tree, indicating that physical
properties of the fluid environment, more than genetic relatedness, act
as an important selective pressure in shaping the evolution of sperm
motility. More broadly, this work provides a physical axis to complement
morphological and genetic studies to understand evolutionary relationships.

1. Introduction

Despite nearly 70 years of research into the hydrodynamics, mechanics and
molecular mechanisms of sperm flagellar motility [1-3], a quantitative compari-
son of sperm swimming kinematics across species has been lacking. Sperm
motility is a key trait in sexual reproduction [3-6], enabling the delivery of gen-
etic cargo to distant egg cells for organisms ranging from marine invertebrates
[6,7] to mammals [4] and even plants [8]. Determining how sperm motility has
evolved to serve this function [9] in a broad range of physical environments
[10,11] is fundamental to our understanding of the relationships among species.

Physical environmental factors play an important role in shaping the
evolution of flagellar kinematics [9], where external and internal fertilizers experi-
ence distinctly different fluid environments [2]. The spermatozoa of external
fertilizers often swim in aquatic environments characterized by low, Newtonian
viscosity. Under these conditions, numerical simulations of flagellar beating
revealed that bending waves of uniform amplitude along the flagellum are the
optimal propulsion strategy to maximize swimming efficiency, or equivalently,
swimming speed [12]. By contrast, the spermatozoa of internal fertilizers experi-
ence a range of fluid environments, such as in cervical mucus, characterized by
elevated viscosity and complex rheology, for example, viscoelasticity owing to

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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suspended biopolymers and proteins [13]. In viscoelastic
fluids, numerical simulations have shown that bending
waves characterized by increasing curvature amplitude along
the flagellum generate higher swimming speeds [10,14] com-
pared to those with a uniform curvature amplitude [10,15].
The mechanism behind the speed enhancement is the build-
up of elastic stress in the fluid at the high curvature, distal
end of the flagellum, which enables sperm to ‘push off’ of
the fluid [10]. Kinematic analysis of sperm flagellar motility,
ie. how shape changes over time, is thus essential to
understanding function across species and environments.

Organism morphology had been the cornerstone of tax-
onomy well into the twentieth century [16,17]. Combined
with modern phylogenetic analyses [18], morphological com-
parisons between organisms have played a key role in the
development of the theory of evolution [19,20] and provided
important insights into the evolutionary relationships among
species. However, direct quantitative links between geno-
types and morphological phenotypes [21,22] have been
demonstrated only recently, through the use of quantitative
morphometric analyses. This approach revealed, for example,
that the beak shapes of Darwin’s ground finches (Geospiza)
are shape-invariant upon scale transformations within estab-
lished phylogenetic groups [21,23], and that the wing shapes
in Drosophila show similar morphological clades [22] that
closely reflect genetic relatedness. In closely related primates
(guenons), the analysis of morphological relationships
among facial appearances showed that the distinction of con-
specifics has driven the evolution of visually discernable facial
patterns to maintain diversity for sympatric species [24]. In all
of these studies, form served as a surrogate trait for function, to
link organism genetics to evolutionary pressures. When organ-
isms—or single cells in the case of spermatozoa—have very
similar morphology, shape alone is inadequate to capture
differences in functional traits that make organisms specifically
suited to their environment.

Shape mode analyses [25] have been applied to morpho-
logical studies of organism shape [24,25], and recently have
been instrumental in elucidating the locomotion of organisms
ranging from multicellular [26] down to single-cell [27] scales.
In the context of organism motility, the goal of shape mode
analysis is to simplify complex body kinematics, which can
instead be quantitatively described by a series of stereotypic
postures whose weighting change continuously in time [25].
This approach has been particularly useful in describing
the undulatory motion of flatworms (planarians) [26] and
eukaryotic flagella [27,28], as well as the peristaltic movement
of euglena [29]. For mammalian spermatozoa, modal analysis
coupled with high precision tracking has facilitated our
understanding of hydrodynamic forces on flagella [27], and
it has provided a quantitative understanding of the fluid
flows generated by swimming sperm through which they
mechanically interact with surfaces and other cells in their
surroundings [30]. Comparative flagellar basis mode analysis
of swimming cells in response to chemical cues has also
yielded key insights into the mechanics of chemotactic
turning in human sperm [31].

The recent application of engineering and mathematical
approaches to determine relationships among physical traits
of organisms has revealed new links between quantifiable phe-
notypes and organism genotypes [21-24]. These techniques
have focused largely on organism shape. In the case of sperm
motility and other dynamic processes, however, morphology

alone cannot explain differences in those functional traits
that make organisms well suited to their environment [9].
Taken as a whole across all species, spermatozoa are
regarded as some of the most divergent of all cell types [32],
exhibiting exotic shapes [33]. However, a dominant mor-
phology—composed of an approximately 5 pm head and an
approximately 50 pm long flagellum with a highly conserved
axonemal flagellar structure [2]—is pervasive among the
deuterostomes and other organisms (figure 1) [33]. Sperm
with this canonical shape, originating from diverse species,
move through fluid environments that have widely different
rheological and hydrodynamic properties [13,34]. Therefore,
we conducted a quantitative comparison among canonically
shaped sperm from different species, focusing on swimming
kinematics. We use high-speed video microscopy to perform
a kinematic analysis of sperm flagellar waveforms and demon-
strate that kinematic relatedness correlates more strongly
with functional than with genetic relatedness. In particular,
we observed that the flagellar waveform kinematics of nine
diverse species, spanning chordates and non-chordates,
strongly cluster into two distinct groups comprising internal
and external fertilizers. Despite the somewhat limited
sampling of the vast tree of life, the discordance in waveform
kinematics versus organism genetics strongly suggests that
the physical environment shapes the evolution of sperm flagel-
lar motility. The novel quantitative approach presented here
will help to refine our understanding of the complex landscape
of selective pressures that regulate this important link in the
reproductive process, and to elucidate key questions surround-
ing the relative significance of environmental versus genotypic
factors in dictating sperm phenotype evolution [9].

2. Methods

2.1. Specimen spawning and media

All sperm samples were prepared with 0.2-0.5% bovine serum
albumen to reduce sticking to microfluidic observation
chambers. With the exception of human and bull sperm, all
sperm samples were held on ice prior to experiments, which
were performed at 22°C in filtered artificial sea water. Fertile
marine invertebrate (including chordates) parent organisms,
including Arbacia punctulata, Lytechinus pictus, Lytechinus variega-
tus, Strongylocentrotus purpuratus, Ciona intestinalis and Haliotis
rufescens, were held in a 15°C artificial seawater (Instant Ocean)
aquarium on a 12 h: 12 h light cycle prior to spawning. Sea urch-
ins were spawned by injecting 0.5-1.0 ml of 0.5 M potassium
chloride into the body cavity [35], whereas spermatozoa from
C. intestinalis were collected via dissection [36]. Red abalone
(Ha. rufescens) were spawned [37] by raising the seawater to
pH=9 for 2.5 h through the addition of 2 M Tris-base and 6%
H,0,. Sperm were collected by pipette and stored on ice. Zebra-
fish (Danio rerio) sperm was collected from anesthetized, adult,
wild-type specimens (strain AB, six months old), by abdominal
massage [38] and sperm were held on ice at an osmolarity of
300 mOsm in Hank’s balanced salt solution before adjustment
to an osmolarity of 150 mOsm to induce motility just prior
to experiments. Human sperm samples were obtained from
healthy male donors (2545 years of age) and held at 37°C
throughout processing and experiments. Motile sperm were sep-
arated from non-motile sperm and white blood cells by the
swim-up method [39] in Earle’s medium. Bull sperm kinematics
were obtained from previously published work [27]. Additional
experimental details on the handling and spawning of organisms
are found in the electronic supplementary material.
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Figure 1. Sperm flagellar waveforms and swimming kinematics characterized
by high-speed video microscopy for diverse organisms. (a) The phylogenetic
relationship among the organisms (spanning internal and external fertilizers,
vertebrates and invertebrates) is based on 18 s rRNA sequences (see the elec-
tronic supplementary material). (b) Flagellar waveforms for sperm cells of
select species superimposed over one beat cycle each (see also the electronic
supplementary material, figure S1), shown at intervals of one-eighth of the
beat period, T. The beat periods and the flagellar lengths were in the range
T=14-45ms and [ =31-56 pm, respectively, for all species (electronic
supplementary material, table S1). L is taken as the maximum measured pro-
jected length for each cell. Scale bar, 15 um. () Image analysis reveals the
flagellar temporal dynamics through kymographs, representing flagellar cur-
vature, & (normalized by L), as a function of time, t (normalized by T), and
arc length position along the flagellum, s (normalized by L) over three beat
cycles each. For cells with slightly three-dimensional waveforms, s/L <1
owing to normalization by the maximum observed flagellar length over
the beat cycle, where dark regions represent no data.

2.2. Cell imaging and tracking

Sperm cells were imaged under quiescent fluid conditions using
phase contrast microscopy (Nikon Ti-E inverted microscope) in a
120 pm deep, 3 mm wide polydimethylsiloxane microchannel,

fabricated through standard soft lithography methods. Flagellar
kinematics of sea urchins, C. intestinalis and D. rerio were cap-
tured with a 40x objective (0.6 NA) at 750 framess™' using a
high-speed camera (Photron SA-3, 17 pm pixel ™). Flagellar kin-
ematics of abalone (419.5 framess™') and human sperm (413
frames s™') were captured with a 10x objective (0.3 NA) using
a high-resolution camera (Andor Neo, 6.5 pm pixel’l). Videos
were acquired in the cell-accumulated layer within approxi-
mately 10 pm of the chamber surfaces, where motile cells tend
to collect [40,41] and are generally aligned with the imaging
plane. The large microchannel depth (<10 times larger than the
flagellar beat amplitude) ensured that motile cells were not arti-
ficially confined. Outside of specialized cases [42], near surface
swimming is not definitively known to affect flagellar dynamics.
However, all cells were imaged under the same conditions
consistent with copious works in the field [2,34], thus enabling
comparative studies of cell motility. Additionally, no differences
in cell dynamics were observed between the top and bottom
of the chamber. Bull sperm kinematics were obtained from
250 frames s~ video [27]. Cell heads and flagella were tracked to
sub-pixel accuracy using in-house MATLAB (The Mathworks)
routines (see the electronic supplementary material, table S1 for
details). Briefly, raw images were background-subtracted, inverted
and de-noised using a band-pass filter. Sperm heads and flagella
were masked via intensity thresholding, and cell trajectories
were constructed through a predictive particle tracking algorithm
applied to the intensity weighted head centroids. A 5-point,
second-order Savitzky-Golay filter was used to compute the
instantaneous cell swimming speed. The flagellar centreline was
defined by skeletonization of the flagellar image mask, followed
by a Gaussian fit to the image intensity profile normal to the skel-
eton every 14 pixels in arc length. Minor obscured portions of the
flagellum were extrapolated using the second- or third-order para-
metric polynomial fits. Finally, a parametric 5-point, second-order
Savitzky—Golay filter was applied to both smooth the segmented
flagellum and to compute the local flagellar curvature prior to
shape mode analysis (see below). The curvature is defined as x(s) =
o'y —y'x')/ o2+ y 2)3/2 where x and y are the coordinates of the
flagellar segment located a distance (arc length), s, along the flagel-
lum measured from head, and primes denote derivatives with
respect to s.

2.3. Flagellar waveform analysis

The instantaneous curvature of the flagellum, x(s), was computed
for each tracked cell in each video frame as described above. Flagel-
lar waveforms were primarily planar across all species, except for
human and abalone sperm, for which the analysis was limited to
times when the dominant beating plane (electronic supplementary
material) coincided with the imaging plane as determined from
the projection of the oblate sperm head (human) and the projected
flagellar contour (abalone). In the following description of the ana-
lyses, our goal was to extract a set of flagellar curvature basis
modes, u,, whose linear combination best describes the instan-
taneous flagellar shapes (curvatures) taken on by a selected
series of flagellar waveforms from a particular species. As a
broad overview of the basis mode decomposition process, selected,
instantaneous flagellar curvature vectors were concatenated into a
flagellar curvature matrix, M. Flagellar basis modes, u,, were then
determined from the curvature matrix via singular value
decomposition (SVD) in MATLAB. SVD is the modal decompo-
sition that underlies common algorithms such as principal
component analysis, which has been employed for shape and
motility analyses of sperm and other organisms [24-26,28-31].
SVD decomposes these temporal curvature motions exhibited by
swimming spermatozoa in M into three components: unitary poly-
nomial basis modes u,(s), unitary time-dependent modes V,(t)
corresponding to the basis modes, and the magnitude of those

7500207 :LL 2wpau) 0§ Y o Jisi/jeulnol/b10°buiysijgndanosiefos H



®) 40

[

counts

= 20
[ [

5) S

2 o

= O

%

2 =0
2 )

= kel

= 2

3 =

5 £

[oR < -20
)

i

2-mode -40 -20 0 20

reconstruction amplitude mode 1, a,

(o)
Q
=
]
g _
o N
=
=
=
<
E C. intestinali; B. 1
—— —— C. intestinalis —e— B. taurus
8 041 —»— S. purpuratus —s— —»— H. sapiens
N
Q
i)
]
g
(o]
=
=
=
I
>
o
=
o
40 0 0.2 0.4 0.6 0.8 1

flagellar arclength, s/L

Figure 2. Basis modes of flagellar shape kinematics reveal the ‘fingerprint’ of flagellar waveforms. (a) Flagellar waveform kinematics (lower, S. purpuratus) are
decomposed from curvature kymographs (figure 1¢) via SVD into a minimal representation (upper) comprising (c.d) a set of shape basis modes, uy(s), and
(b) corresponding temporal amplitudes, a,(t). Scale bar, 10 um. (b) A joint histogram of the amplitudes (a; and a;) for the two highest-energy modes (u;
and u,) exhibits a cyclic pattern resulting from the highly periodic flagellar beating (S. purpuratus). Teal dotted line is the best-fit ellipse, and time points correspond
to SVD-informed flagellar shape reconstructions in (a). (c,d) The two highest-energy curvature modes (c) us(s) and (d) u,(s) are distinct for various species and
capture 80—90% of the shape (electronic supplementary material, figures S2 and S3). External fertilizers (red curves; sea urchins, chordate C. intestinalis, vertebrate
D. rerio and protostome Ha. rufescens) exhibit strong similarity in their basis modes (see also the electronic supplementary material, figure S2), relative to internal
fertilizers (blue curves; B. taurus and Ho. sapiens). Shaded regions correspond to the local standard deviation of curvature mode, and symbols indicate specific
species. Relative errors, computed as the median local standard deviation normalized by the absolute range of each mode, were (2.1, 0.19, 4.8, 0.99, 7.7,
1.4) % for uy and (1.9, 0.17, 5.8, 0.95, 7.6, 1.7) % for u, for (Ha. rufescens, S. purpuratus, C. intestinalis, D. rerio, B. taurus, Ho. sapiens), respectively.

curvatures at points in time, known as the ‘energy’, E,,.. The energy
term is akin to an eigenvalue and the curvature matrix is expressed
as M = uEV™. The first two modes ranked by E,, typically represent
the predominant shapes of flagella at stroke times offset by ©/2 in a
2n beat cycle. Prior to statistical analyses of flagellar mode shapes,
trajectories having mis-tracked sperm flagellar shapes were
removed from the dataset by first computing a set of basis
modes for each cell track in a given species using SVD. Flagellar
waveforms associated with given sperm tracks were retained in
the ‘species aggregate’ data pool if the mean residual flagellar cur-
vature for that cell track satisfied | x(s,t) — (a1 (£)u1(s) + ax(t)ux(s)) |
less than 0.2 (for external fertilizers) or 0.4 (for internal fertilizers),
where a(t) = EV" is the stroke amplitude.

To determine the principal curvature modes for swimming
motion comparison, we applied the SVD analysis to 50 random
repartitions of the instantaneously measured flagellar curvatures
for the aggregate data pool of each species. This approach
enabled us to gain insight into the statistical significance of our
analysis, even in the case of a single trajectory (e.g. B. taurus).
The goal is to find the two defining principal (orthogonal)
modes. In general, it is possible that these modes are rotated
relative to the principal amplitudes of the flagellar stroke,
a1(t) and ay(t), where they are given by the maximum and
minimum radii of the stroke ellipse (figure 2b). To correct for
any potential rotation of the modes and produce more
accurate flagellar comparison, we adapted a linear algebra-
based method of mode rotation for the stroke in basis space [31],
which is equivalent to a time shift from the original principal
axes at t=0 and t=n/2. Briefly, a temporal plot of the first
two modes of the stroke was fitted by an ellipse (figure 2b) and
rotated back to its major and minor axes via a rotation matrix
(see the electronic supplementary material for details). We note
that while degenerate modes are possible, they were not observed
in our present analysis, and all strokes had well-defined major and
minor axes of the stroke ellipse. The rotation-corrected curvature
basis modes, u;(s) and u(s), for the set of 50 data repartitions
per species were used for all further analyses, where the mean
and standard deviations of the measured modes are shown in
figure 2c,d.

For the purpose of cell basis mode comparison, a kinematic
distance metric was developed. The kinematic distance, d, is a
dimensionless quantity and defined as the root-mean-square
difference (L2-norm) between basis functions of species i and j,
which is energy-weighted and averaged over the first two
modes (1=12) as d;j=Z,_12 (EM+ EWN<u™ —u)*>)!"2/
o1 (E™+ Ej(“)) (angled brackets denote an average over the
arc length; see the electronic supplementary material). In com-
puting the kinematic distance, d, we allowed for minor dilation
and shifting (less than or equal to 10%) of the basis modes
along the arc length and scaling of the mode amplitude to find
the minimum distance between the two flagellar basis functions
[21], which was performed using the ‘particleswarm’ algorithm
in MATLAB (40 points). For two given species i and j, the kin-
ematic distance was computed 50 times for randomly selected
(without replacement) basis modes stemming from each of the
50 repartitioned datasets for species i and j. The resulting
distance matrix and uncertainty are comprised the median and
standard deviation (electronic supplementary material, figure
56), respectively. This approach enabled us to examine both the
intra-species (diagonal) and inter-species (off-diagonal) flagellar
kinematic distance. We enforced a necessarily symmetric
distance matrix by reporting the mean of the forward, d;; and
backward, d;;, kinematic distance values in figure 3a.

2.4. Phylogenetic analysis

In order to build a phylogenetic tree of the nine species con-
sidered in this study, we obtained ribosomal RNA sequences
(electronic supplementary material, table S3) of the 18 s subunit
from the Silva database [43]. A consensus sequence was calcu-
lated whenever multiple sequences were available for the same
species. The genetic distance was calculated for each pair of
sequences in order to build the phylogenetic tree (figures 1a
and 3c) using a hierarchical clustering method (unweighted
pair group method with arithmetic mean, UPGMA) to cluster
sequences based on their similarity. Bootstrapping estimates of
the reliability of the results were obtained by carrying out 10°
replicates of the tree building process.
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dates (green branch) and non-chordates (magenta branch). Comparison with the kinematic relatedness (b) reveals a starkly different relationship among the
organisms. Bootstrapping values are provided at branch bifurcations (see the electronic supplementary material).

3. Results

3.1. Basis mode decomposition quantifies flagellar

waveform kinematics
High-speed video microscopy and SVD [24,29,31] were used to
quantify and compare the flagellar waveform kinematics of the
spermatozoa of nine genetically diverse parent organisms.
Supporting movies
movies 51-59) show swimming spermatozoa of each species.

(electronic supplementary material,
Deuterostomes were the main focus because they encompass
important divergences [18] between chordates and non-
chordates (figures 1a and 3c), including four sea urchins
(A. punctulata, S. purpuratus, L. pictus, L. variegatus), one
tunicate (C. intestinalis), one fish (D. rerio) and two mammals
(B. taurus, Ho. sapiens). One marine invertebrate basal to the
deuterostomes, the protostome red abalone (Ha. rufescens),
was included to root the analysis. These organisms have
well-established spawning protocols (see the electronic sup-
plementary material), span the vertebrates and invertebrates,
and include external and internal fertilizers. All nine species
have canonical sperm morphologies, with 2-10 pm long
heads and 30-60 pm long flagella. For each species, microscopy
videos were captured for sperm cells collected from one to five
parent organisms (electronic supplementary material, table
S1). Image analysis yielded the head trajectory and the
temporal dynamics of the flagellar shape for each motile sper-
matozoon in each video (figure 1b; electronic supplementary
material, figure S1).

The flagellar kinematics of all nine species exhibited the
characteristic travelling waves of bending (figure 1b) that are
responsible for sperm propulsion [1]. The shape dynamics of
the flagellum are described by the instantaneous curvature
measured in the imaging plane, x(s,t), as a function of flagellar
arc length, s, and time, ¢. The diagonal bands in the curvature
kymographs (figure 1c; electronic supplementary material,
figure S1) signify bending waves propagating down the flagel-
lum. Although rich in information, neither the waveforms nor
the kymographs allow a direct, quantitative comparison of fla-
gellar kinematics among species. Likewise, traditional metrics

of undulatory propulsion, including wavelength and frequency
[15,33,34,44], fail to capture the differential kinematics among
species, because they ignore spatial variations in waveform
dynamics along the flagellum. We therefore developed a
method based on SVD of the flagellar waveforms to obtain
metrics in the form of curvature basis modes (see §2.3 and the
electronic supplementary material) [24,28,29,31], which
enable a detailed, quantitative comparison of swimming kin-
ematics. Considering all time points during the flagellar
stroke (figure 24), SVD decomposes the observed flagellar cur-
vature (figure 1c), x(s,t) =2 ay(H)un(s), into a set of time-
independent curvature basis modes, uy(s), with mode number
n, each having a time-dependent stroke amplitude, a,(t)
(figure 2b). The two highest-energy curvature modes for each
species, 17 and u,, represent the dominant temporal variation
in flagellar curvature among all spermatozoa imaged for that
species (figure 2c,d; electronic supplementary material, figure
S2), and generally correspond to curvature modes out of
phase by a quarter-cycle. Owing to the periodic flagellar beat-
ing, the mode amplitudes are likewise periodic, and thus the
first two modes, a4; and a,, form a closed cycle [28,31] over
time in parametric space (figure 2b). The first two curvature
modes accounted for 80-90% of the flagellar waveform in
each of the nine species (electronic supplementary material,
figures S2 and S3 and table S1). This result is corroborated by
a reconstruction of the flagellar waveform from the two highest
energy, extracted basis modes, which accurately captures the
flagellar shape throughout the beat cycle (figure 24). Taken
together, the curvature basis modes provide a robust frame-
work for the quantitative comparison of swimming kinematics.

3.2. Kinematic distance reveals two distinct flagellar
waveforms among sperm from diverse species

Flagellar kinematics were compared between pairs of species by
computing the kinematic distance, d, between the two dominant
basis modes found from entire species datasets. Repeating this
calculation for all pairs of species yielded a kinematic distance
matrix (figure 3a). The mean intra-species distance d =0.0029
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is the diagonal of the distance matrix and provides a relative
measure of similarity among sperm from the same species. In
comparison, this self-consistent intra-species distance is one
order of magnitude smaller than the mean inter-species distance
(off-diagonal elements) among all species examined here (d =
0.037) and is an indicator of the significance of our results (see
also the electronic supplementary material). Furthermore, the
standard deviations of the kinematic distance were universally
below +0.007 with average off-diagonal standard deviation
values of +0.0012 (electronic supplementary material, figure
S6), which is significantly below the typical inter-species kin-
ematic distances. Two islands of similarity, each having
consistently small intra-island distances, emerged from the kin-
ematic distance matrix (figure 3a, dark regions). Each island
identifies a group of organisms with similar flagellar kin-
ematics. For example, the flagellar beating modes of the four
sea urchin species (figure 2cd; electronic supplementary
material, figure S2) show strong similarity to one another,
with a mean kinematic distance between species of d =0.011
(figure 3a) compared to the mean inter-species distance. The
basis modes for the two mammalian vertebrates, Ho. sapiens
and B. taurus, also exhibited similarity to one another
(figure 2c,d, blue curves), with d = 0.041. The chordate C. intesti-
nalis—despite being genetically closer to mammals than to the
other tested marine invertebrates [18] (figures 1a and 3c¢)—
exhibited basis modes considerably closer to the sea urchins
(d=0.010-0.018) than to the mammals (d = 0.056-0.061). This
unexpected similarity indicates that kinematic phenotypes do
not necessarily correlate with genetic relatedness.

The two islands of similarity in the kinematic distance
matrix (figure 3a) correspond to internal fertilizers (blue) and
external fertilizers (red), respectively. This result reveals a sub-
stantial difference in the flagellar beating patterns of these
two groups. The separation between the two islands reflects
the mean kinematic distance between the internal and external
fertilizers, d = 0.061, which exceeds the mean kinematic distance
both within internal fertilizers (d =0.041) and within external
fertilizers (d=0.021). One island of similarity includes the
internal fertilizers B. taurus and Ho. sapiens. Here, sperm moti-
lity, as well as sperm—egg fusion, occurs inside the female
reproductive organs. These internal fertilizers exhibit wave-
forms with considerably lower curvature in the basal region
of the flagellum (nearest to the cell head). For example, the
maximum curvature mode amplitude (maximum of the absol-
ute value of the curvature averaged over the first two modes for
all species) is 61% smaller for internal fertilizers compared to
external fertilizers in the first 30% of the flagellum, versus
62% larger in the distal 30% (figure 2c,d). The other island of
similarity comprises the six marine invertebrates (Ha. rufescens,
four sea urchins, and C. intestinalis) and the vertebrate D. rerio,
which are all external fertilizers, releasing sperm and egg into
an aqueous environment. The high curvature in the basal
region of the flagellum of external fertilizers results in bending
waves that retain nearly constant amplitude as they propagate
down the flagellum (figure 1b,c).

3.3. Flagellar waveform patterns of sperm correlate
with fluid environment rather than genetic
relatedness

The discordance between kinematic relatedness and genetic
relatedness is revealed by the comparison of a newly

(a) inner arm dyneins (phylogenetic)

S. purpuratus

C. intestinalis

I: B. taurus
Ho. sapiens

b) outer arm dyneins (phylogenetic)

S. purpuratus

C. intestinalis

— B. taurus
L

Ho. sapiens

Figure 4. Phylogenetic analysis of axoneme dynein proteins reflects parent
organism taxonomy. A comparison of phylogenetic trees based on proteins of
both the (a) inner and (b) outer dynein arms found within the axoneme of
the eukaryotic flagellum of the sperm. Inner and outer dyneins are known to
affect the flagellar beat frequency and waveform, respectively. However, their
phylogenetic trees show no discernable structural differences from the
accepted taxonomy of parent organisms based on 18 s rRNA analyses.

introduced ‘phylokinematic’ tree (figure 3b) with the phyloge-
netic tree (figure 3c). The latter was constructed based on
known 18 s rRNA sequences of the nine organisms (electronic
supplementary material, table S3). The relationship among
organisms based on the swimming kinematics of their sperma-
tozoa is represented by the phylokinematic tree (figure 3b). This
tree was constructed in a manner analogous to the phylogenetic
tree but using kinematic distance (figure 3a) as the similarity
metric. In the phylogenetic tree (figure 3c) the earliest bifur-
cation of the deuterostomes separates non-chordates (upper,
magenta branch) from chordates [18] (lower, green branch).
The phylokinematic tree (figure 3b) shares only 33% of this
node structure (p=0.03; Robinson-Foulds metric [45]). The
earliest bifurcation in the phylokinematic tree segregates exter-
nal (upper, red branch) from internal (lower, blue branch)
fertilizers examined in our study, where such a clustering pat-
tern is extremely unlikely to emerge for randomly generated
trees (p = 0.005; electronic supplementary material). This dis-
similarity between the two trees is primarily owing to the
vertebrate D. rerio and the chordate C. intestinalis sharing
more similar waveforms with the non-chordate marine species
than with their closer genetic relatives, B. taurus and Ho. sapiens.

The low curvature observed in the basal region of the fla-
gellum of internal fertilizers (figures 1 and 2) probably stems
from mechanically stiff structures on the periphery of the fla-
gellum of these sperm cells [2]. The axoneme, a structure
consisting of two sets of dynein motors connecting nine pairs
of microtubules (9 +2) [46], is responsible for the bending of
sperm flagella in most species [33]. The highly conserved
nature of the axoneme rules this structure out as the cause of
the observed waveform variation between internal and exter-
nal fertilizers. A phylogenetic analysis of dynein motor
proteins (figure 4; electronic supplementary material, table
S4) reflects the species relatedness obtained from 18 s rRNA
sequences (figure 3c), supporting this conclusion. Structurally,
however, internal-fertilizing cells exhibit an elongated mid-
piece, outer dense fibres, and a fibrous sheath around the
axoneme [2]. The existence of these ultrastructures in mammals
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and other vertebrates has been well known for many years
[2,47], and they confer increased basal bending stiffness [48]
that is lacking in external fertilizers. Analysis of flagellar pro-
teins has shown that the protein components of these
accessory structures are still detectable in invertebrate sperm,
yet the flagellar ultrastructures are not observed in invert-
ebrates [47]. We speculate that the increased basal stiffness is
responsible for the low basal flagellar curvature [11], and con-
sequently, for the kinematic segregation between the flagellar
waveforms of sperm from the internal and external fertilizers
studied here.

3.4. The hydrodynamic environment exerts strong

selective pressure on flagellar waveform evolution
The sharp phylokinematic divide between the two islands of
similarity in flagellar kinematics (figure 3a,b) implicates the
physical environment as a strong selective pressure [9], driving
the evolution of flagellar waveform patterns. In particular, we
hypothesize that the observed divide stems from evolution [9]
of external fertilizers in Newtonian, low viscosity aquatic
environments compared to internal fertilizers in viscous and
viscoelastic swimming environments [2,10]. In watery environ-
ments, our high-speed imaging experiments (figure 1b.c;
electronic supplementary material, figure S1) confirm the largely
uniform flagellar beating amplitude and curvature previously
observed in external fertilizers [49], which is predicted to opti-
mize their swimming efficiency [12]. Human sperm and the
sperm of other internal fertilizers are often studied in water-
like environments not only because of the wide range of poten-
tial rheologies experienced by these cells [34], but also for
convenience in motility screening assays [2]. Our empirical
observations (figure 1b,c) show that the two internal fertilizers
studied here exhibit low basal and high distal waveform curva-
ture when exposed to watery environments, which are highly
consistent with prior experiments and theory [34].

Artificially enhanced ambient fluid viscosity has pro-
vided valuable insights into flagellar mechanics [34,49,50],
and for the sperm of internal fertilizers, it can provide realis-
tic environmental conditions, relative to the range of potential
rheologies experienced by these cells [2,34]. To directly deter-
mine the mechanical effect of elevated viscosity and
viscoelasticity on sperm flagellar kinematics [15,51] in the
context of our phylokinematic analysis, we examined
human sperm swimming in a medium with properties simi-
lar to the upper limit of viscosity of human cervical fluid by
following the approach of Smith et al. [34]. In high viscosity
conditions, the measured waveform (figure 5; electronic sup-
plementary material, movie S10) exhibits a smaller wave
propagation speed (electronic supplementary material, table
S1), smaller beat amplitude and smaller wavelength as well
as reduced three-dimensionality of the flagellar beat com-
pared to low viscosity conditions. These results are in
excellent agreement with previous experiments and were
independently verified by comparison with high-speed fla-
gellar waveforms extracted from published videos [34].
Elevated viscosity increases the peak flagellar curvature, «,
by a factor of 2-3 (figure 5), and the observed shorter flagellar
beat wavelength is evident in the basis modes resulting from
the SVD analysis (electronic supplementary material, figure
S4). The normalized cumulative energy of these two highest
energy modes is also comparable to all other sperm tested
(electronic supplementary material, figure 54).

(a) (b) KL
-50 0 50
E a

Ho. sapiens
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Figure 5. Effects of increased viscosity on human sperm motility. (a) Human
sperm flagellar motility in water-like conditions (upper, repeated from
figure 1) exhibit a notably larger beating amplitude, when compared to
swimming in viscous media (lower, 200 P methylcellulose). Scale bar,
15 um. (b) The corresponding waveform curvature maps show that the
reduction in flagellar beat amplitude is accompanied by an increase in the
curvature amplitude as well as changes in the propagation of bending
waves down the flagellum, in agreement with prior observations [34].

In stark contrast to the enhanced distal flagellar curvature
of human sperm in elevated viscosities [34,51], the sperm of
external fertilizers—including sea urchin, the tunicate Ciona
and the annelid Chaetopterus—are known to exhibit either uni-
formly enhanced curvature amplitude or a mildly enhanced
proximal flagellar curvature in augmented viscosity environ-
ments [49,50]. Thus, elevated ambient viscosity alone does
not resolve the fundamental differences in flagellar beat kin-
ematics among external and internal fertilizers, and suggests
that the phylokinematic divergence should be maintained
under augmented viscosity conditions. We compared the
measured waveform modes for human sperm under elevated
viscosity conditions to all other assayed sperm. The kinematic
distance (electronic supplementary material, figure S5) shows
that the induced changes in the flagellar waveform maintain
the phylokinematic dissimilarity of the human sperm in a vis-
cous environment relative to the external fertilizers (figure 1;
electronic supplementary material, figure S4). The robust, fun-
damental divide between internal and external fertilizer
flagellar kinematics described here is corroborated by recent
numerical simulations, which suggest that accessory structures
on the flagella of internal fertilizers prevent buckling and
enhance motility in elevated viscosity environments [11].
Taken together, our results emphasize that flagellar waveforms
are ‘hard-wired’ into each sperm species through the evolution
of flagellar structure and material properties [2], rather than the
result of simple viscous, mechanical interactions with the fluid
environment alone.

4. Discussion and perspective

In addition to the mechanical properties of the fluid, confine-
ment and ambient fluid flows are two additional, physical
features distinguishing the environments of internal and



external fertilizers. By contrast to the spermatozoa of external
fertilizers, which mostly swim in unbounded environments,
the spermatozoa of internal fertilizers navigate the complex
topography of the female reproductive tract, characterized
by intricate, corrugated surfaces [52] and micro-porous net-
works of cervical mucus [53]. For internal-fertilizing insects
[52], the complex topography of the reproductive tract is
known to influence the evolution of sperm morphology,
and convergent evolution of sperm morphology has been
observed through coevolution with copulatory organs in flat-
worms (Macrostomum) [54]. Ambient fluid shear also differs
considerably for internal and external fertilizers, and shear
is known to impact the fertilization process for a wide variety
of organisms [6,55]. Low and steady shear guides the sperm
of internal fertilizers to the egg via rheotaxis [56]. Strong and
unsteady shear experienced by external fertilizers in the tur-
bulent ocean [6,55] may facilitate sperm encounters with
eggs via chemotaxis [6]. The intensity of shear in aquatic
habitats is highly variable in space: Ha. rufescens and
D. rerio thrive in relatively quiescent fluid environments [6],
whereas sea urchins (and to a lesser degree C. intestinalis)
are found in habitats with stronger shear. The intensity of
fluid shear is generally in line with the phylokinematic relat-
edness of external fertilizers (figure 3b,c), suggesting that
hydrodynamics might have a deep-seated influence over
optimal flagellar kinematics [57].

Despite the relatively narrow scope of our analyses in com-
parison to the vast diversity among the deuterostomes and
throughout the tree of life [32], we have demonstrated that
our results robustly classify sperm flagellar kinematics for the
species considered here. A range of sperm cell body mor-
phologies [33] and flagellar anatomies exist including helical
ultrastructure in avian species [58] and alternate microtubule
arrangements (9 +0) among the axonemes of closely related
protostomes [59]. While uniform sampling across a clade is
often desirable in genetic and evolutionary studies, our present
work is limited in a practical way to nine species of spermato-
zoa comprising model laboratory organisms. This restriction
stems partly from the intensive experimental and compu-
tational nature of the measurements and the need for robust
organism handling and reliable, well-defined spawning proto-
cols. Despite the relatively small sample sizes in our current
work, we emphasize that a powerful aspect of our approach
is the ability to differentiate nuanced kinematics from among
sperm with uniform morphology and scale. In the future, we
envision expanding the approach presented here to a broader
diversity of organisms. Human and bull sperm are representa-
tive of the morphology for many mammals, for which we
broadly expect our conclusions to hold. By contrast, sperm
from many rodent species (i.e. mammals and internal fertili-
zers) exhibit prominent falciform (sickle- or hook-shaped)
heads and abnormally long and thick flagella [2,12,33]. Asym-
metrical head shapes influence swimming motility near
surfaces, and for rodents, the falciform head may be important
for the fertilization process by facilitating cooperative sperm
motility [2,60]. However, based on the high degree of kinematic
similarity between the genetically diverse D. rerio and Ha. rufes-
cens, having head aspect ratios of approximately one and five,
respectively, we do not expect head shape to strongly influence
flagellar kinematics. Rodent flagella are also known to be mor-
phological outliers [12]. For example, the sperm of Chinese
hamsters are more than six times the length (<260 pm) of the
average sperm cells studied in the present work [2], which

would probably result in increased kinematic distance from
other mammalian sperm. Quantifying and comparing the
resulting flagellar kinematic differences among genetic clades
will further elucidate the range of evolutionary pressures—
probably rooted in the physical environment—that select for
the morphology and motility of spermatozoa.

The analysis tools developed in this study also enable us to
compare flagellar waveforms for sperm of the same species.
This naturally raises questions about the cell-to-cell variations
as well as inter-donor and intra-donor variations in sperm
motility, which are relevant in the context of fertility screening
in humans [2] and for understanding competition in an
ecological/evolutionary sense [9]. While not the primary
objective of the present study, our limited dataset did enable
preliminary insights into flagellar waveform variations
within a species. Analysis of flagellar waveforms among indi-
vidual cells (trajectories) revealed a small median kinematic
distance to the species aggregate (d = 0.0093; see the electronic
supplementary material, figure S7), for example, relative to the
inter-species distance reported above (d=0.037;
figure 3a). We also examined the kinematic distance among

mean

donors for those species having multiple parent organisms to
gauge the potential for donor-to-donor flagellar waveform
variability (electronic supplementary material, table S2). The
median of the kinematic distance distributions between
individual donors and the species aggregate was found to be
small (d <0.01) compared to the much larger mean inter-
species distances, but in almost all cases statistically significant
(i.e. p<0.05, Mann-Whitney U-test). The relatively small kin-
ematic distances among donors suggest that the primary
structure of the phylokinematic tree is not affected by donor-
to-donor variability. Notably, combined with small p-values
from sufficient video microscopy data, these promising results
suggest the potential to discern minute differences among
sperm populations from the same species for a range of
future applications.

Ambient chemical gradients and the physiological state of
sperm are known to induce changes in flagellar waveforms
including chemotactic motility across species [35] and hyperac-
tivation in human sperm [61], respectively. Similar basis mode
analyses to those presented here have yielded key insights into
chemotactic turning [31]. In evolving to navigate three-dimen-
sional environments, it is unsurprising that many flagellar
waveforms—including those in this study—have some
degree of three-dimensionality [62], for example helicoid beat
patterns resulting in rolling of the cell body [34]. The sperm
studied here had predominantly planar waveforms, which
we measured via their two-dimensional projection in the
image plane and subsequently removed cell rolling artefacts
(electronic supplementary material). While they do not
provide a strictly comprehensive viewpoint, we found that
two-dimensional waveforms and their basis modes comprise
the bulk of sperm waveform information and were sulfficient
to glean significant conclusions about inter-species flagellar
kinematics, similar to copious prior experimental and simu-
lation studies. This point is emphasized by the kinematic
similarity between human and bull sperm, where the latter
was not observed to roll. Furthermore, only recently have
robust three-dimensional flagellar imaging techniques
become available [63,64], but these approaches are experi-
mentally complex, computationally intensive, and/or not
sufficiently high throughput. Our basis mode analysis is gener-
alizable to higher dimensions. Thus, we envision that the
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phylokinematic framework described here will be applied to
three-dimensional imaging techniques as they become more
widely available, providing yet richer insight into the diversity
of flagellar kinematics and other types of cell motility [65]
across species.

The identification of kinematic basis modes (figure 2)
facilitated the development of a quantitative approach to
compare kinematic relatedness across species (figure 3). Fun-
damental divergences observed in the flagellar kinematics of
internal and external fertilizers correlate with differences in
the fluid properties and the presence of flagellar ultrastruc-
tures, suggesting that the hydrodynamic environment
probably exerts strong selective pressure on flagellar wave-
form evolution of the species considered here. This
methodology can have broad applications in medical and
engineering processes in which flagellar or ciliary propulsion
affects system performance. For example, kinematic analysis
promises to provide a deeper physical understanding and
potentially more robust diagnoses for ciliopathies [66,67].
Here, subtle changes in flagellar beating cause severe
deficiencies in physiological function; including abnormal-
ities in sperm flagella that reduce swimming efficiency and
cause infertility [39], and inhibited ciliary function in the
lungs owing to increases in mucus viscosity from cystic fibro-
sis [68]. Likewise, better quantification of the flagellar
kinematics in healthy spermatozoa could enable the design

of propulsion systems for biomimetic devices, including arti-
ficial ciliated surfaces for microscale pumping [69] and
swimming microrobots for drug delivery [70]. Understand-
ing flagellar waveforms in real organisms, as optimized
through evolution, will help inspire and optimize such engin-
eering solutions.
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