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Abstract

spermathecae with different structural features.

efficient mixing device of stored sperm.

Background: Postcopulatory mate choice occurs ubiquitously in the animal kingdom. However, it is usually a major
challenge to visualise the process taking place in a body. This fact makes it difficult to understand the mechanisms
of the process. By focusing on the shape of female sperm storage organs (spermathecae), we aimed to elucidate
their functional morphology using six representative beetle species and to simulate sperm dynamics in artificial

Results: Morphology and material gradients were studied using micro-computed tomography (uCT) and confocal
laser scanning microscopy. This study shows a diversity of external and internal structures of the spermathecae
among species. Despite the diversity, all species possess a common pumping region, which is composed of a
sclerotised chamber, muscles and a resilin-enriched region. By focusing on the species Agelastica alni, whose
spermatheca is relatively simple in shape with an internal protuberance, we simulated sperm dynamics by
establishing a fabrication method to create enlarged, transparent, flexible and low-cost 3D models of biological
structures based on uCT data. This experiment shows that the internal protuberance in the species functions as an

Conclusions: The observed spermathecal musculature implies that the sclerotised chamber of the spermatheca
with muscles works as a pumping organ. Our fluid dynamics tests based on 3D printed spermathecae show that a
tiny structural difference causes entirely different fluid dynamics in the spermatheca models. This result suggests
that structural variations of the spermatheca strongly affect sperm dynamics. However, fluid dynamics tests still
require essential measurements including sperm viscosity and the velocity of pumping cycles of the spermatheca.
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Background

Animals are frequently polyandrous [1], and females can
often store sperm received during mating with different
males [2, 3]. Thus, mating success does not guarantee
male reproductive success, and postcopulatory sexual
selection (PCSS) takes place [3-8]. The main sexual
selection mechanisms are sperm competition [7, 8],
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sexual conflict [9] and cryptic female choice (CFC) [5,
10, 11]. PCSS by these mechanisms is not mutually
exclusive [12-15], but the theoretical importance of
clear definitions was discussed in Brennan and Prum
[16]. For instance, it is not always easy to distinguish
whether male paternity biases are caused either by
differentially allocated sperm placed by males or through
female control of sperm allocation [12, 13, 15].
Moreover, sexual selection through one mechanism can
be an evolutionary driving force of the other mecha-

nisms, e.g., cryptic female choice could promote
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developing a male preference/character that is harmful
to females [12, 14]. To further disentangle these highly
complicated mechanisms causing PCSS, we must (1)
increase the number of case studies verifying the selec-
tion mechanisms [13, 15] and (2) unveil evolutionary
histories of PCSS [12].

CEC occurs within a female body, where it is usually
challenging to observe, and this makes it difficult to
understand the mechanisms of this process [12]. A well-
known and visible example of CFC is sperm ejection by
females during and after copulation, e.g., as observed in
waterfowls [17], kittiwakes [18], insects [19] and spiders
[20]. In addition, numerous other processes contributing
to CFC have been hypothesised, discussed and at least
partly but experimentally demonstrated [6, 10, 13, 21].
Firman et al. [6] summarised different mechanisms of
CFC occurring in reproductive processes: time of
insemination, ejaculation size, sperm ejection, sperm
neutralisation, sperm storage, sperm dumping, sperm
activation, attraction to eggs and finally fertilisation. This
diversity implies that female reproductive organs always
play important roles. However, researchers traditionally
tended to study females less than males [14, 22, 23].

A sperm storage organ is a part of the female repro-
ductive organs, where CFC takes place. Female sperm
storage organs, termed either spermathecae or recepta-
culum seminis, are present in a wide range of animal
taxa including arthropods, molluscs, annelids, nematodes
and amphibians [2, 24]. The number of these organs
varies among taxa. For example, fruit flies and dung flies
possess multiple spermathecae, and females alter pater-
nity patterns by using them e.g., [25, 26]. However, the
majority of insects have just one spermatheca [24]. In
some beetles, it was experimentally confirmed that the
spermatheca enables females to control sperm allocation
and usage e.g., [27-29]. The spermatheca in some in-
sects is well sclerotised, and its structural variation has
been used in systematics and phylogenetic studies [30—
34]. Based on a comparative approach, Higginson et al.
[35] ascertained that female reproductive tract architec-
ture likely drives diversification of sperm morphology in
diving beetles. These facts led us to the following
questions: (1) how does the morphological diversity
found in the spermathecae affect CFC and (2) what
roles does it play in the evolution of CFC? Consider-
ing the invisibility and complexity of the postcopula-
tory processes in many animals, we have to apply an
integrative approach based on different aspects and
experimental techniques [36, 37].

Functional morphology and biomechanics approaches
are often missing in sexual selection studies and have
just started to be applied in recent research [38, 39].
Here, we try to verify the functional significance of the
structural diversity of the spermatheca in the beetle
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family Chrysomelidae. In systematics of Chrysomelidae,
the spermatheca is often described, and its significance
for species identification is accepted e.g., [30, 33, 40, 41].
We selected common species that we can collect easily
in large numbers and whose mating behaviour we can
often observe in the field, although their mating rates
are not yet known. To achieve our purpose, we applied
micro-computed tomography (uCT) for the spermatheca
to describe its 3D morphology including the detailed in-
ternal structures. We investigated the musculature and
material distribution within the spermatheca to discuss
the functional morphology of this organ. Additionally,
we simulated the sperm dynamics in the spermatheca
experimentally by utilising printed 3D models. Based on
these experimental results, we discuss how the sperma-
theca works and contributes to CFC. Even though a
physical characterisation of semen is missing (e.g.,
viscosity and its importance were already pointed out in
Werner and Simmons [42]), our approach attempts to
show that the structural variations of the spermatheca
may influence sperm dynamics.

Results
Morphology
We investigated the morphology of the spermatheca
from six representative species using pCT and a scan-
ning electron microscope (SEM). The following six
chrysomelid species from four subfamilies were used for
these experiments: Cassida vibex Linnaeus, 1767 (Cassi-
dinae), Agelastica alni (Linnaeus, 1758) (Galerucinae),
Gastrophysa viridula (DeGeer, 1775) (Galerucinae),
Donacia crassipes Fabricius, 1775 (Donaciinae), Crioceris
duodecimpunctata (Linnaeus, 1758) (Criocerinae) and
Crioceris asparagi (Linnaeus, 1758) (Criocerinae). The
terminology used below is not based on a homology
assessment (Fig. la, b). However, we considered the
terminology to be helpful for readers to understand the
morphology because the opening of the spermathecal
gland is an unmistakable landmark to demarcate its
distal and proximal parts (Fig. 1a, b, white arrowheads).
The spermathecae in the studied species are sclerot-
ised and melanised. The spermatheca comprises a C-
shaped distal part carrying a gland at its proximal end
and an interspecific highly variable proximal part
connected to the spermathecal duct at its proximal end
(Fig. 1). Muscle fibres are connected either to two C-
arms (Fig. 2a-d) or to a distal C-arm and the beginning
of the proximal part (Fig. 2e, f). The shape of the
spermatheca is species specific, although intraspecific
variations were also found in spirals of Ca. vibex and
loops of Cr. asparagi, Cr. duodecimpunctata and G.
viridula (see Figs. 1, 2 and 3). The species-specific
features are summarised in Table 1. Characters repre-
senting those species-specific features are the (1)
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Fig. 1 3D external (blue) and internal (light blue and semi-transparent) morphology of spermathecae. a Scheme of a part of the female
reproductive system. b Cassida vibex. ¢ Agelastica alni. d Gastrophysa viridula.  Donacia crassipes. f Crioceris duodecimpunctata. g Cr. asparagi. The
position of the gland opening was used to demarcate proximal and distal parts of the spermathecae. The white arrowheads point to the
openings of the spermathecal gland, and the black arrowheads denote the openings of the spermathecal duct

distances of two C-arms, (2) relative lengths of the two
C-arms, (3) relative sizes of the lumen of the entire
spermatheca, (4) presence/absence of remarkable in-
ternal structures, (5) shapes of the proximal part, (6)
presence/absence of additional sperm storage spaces and
(7) relative sizes of the entrance of the spermathecal
duct in comparison to the lumen size.

Material gradients
To investigate material gradients in the spermatheca, we
applied the method developed by Michels and Gorb [43]
using confocal laser scanning microscopy (CLSM). We
visualised the autofluorescence of materials and com-
pared spermathecae using four sets of emitting wave-
lengths and emission filters. Then, we assigned the
micrograph colours as blue, green, red (50% saturation)
and red (50% saturation). Following Michels and Gorb
[43], we interpreted each overlaid micrograph and
described the physical properties of the spermatheca as
follows: well sclerotised (red), relatively well sclerotised
and flexible (yellow to green) and rubber-like protein
resilin enriched (blue).

Material gradient analyses showed a similar tendency
among the studied species apart from A. alni (Fig. 2).

The spermatheca of A. alni is well melanised, a large
part of the distal area did not exhibit much autofluores-
cence intensity, and the information remained unclear
(Fig. 2b). The spermathecae of the other studied species
have a blue-coloured region in the middle of the C-
arms. This observation suggests that a large proportion
of the rubber-like protein resilin is present there (Fig. 2a,
c-f). This part was homogeneously resilin dominated in
Ca. vibex and D. crassipes (Fig. 2a, d), while a material
gradient from the outer curve to the inner curve was
observed in G. viridula, Cr. duodecimpunctata and Cr.
asparagi (Fig. 2¢, e, f). Other areas were visualised with
green to red, which suggests that those areas are well
sclerotised.

Fluid dynamics tests

To experimentally simulate sperm dynamics, we created
enlarged, transparent and flexible spermatheca models
(see “Preparation of models” below) and performed fluid
dynamics tests under a conventional 3D printer. To
simulate sperm dynamics in the scaled-up models, we
had to take the Reynolds number into account and
needed to adjust the viscosity of a medium for the ex-
periments (see “Fluid dynamics tests” below). However,
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Fig. 2 Scanning electron micrographs of spermathecae. The white arrowheads point to the openings of the spermathecal gland, and the black
arrowheads denote the openings of the spermathecal duct. Dashed lines encircle muscles. a Cassida vibex. b Agelastica alni. ¢ Gastrophysa

the viscosity of sperm in insects is not known, and for
simplicity, we assumed that it is equivalent to that of
water. Then, we selected 1,2-propanediol (propylene
glycol) as the medium for the following experiments.

For these experiments, we focused on one species and
chose A. alni for the following two reasons. (1) Although
the spermatheca of A. alni lacks information on material
gradients due to a high pigmentation level, the funda-
mental morphology including muscle arrangements is
similar to that of the other studied species discussed
below, and the functional morphology of the sperma-
theca must be similar among the studied species. (2)
Here, we aimed to visualise a qualitative difference in
variable spermatheca models, and utilisation of the A.
alni spermatheca-like model enables us to compare fluid
dynamics between a realistic model with an internal

protuberance and a modified model without the
protuberance. We prepared two different types of
spermatheca models with and without the internal
protuberance to elucidate the functions of the internal
protuberance observed in A. alni.

Our fluid dynamics tests demonstrate that the pump-
ing C-arms cause inflows and outflows in both types of
models with and without the internal protuberance
(Fig. 4). These tests also show differences in the fluid
dynamics between the models already at the first pump-
ing cycle (Fig. 4 left vs. right columns, supplementary in-
formation 3, Movies 1 vs. 2). The outflow in the model
with the protuberance remarkably occurs from the
swollen part through the protuberance to the shaft
region (relatively narrowed area of the proximal part)
(Fig. 4c-f). In contrast, the outflow in the model without
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Crioceris duodecimpunctata. f Cr. asparagi

Fig. 3 Confocal laser scanning micrographs of spermathecae. The white arrowheads point to the openings of the spermathecal gland, and the
black arrowheads denote the openings of the spermathecal duct. a Cassida vibex. b Agelastica alni. ¢ Gastrophysa viridula. d Donacia crassipes. e

J

the protuberance only takes place in the shaft region
(Fig. 4c’-f). The dynamic inflow within the first pumping
cycle in the model with the protuberance happens again
in the swollen part and shaft region (Fig. 4g-i). The
inflow, moving from the shaft to the swollen part, appar-
ently causes a vortex in the swollen part (Fig. 4g-i, k).
This effect was more obviously observed in the inflow
processes at the latter pumping cycles (Fig. 4j). In con-
trast, the inflow at the first pumping cycle in the model
without the protuberance only takes place in the shaft
(Fig. 4g’-i’,K). The inflow in the swollen part is slightly
recognisable in the later cycles (Fig. 45).

Subsequent still images taken after every 10 pumping
cycles show that the injected ink spots are visible in a

broader region in the model without the protuberance
(Fig. 5a’-d’) than in that with the protuberance (Fig. 5a-
d) (compare the regions surrounded with the black solid
lines in Fig. 5d, d’).

The fluid dynamics mentioned above were observed in
the experiments under a 3D printer, with which we con-
trolled the velocity of pumping cycles. We also saw very
similar results in the tests repeatedly performed by hand
(Supplementary information 4, Fig. 1 left vs. right columns,
Supplementary information 5, Movies 1 vs. 3, 2 vs. 4).

Discussion
Studies on female genitalia have been less carried out
than those devoted to males because it was believed that
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Table 1 External and internal morphology of the spermathecae in the studied species

Donacia
crassipes

Crioceris
asparagi

Crioceris
duodecimpunctata

Cassida Agelastica Gastrophysa
vibex alni viridula
Distances of Wider in Ca. vibex than in other species
two C-arms
Relative Equal The proximal partis  The distal part is
lengths of longer, and its much longer
two C-arms middle part is
swollen
Relative
sizes of the
lumen
Internal Absent Volcano-like Absent
structures protuberance at the
middle
Shapes of  Highly coiled  Relatively narrowed  Relatively very
the duct narrowed duct
proximal and convoluted
part
Additional  Absent Absent Present at the
sperm end of the main
storage spermatheca
spaces
Sizes of the  Slightly Relatively narrowed Slightly tapering
entrance tapering duct towards the
towards the entrance
entrance

Absent

Very short duct

Absent

The diameter of the
lumen at the entrance
abruptly diminishes

Equal, and the proximal The distal part is longer, The distal part is longer,
part is slightly swollen

and the proximal part is
slightly swollen

and the proximal part is
slightly swollen

The lumen size of the distal part is more prominent in all species, and in G. viridula the difference is much bigger than the others

Absent Absent

Relatively long and Relatively long and

curved convoluted/ partly
coiled
Absent Absent

The diameter of the
lumen at the entrance
abruptly diminishes

The diameter of the
lumen at the entrance
abruptly diminishes

the structural diversity of female reproductive organs is
less remarkable than that of their male counterparts [22,
23, 38]. Nevertheless, co-evolution of male and female
reproductive organs has been reported from a wide
range of animal taxa [14, 38]. Phylogeny-based compara-
tive studies in invertebrates have verified that in such
co-evolution, not only male structures but also female
structures play an active role [35, 44, 45].

Our study verified that the spermathecae in the stud-
ied species show high structural diversity not only in the
external structures as previously described in systematics
[30—34] but also in the internal structures. The studied
species commonly have a sclerotised and C-shaped
chamber carrying muscles situated between the C-arms
or the distal C-arm and the beginning of the proximal
part. At the middle of the C-shaped chamber, a resilin-
enriched region was detected in all species except for A.
alni, whose corresponding area is strongly melanised
and barely emits autofluorescence. 6ludlResilin is an
elastomeric protein often found in arthropod cuticles. It
provides cuticles with various functional advantages, e.g.,
(1) compliance enhancement, (2) elastic energy storage
and (3) reduction of fatigue and damage [46]. Therefore,
our functional interpretations of these specific morpho-
logical details of spermathecae are as follows. The mus-
cles attaching to the C-arms contract and cause
pumping cycles. The spermatheca needs to be relatively
stiff so that its deformation cannot lose forces generated
during the pumping cycles. These movements take place

quite often, and stresses accumulate in structures situ-
ated between the C-arms. Therefore, this region is
resilin-enriched to prevent any damage. These interpre-
tations are partly underpinned by previous findings on
the functions of similarly arranged spermathecal muscles
verified in a weevil, i.e., sperm supply to eggs [29] and in
a leaf beetle, i.e., sperm uptake after mating and sperm
supply to eggs [28]. The C-shaped chamber with mus-
cles is a pumping organ. On the other hand, it remains
unclear why there are striking material gradients, not
only resilin distributions, within a spermatheca and be-
tween species. For instance, two Crioceris species have a
similar tendency (Fig. 2e, f), but the material gradient of
Donacia crassipes, which belongs to Donaciinae, the
sister subfamily of Criocerinae [47], does not look identi-
cal to that of the criocerine Crioceris species. This differ-
ence suggests that the observed material gradient does
not necessarily reflect their phylogenetic relationship. In-
stead, it is conceivable that the material gradient reflects
functional requirements.

The fluid dynamics tests using 3D printed sperma-
theca models of A. alni with and without the internal
protuberance showed the potential value of our new ap-
proach. The two models used here have only a small
structural difference. However, the observed fluid move-
ments were remarkably different between the models,
and the differences in fluid movements are summarised
in Fig. 6. In the model without the protuberance, forces
causing the outflows and inflows are attenuated due to
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protuberance model

in the schemes indicate the original locations of the injected ink

Fig. 4 Transparent flexible models and fluid dynamics tests (first pumping movement, outflow) using the Agelastica alni spermatheca models.
With a realistic internal protuberance (left column) and without the protuberance (right column). a-a’ The models fully immersed in 1,2-
propanediol. b-b" Sudan Red in 1,2-propanediol was injected. c-e’ The first pumping cycle performed was filmed at 50 fps, and still images
showing different stages are exhibited. The solid white arrows indicate directions of the C-arm movement. The black arrows show a marked shift
of the injected ink spots in the models. f-f* Schemes of the observed outflow in the first pumping cycle. Transparent flexible models and fluid
dynamics tests (inflow) using the Agelastica alni spermatheca models. With a realistic internal protuberance (left column, highlighted with red
dashed lines) and without the protuberance (right column). g-i’ The first pumping filmed at 50 fps (g-g": while pulling back the C-arm, h-h": just
after finishing pulling back the C-arm, i-i": just before the second pumping cycle started), and still images showing different stages are presented.
The solid white arrows show the direction of the distal C-arm movement. The black arrows show a marked shift of the fluid in the models. j-j’
The inflow at the end of the 5th pumping cycle. k-k" Schemes of the observed inflow during the first five pumping cycles. The light-pink circles

protuberance model no protuberance model

J

the presence of the swollen part, and the resulting fluid
movements in the model are relatively small. In contrast,
due to the presence of the protuberance in the other
model, the fluid dramatically moves at the interface be-
tween the protuberance and the swollen part. Although
the pumping speed was not controlled entirely in our
preliminary experiments (Supplementary information 4
and 5), we still repeatedly observed such differences be-
tween the models. Therefore, the function of the protu-
berance should be to mix fluids.

All studied species possess the C-shaped pumping
chamber at the most distal part of the spermatheca, and
in-between the chamber and spermathecal duct, the

shape varies between species. The results of our fluid dy-
namics tests suggest that spermathecal shapes may play
a role in changing the allocation of sperm in the sperma-
theca. Polyandry is more or less universal in animals [1],
and sperm from different partners is stored in female
sperm storage organs [2, 3]. Considering the very high
fecundity in the species A. alni [48], it can be crucial
that females acquire higher genetic diversity of their off-
spring. Therefore, at least some of the offspring can sur-
vive under unexpected conditions. The degree of
polyandry is variable among species or even among indi-
viduals [1, 4], and interval lengths between successive
mating also affect male fertilisation success. In general,
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no protuberance model

Fig. 5 Fluid dynamics in subsequent pumping cycles. a-a” Sudan Red in 1,2-propanediol was injected. b-b’ After the C-arms were pumped ten times. c-c’
After the C-arms were pumped 20 times. d-d’ After the C-arms were pumped 30 times. The visible unmixed ink drops are marked with solid black lines

protuberance model no protuberance model

pumping out

sucking in

Fig. 6 Schemes of the fluid dynamics in the two models with and without the internal protuberance interpreted based on our tests. Arrows show the fluid
movement. The solid lines indicate remarkable fluid movements, and the dashed lines represent possible fluid movements that are milder than the others
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last male sperm precedence decreases in females with
shorter remating intervals e.g., [49-51]. In A. alni, last
male sperm precedence may be altered not only by the
interval lengths but also by the timing of pumping
cycles. Our experiments may suggest what could happen
in the spermatheca of A. alni as follows. When females
pump just after mating with a second male, the sperma-
theca with the internal protuberance explicitly pushes
sperm located close to the exit/entrance out, and the
sperm is only partially mixed with the previously pre-
served sperm in the storage chamber. This process causes
low last male sperm precedence. In contrast, when females
pump after ovulation, sperm adjacent to the exit/entrance
may be mainly mixed with sperm in the swollen part (eggs
might avoid leaking sperm out from the bursa copulatrix).
Then, the last male sperm precedence increases. In prac-
tice, it is extremely challenging to test the hypothesis pro-
posed here as a possible CFC mechanism. However, this
mechanism is potentially possible.

Fluid dynamics of semen in the spermatheca are
undoubtedly regulated not solely by females through the
spermathecal shape because spermatozoa themselves
can move [14, 42, 52]. As Lipold and Pitnick [14]
admonished in the latest review, ignorance of spermato-
zoa motility in vivo does not lead to correct assumptions
since the motility of spermatozoa changes according to
places or viscosity of a medium, in which spermatozoa
swim [14, 53]. Therefore, the lack of information on the
physical properties of semen results in gaps in our
understanding of system functionality. Therefore, mea-
surements of semen viscosity must be experimentally
obtained to unveil the entire process of sperm dynamics.
Some rheological methods previously applied for meas-
uring viscosities of small volumes of fluids, such as those
used for characterisations of insect foot secretions [54]
or haemolymph of a moth [55], might be potential
options for solving this problem.

It is, in fact, possible to track spermatozoa movement
by using transgenic males in model species such as
Drosophila fruit flies, the flatworm Macrostomum
lignano and the red flour beetle Tribolium castaneum
[56—58]. However, this technique is applicable only for
model organisms frequently used in genetic experiments,
and our new approach can partially compensate for this
issue. Optimal genetic engineering techniques applied
for model organisms should be combined with fluid dy-
namic tests applied for a variety of taxa. Since it has
been proven that the diversity of female reproductive
tracts has driven the evolution of sperm morphology
[35], it could be essential to compare fluid dynamics
within spermathecae of many other species. Ideally, our
experimental approach using artificial 3D printed models
should be combined with computational fluid dynamics
simulations in the future. Such study concepts have
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already been successfully applied, e.g., to ascertain a
passive hydrodynamic feeding mechanism in a fossil
brachiopod [59-61].

Conclusion

Our fluid dynamics tests based on 3D printed spermathe-
cae suggest that structural variations of the spermatheca
strongly affect sperm dynamics, although this perspective
has been largely overlooked. Moreover, our approach en-
ables reconstructions of the evolution of CFC by focusing
on the structural diversity of the spermatheca. For ex-
ample, in the subfamily Criocerinae of the studied beetle
family Chrysomelidae, it was estimated that the simple C-
shaped type of the spermatheca found in A. alni and D.
crassipes is plesiomorphic, and derived types similar to the
rest of the studied species evolved independently [62].
Our approach is merely a small addition to a broad range
of approaches towards understanding CFC. However, this
approach is indispensable and hitherto missing in this field
of reproductive biology.

Methods

Samples

The following six leaf beetle species were used in the
study: Ca. vibex Linnaeus, 1767 (Cassidinae), A. alni (Lin-
naeus, 1758) (Galerucinae), G. viridula (DeGeer, 1775)
(Galerucinae), D. crassipes Fabricius, 1775 (Donaciinae),
Cr. duodecimpunctata (Linnaeus, 1758) (Criocerinae), and
Cr. asparagi (Linnaeus, 1758) (Criocerinae). All beetles
were collected in Kiel, Germany, between June and Au-
gust 2017. In most cases, we collected adults in the field,
but for C. vibex, larvae and pupae were also collected and
maintained under laboratory conditions to obtain add-
itional adult samples. To prepare samples, the beetles were
either anaesthetised with CO, before dissection or frozen
in a conventional freezer at — 20 °C. All beetles were dis-
sected in 0.1 M phosphate-buffered saline (PBS; pH = 7.4;
Carl Roth GmbH & Co. KG, Karlsruhe, Germany) under
an Olympus SZX12 stereomicroscope (Olympus Corpor-
ation, Tokyo, Japan).

Micro-computed tomography

Specimens were fixed in 2.5% glutaraldehyde in PBS. At
least two to three individuals of each species were used.
They were kept in a conventional fridge (4 °C) for one
night for fixation, rinsed in distilled water three times
(each time for 15 min), dehydrated in an ascending series
of ethanol and rinsed twice in absolute ethanol as the
final step (each time for 20 min). The samples were dried
using a critical point dryer (CPDA/Quorum Technolo-
gies Ltd., Kent, UK). Then, each sample was fixed on a
thin-wall borosilicate glass capillary (120 x 1 mm,
Hirschmann-Laborgerite GmbH & Co. KG, Eberstadt,
Germany) using a Colténe President light body kit, art.
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no. 4667 (polyvinylsiloxane (PVS) elastomer) (Colténe/
Whaledent Inc, USA) and scanned using a high-
resolution MicroCT SkyScan 1172 system (RJL Micro
& Analytic GmbH, Karlsdorf-Neuthard, Germany)
with a current of 250 pA and a voltage of 40kV for
all species except for D. crassipes, which was scanned
with a current of 175pA and a voltage of 29kV.
Segmentation of the spermathecae was performed
using the software Amira 6.2.0 (Visualization Sciences
Group, Mérignac, France).

Scanning electron microscopy

The specimens were fixed in 2.5% glutaraldehyde in
PBS. They were kept in a conventional refrigerator at
4°C for one night. For this experiment, one to two in-
dividuals were used from each species. They were
rinsed in distilled water three times (each time for 15
min), dehydrated in an ascending series of ethanol
with absolute ethanol twice as the last step (each time
for 20min) and dried with the critical point dryer.
The specimens were sputter-coated with gold-
palladium (approx. 10 nm thickness) using a high vac-
uum sputter coater (Leica EM SCD 500; Leica Micros-
copy GmbH, Wetzlar, Germany) and visualised with a
scanning electron microscope (Hitachi TM3000; Hita-
chi High-Tech Corp., Tokyo, Japan) at an accelerating
voltage of 15kV.

Confocal laser scanning microscopy

To study material gradients in the spermatheca, we ap-
plied the method developed by Michels and Gorb [43]
using confocal laser scanning microscopy (CLSM).
Michels and Gorb [43] visualised the autofluorescence of
materials composing arthropod cuticles, and this enabled
us to estimate material gradients by assigning colours to
signals detected from different materials. This approach
was previously justified in the feet setae of ladybird bee-
tles by nanoindentation using atomic force microscopy
(AFM) [63].

For this purpose, spermathecae were dissected out in
0.1 M PBS and rinsed in glycerin (299.5%, free of water,
Carl Roth GmbH & Co. KG). At least two individuals
were investigated for each species. Following Michels
and Gorb [43], the autofluorescence of the spermathecae
was visualised with a Zeiss LSM 700 confocal laser
scanning microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany). Four stable solid-state lasers with
wavelengths of 405nm, 488 nm, 555nm and 639 nm
were used; for the detection of selective emitted autoflu-
orescence signals, a bandpass emission filter transmitting
light with wavelengths 420-480 nm and longpass emis-
sion filters transmitting light with wavelengths >490 nm,
>560 nm and > 640 nm were applied, respectively. An
objective lens with 10x (Zeiss Plan-Apochromat,
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numerical aperture [NA] 0.45) magnification was used.
We assigned colours to each micrograph obtained
through the 420-480 nm, 2490 nm, =560 nm and > 640
nm filters according to the following colour code [43]:
blue, green, red (50% saturation) and red (50% satur-
ation), respectively. Based on overlaid micrographs and
previous data on the stiffnesses of different types of in-
sect cuticles [64], we interpreted the physical properties
of the spermatheca as well sclerotised (red), tough and
flexible (yellow to green) and resilin enriched (contain-
ing rubber-like protein) (blue). However, this is not an
absolute analysis of material gradients, so red-coloured
regions in two different images are not necessarily
equally well sclerotized.

Preparation of models

To experimentally simulate sperm dynamics, we cre-
ated enlarged, transparent and flexible spermatheca
models (see Supplementary information 1 for the de-
tailed method including method validation and prac-
tical advice). Based on a segmented digital model of
A. alni, we prepared inner moulds using Amira soft-
ware and printed them using a conventional FDM 3D
printer (the Original Prusa i3 MK2S 3D printer, Prusa
Research s.r.o., Prague, Czech Republic). Printing set-
tings (layer height: 0.15 mm, perimeters: 2, infill dens-
ity: 0%, supporting material: support on build plate
only) were set with the software Slic3r 1.36.2-prusa3d
(Prusa Research s.r.o., Prague, Czech Republic) to
print the inner moulds (8 cm in height) with polylac-
tide (PLA) polymer.

To create models using the printed inner moulds, two-
component polydimethylsiloxane (PDMS), ten parts of
SYLGARD® 184 silicone elastomer and one part of
SYLGARD® 184 silicone elastomer curing agent (Sigma-
Aldrich, St. Louis, Missouri, USA) were used. After-
wards, the mixture was kept at 65 °C for 25 min to accel-
erate curing and increase the viscosity. The printed
model was offhand-dipped in the fluid PDMS, covered
with it and hanged during a curing process at 65 °C for
40 min. This process was repeated every 40 min in total
seven times to thicken the PDMS wall until it was stable
enough. Later, the inner moulds covered with PLA were
placed in an ultrasonic bath filled with acetone under a
fume hood.

Fluid dynamics tests

To be able to use the abovementioned models for fluid
dynamics tests, we upscaled the models. To simulate
meaningful sperm dynamics using our models, we had
to consider the Reynolds number. This number is a di-
mensionless quantity for predicting flow patterns, and it
needed to be kept constant so that we could simulate
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sperm dynamics in the upscaled models. The Reynolds
number was defined by Sedov [65]:

__pul.  uL
=T

Re (1)

where p is the density of fluids (kgm >), u is the
velocity of fluids with respect to an object (ms™'), L is
the characteristic linear dimension ( volume) (m), u is
the dynamic viscosity of fluids (Pas™') and v is the
kinematic viscosity (v = %) (m?s™ ). Because u should be
equal between the printed models and reality, the
formula can be simplified to

Lmodel
Lreul

(2)

Vmodel/ Vreal = Kk

The volumes of the three-dimensionally printed
models were measured using a measuring cylinder, and
the volume was 16 ml (16 x 10"> um®). The volume of
the spermatheca in A. alni was measured with a seg-
mented model with a function called material statistics
in the software Amira, and it was 14.9 x 10° um?. There-
fore, the ratio of the two characteristic linear dimensions
V model/ V real 1S approximately 100. The dynamic/kine-
matic viscosities of semen are not yet known, and semen
of the studied species does not seem to be much more
viscous than PBS. Therefore, for simplicity, the kine-
matic viscosity of the semen was assumed to be that of
distilled water (v water 20°C =1.002x 10" °m?s™ ! [66]),
which means that our experimental medium should have
a kinematic viscosity of approximately 1.0 x 10”*m?*s™ .
Considering accessibility, safety and convenience, we
chose 1,2-propanediol (propylene glycol) (v 12-propanediols
21.1°C=0.52 x 10" *m?s™ ! [67]) as a medium.

The above-prepared models were filled with 1,2-pro-
panediol, and droplets of Sudan Red dissolved in 1,2-
propanediol were injected into the models using disposal
plastic injectors. According to the functional morph-
ology hypothesis proposed in this study, we simulated
pumping of the C-arms of the spermatheca models with
gloved fingers as a first step (Supplementary informa-
tion). However, with this method, it is not possible to
control the velocity of each pumping cycle. We also
wrote a coordinate script (Supplementary information 2,
script 1) including commands to the 3D printer to move
a stick contracting and relaxing the C-arms to imitate
pumping cycles and carried out the experiments under
the 3D printer. The fluid dynamics tests were recorded
using a DSC-RX10M3 digital camera (Sony Corporation,
Tokyo, Japan) with lighting provided by a Rotolight
AEOS 2-Light Kit (Rotolight, Iver, UK).
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Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/540850-020-00058-2.

Additional file 1 Supplementary information 1.pdf. How to prepare
enlarged transparent, flexible and low-cost models and validation of the
method.

Additional file 2 Supplementary information 2, a script 1.txt. The
script used for the fluid dynamics test described in the main text and
including commands to the 3D printer to move a stick to contract and
relax the C-arms of the models with an absolute velocity.

Additional file 3 Supplementary information 3, Movies.MP4. Fluid
dynamics tests performed by the 3D printer.

Supplementary information 3, Movie 1. Protuberance model, first 30
pumping cycles shown. The result was recorded at 50 fps.
Supplementary information 3, Movie 2. No protuberance model, first
30 pumping cycles. The result was recorded at 50 fps.

Additional file 4 Supplementary information 4, figures.jpeg. The
fluid dynamics tests (first pumping movement, outflow) were performed
by the experimenter’s fingers. Supplementary information 4, Fig. 1.
Transparent flexible models and fluid dynamics tests (first pumping
movement, outflow) using the Agelastica alni spermatheca models with a
realistic internal protuberance (left column, highlighted with red dashed
lines) and without the protuberance (right column). (a-a') The models
fully immersed in 1,2-propanediol. (b-b) Sudan Red in 1,2-propanediol
was injected. (c-€") The first pumping cycle filmed at 50 fps, and still
images at different conditions are exhibited. The solid white arrows show
the direction of the distal C-arm movement. The black arrows indicate a
marked shift of the injected ink spots in the models. The times listed in
each image are the time after pumping started. (f-f) Schemes of the ob-
served outflow in the first pumping cycle. Supplementary information
4, Fig. 1 (cont). Transparent flexible models and fluid dynamics tests (first
pumping, inflow) using the Agelastica alni spermatheca models with a
realistic internal protuberance (left column, highlighted with red dashed
lines) and without the protuberance (right column). (g-h’) The first pump-
ing cycle filmed at 50 fps, with still images shown under different condi-
tions. The solid white arrows show directions of the distal C-arm
movement. The black arrows show a marked shift of the fluid in the
models. (i) The inflow at the second pumping cycle. (j-j) Schemes of
the observed inflow during the first two pumping cycles. The light-pink
circles in the schemes indicate the original locations of the injected ink.
Supplementary information 4, Fig. 2. Fluid dynamics in subsequent
pumping cycles. (a-a’) Sudan Red in 1,2-propanediol was injected. (b-b’)
After the C-arms were pumped ten times. (c-C') After the C-arms were
pumped 20 times, but in the protuberance model at the 11th pumping
cycle, Sudan Red partly leaked (Supplementary Information 5, Movie 2)
from a lateral crack. However, similar results were observed before the lat-
eral crack occurred. (d-d') After the C-arms were pumped 30 times. The
visible unmixed ink drops are marked with solid black lines.

Additional file 5 Supplementary information 5, Movies.MP4. Fluid
dynamics tests performed by experimenter’s fingers.

Supplementary information 5, Movie 1. Protuberance model, first ten
pumping cycles. The result was recorded at 50 fps.

Supplementary information 5, Movie 2. Protuberance model, during
20-30 pumping cycles. The result was recorded at 50 fps.
Supplementary information 5, Movie 3. No protuberance model, first
ten pumping cycles. The result was recorded at 50 fps.

Supplementary information 5, Movie 4. No protuberance model,
during 20-30 pumping cycles. The result was recorded at 50 fps.
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