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Abstract

Sperm is the most fundamental male reproductive feature. It serves the fertilization of
eggs and evolves under sexual selection. Two components of sperm are of particular
interest, their number and their morphology. Mode of fertilization is believed to be a
key determinant of sperm length across the animal kingdom. External fertilization, un-
like internal, favors small and numerous sperm, since sperm density is thinned out in the
environment. Here, we study the evolution of sperm morphology in the genus Daphnia,
where fertilization occurs in a receptacle, the brood pouch, where sperm can constantly
be flushed out by a water current. Based on microscopic observations of sperm mor-
phologies mapped on a phylogeny with 15 Daphnia and 2 outgroup species, we found
that despite the internal fertilization mode, Daphnia have among the smallest sperm
recorded, as would be expected with external fertilization. Despite being all relatively
small compared to other arthropods, sperm length diverged at least twice, once within
each of the Daphnia subgenera Ctenodaphnia and Daphnia. Furthermore, species in the
latter subgenus also lost the ability of cell compaction by extracellular encapsulation and
have very polymorphic sperm with long, and often numerous, filopodia. We discuss the
different strategies that Daphnia evolved to achieve fertilization success in the females’
brood pouch.
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Introduction

Sexual selection is a form of natural selection acting on mating and fertilization success. Hence, sperm,
the most fundamental male reproductive feature allowing egg fertilization, is expected to adapt to
maximize fertilization success. In particular, two components of sperm are under selection, their number
and their morphology, the latter including the associated quality. The number of sperm cells per ejaculate
is known to evolve in response to several factor: risk of sperm competition for egg fertilization, cryptic
female choice and, female receptacle size or the absence of receptacle (Roldan, 2019). While sperm are
considered as one of the taxonomically most diverse and rapidly evolving cell types (Birkhead et al., 2009;
Ramm et al., 2014), the understanding of the adaptive value of sperm morphology, such as length and
shape, remains largely incomplete (Lipold & Pitnick, 2018). Based on phylogenetic analyses across the
animal kingdom, the general rule seems to be that fertilization mode (i.e. whether eggs are fertilized within
or outside the female) is a key predictor of sperm length (Kahrl et al., 2021). There is a trade-off between
sperm number and length (Immler et al., 2011), and therefore, the production of more sperm comes at the
cost of sperm size (Parker, 1982). Sperm are generally shorter and more numerous, in species in which
ejaculates are thinned out in aquatic environments, while they are longer and less numerous in species
where fertilization occurs within the female (Kahrl et al., 2021; Fitzpatrick et al., 2022). This is because
ejaculates are more thinned in the environment than they are within the female's receptacle. Hence,
external fertilization mode selects for higher sperm number and associated with it, smaller sperm size, to
increase the chance of egg fertilization. On the contrary, internal fertilization mode reduces the thinning
effect and allows for the evolution of less sperm per ejaculate and investment in higher sperm quality, e.g.
longer sperm cells.

The superorder Peracarida is a large clade of crustaceans (e.g. Amphipoda and Isopoda) having the
particularity that females have a chamber where the eggs are brooded: the brood pouch. As fertilization
does occur before the females expel their eggs in the environment, such fertilization mode may be
considered as internal. However, a water current generated by the filtering apparatus oxygenates the eggs
in the brood pouch (Seidl et al., 2002), and it may flush out sperm. In this context, even if the fertilization
isinternal, we expect that the thinning effect, imposed by the water current, has an impact on the evolution
of sperm length (i.e. reduces their size). Furthermore, males are likely to evolve persistence traits that allow
them to avoid being flushed away. Out of the 4705 species from which we have a sperm morphology
description in the SpermTree database, only 9 species belong to the superorder of the Peracarida
(Fitzpatrick et al., 2022). Three of them have sperm described as aflagellate and the others are described
as non-standard, as they have tail-like morphology which are not a flagellum. Despite being a very recent
and rich database, little is known about sperm in this species rich clade with a particular fertilization mode
that may affect the evolution of sperm morphology.

The water fleas or Daphnia are not part of the Peracarida, they are Cladocera, but they possess a brood
chamber, where fertilization of sexual eggs takes place. They reproduce mostly by cyclical parthenogenesis,
with sexual reproduction and thus egg fertilization being sporadic, but essential for diapause in freezing
and drying habitats and for dispersal. Usually triggered by a change in environmental conditions and
following periods of clonal reproduction during which females only produce genetically identical
daughters, some females produce sexual (haploid) eggs while others produce males (Deng & Lynch, 1996;
De Meester & Vanoverbeke, 1999). During mating, one or two males attach to the female to fertilize eggs,
which will be released by the female in her brood pouch after the male(s) departed. The brood pouch is a
receptacle formed by the carapace on the dorsal side of all Daphnia species, where early development of
clonal and sexual eggs takes place. For the latter, the cuticular structure of the brood pouch changes to
form a protective case, which will be released upon molting. These resting stages contribute to genetically
diverse egg-banks from which future populations can be established. There is evidence for males
competing for fertilization in Daphnia magna (Duneau et al., bioRxiv 2020), but the extend of sperm
competition in this receptacle is unknown. It is not entirely clear where fertilization exactly occurs, whether
in the brood pouch or inside the oviduct exiting in the brood pouch. On a one hand, sperm are not
flagellated (Wingstrand, 1978; Wuerz et al., 2017), and it is difficult to see how sperm could enter the
oviduct as it is closed and eggs have to push their way out (Lee et al., 2019). On the other hand, Daphnia
males have more or less exaggerated genital papilla, the organ used to deposit sperm in the brood
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chamber. When exaggerated, they could help to bring sperm close to the oviduct, which was used to argue
that fertilization occurs in the oviduct (Baldass, 1941) or at its entrance, and reduces the thinning effect of
the water current in the brood pouch.

Although pioneer studies have given key general descriptions to identify the main sperm structures
(Delavault & Berard, 1974; Wingstrand, 1978; Zaffagnini, 1987; Wuerz et al., 2017), only little is known
about morphology of aflagellated sperm in Daphnia. All Anomopoda, an infraorder including Daphnia, have
a vacuolar type of spermatogenesis (Wingstrand, 1978), i.e. in the testes, the spermatids are enclosed in
“private” vacuoles in the nutritive cells and are exocytosed into the testicular lumen after they have
decreased strongly in size and matured. When compacted during maturation, they are generally small,
about a few microns in length and width. Sperm of D. magna has been more thoroughly studied with recent
technology. This representative of the subgenus Ctenodaphnia has longer sperm (~10 um) encapsulated
by an acellular capsule, probably to pack more sperm in the testes, and very short filopodia extending from
the cell membrane (Wuerz et al., 2017). The roles of this capsule and of the filopodia are unclear (Wuerz
et al,, 2017). Here, we reconstructed a robust phylogeny of the Daphnidae using COIl, 12S and 16S rRNA
genes based on (Adamowicz et al., 2009; Cornetti et al., 2019) and assessed 15 species representing major
clades within Daphnia to better describe the variation in sperm morphology in this genus and to gain insight
into its evolution.

Methods

Male Daphnia were either sampled from female mass cultures in the laboratory in which male
production was naturally occurring as a consequence of high population density, or from females exposed
to the hormone methyl farnesoate (MF, 400nM final concentration) which is known to induce male
production (Olmstead and Leblanc 2002). We assessed samples covering major clades in the genus
Daphnia. For the subgenus Ctenodaphnia we included D. similis Claus, 1876, D. sinensis Gu, Xu, Li, Dumont
et Han, 2013, D. lumholtzi Sars, 1885, D. carinata King, 1853, D. magna Straus, 1820, D. hispanica Glagolev
and Alonso, 1990, D. dolichocephala Sars, 1895, and D. barbata Weltner, 1897. For the subgenus Daphnia,
we sampled D. pulex Leydig, 1860 and the European clade of D. pulicaria Forbes, 1893 as representatives
of the D. pulex group sensu lato. From the same subgenus we also included samples from the D. longispina
group sensu lato, sometimes also referred to as ‘Hyalodaphnia’ (Petrusek et al., 2008). This group was
represented by members of the D. longispina complex (Petrusek et al., 2008) - namely D. longispina O.F.
Muller, 1785, D. mendotae Birge, 1918, D. galeata Sars, 1864, and D. dentifera Forbes, 1893 —as well as D.
curvirostris Eylmann, 1887. For D. longispina our sampling also covered the different morphotypes
“zschokkei”, “hyalina” and “longispina” (Petrusek et al., 2008).

We induced male production for the D. longispina morphotypes “hyalina” and “zschokkei”, D.
dentifera, D. mendotea, D. galeata, and D. curvirostris and collected naturally produced males for D. similis,
D. sinensis, D. lumholtzi, D. carinata, D. magna, D. hispanica, D. dolichocephala, D. barbata, D. longispina
(“longispina” morphotype), D. pulex and D. pulicaria.

To collect sperm, we exposed mature males to a 1 % nicotine solution ((-)-Nicotin 162.23 g/mol,
supplier: Carl Roth, Germany) to induce ejaculation as in Duneau et al. (2012). As only mature spermatozoa
are present in the testicular lumen (Wingstrand, 1978:11; Zaffagnini, 1987:277), this method allowed us to
describe and measure mature sperm and avoid immature ones. Presence of filopodia on the sperm was
recorded, but we did not measure filopodia length. Measurements of the greatest length of the freshly
released sperm were performed with ImageJ (Open source, v. 1.5i) using photographs taken under phase
contrast light at a magnification of 40x. In species with very small sperm (D. pulex, D. pulicaria, D.
dolichocephala and D. barbata) we paid particularly attention that the sperm were photographed just after
release from the spermiduct to reduce the possibility of degradation or to confuse them with other
particles. However, it was challenging to take good photographs of them, and the measurement may be
less accurate than for the other species. For example, D. pulex sperm is only around 2 um in length (Xu et
al., 2015). All sperm were also observed at the moment of release from the ejaculatory opening to verify
that their shape corresponds to what was observed later when they settled and were photographed. We
also observed sperm morphology in sea water to test that osmolarity was not affecting our results. We did
not see any effect and do not report further on these observations. Drawings of male genital papilla were
redrawn from published identification keys (Benzie, 2005; Popova et al., 2016).
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For an ancestral trait reconstruction, we reconstructed a phylogeny based on the mitochondrial COI
and 12S and, where available, 16S rRNA genes published in Adamowicz et al. (2009) and Cornetti et al.
(2019) (for sample information see Supplementary Table 1). Sequences were aligned with MUSCLE (Edgar,
2004) and a maximum-likelihood tree partially constrained for the topology of the full mitochondrial
genome phylogeny from Cornetti et al. (2019) was constructed with igtree2 (Nguyen et al., 2015; Minh et
al., 2020). First, the best model and best-fit partitioning scheme were inferred with ModelFinder
(Chernomor et al., 2016; Kalyaanamoorthy et al., 2017) (-m MFP+MERGE; for full commands see
Supplementary Text 1). We then used the best model and scheme to calculate a constrained and an
unconstrained tree and compared the two trees using tree topology test with the RELL approximation using
10,000 replicates (Kishino et al., 1990), i.e. the bootstrap proportion, Kishino-Hasegawa test (Kishino &
Hasegawa, 1989), Shimodaira-Hasegawa test (Shimodaira & Hasegawa, 1999), and expected likelihood
weights tests (Strimmer & Rambaut, 2002)), and the approximately unbiased test (Shimodaira, 2002) (-zb
10000 —au). Since there was no significant difference between constrained and unconstrained trees, we
continued with the constrained tree and calculated SH-aLRT (Guindon et al., 2010) and UFBoot (Hoang et
al., 2018) support values with 10,000 replicates (-bb 10000 -alrt 10000). The constrained tree was then also
used for ancestral state reconstruction using the packages phytools 0.7-70 (Revell, 2012), ape 5.4-1 (Paradis
& Schliep, 2019), and geiger (Harmon et al., 2008; Pennell et al., 2014) in R version 4.0.3 (2020-10-10) (R
Core Team, 2020). We obtained an ultrametric dated tree using our ML tree and multiple node calibration
using the mtDNA - fossil calibration - Late Jurassic age bounds from Cornetti et al. (2019) and a strict clock
model in chronos(). We then calculated mean sperm length values for each measured Daphnia species and
added mean values for Ceriodaphnia reticulata and Simocephalus sp. from (Wingstrand, 1978). For
ancestral state reconstruction, we used the sperm length data and the dated tree and fitted a Brownian
motion model of evolutionary change with phytools (code, alignments and input files for tree
reconstruction and ancestral state analysis are deposited on GitHub -
https://github.com/markusmoest/daphnia_sp) and on Zenodo
(https://doi.org/10.5281/zen0d0.6992749).

Results

Among the species we studied, the genital papilla was only exaggerated in Daphnia magna, but
inconspicuous in the other species. Hence, we could not correlate this trait with sperm morphology. Using
microscopic observations of sperm morphologies allowing to measure the maximum length of rod-shape
aflagellated sperm cells, we found that sperm length varied greatly among Daphnia species, ranging from
about 2 um to at least 20 um (Figure 1 and supplementary figures 1 and 2). Based on recent Daphnia
phylogenies (Adamowicz et al., 2009; Cornetti et al., 2019), we found that there was a clear phylogenetic
signal in sperm length across Daphnia, but length clusters are polyphyletic. Sperm length diverged at least
twice in the genus Daphnia (Figure 1), once in the subgenus Daphnia and once in the subgenus
Ctenodaphnia. We also found that the assessed species in the D. longispina clade, i.e. D. longispina, D.
dentifera, D. mendotae and D. galeata, have entirely lost the capsule compacting sperm and had very long
filopodia (Figure 2 C and D, Supplementary figures 1, 2 and 3).

Ceriodaphnia and Simocephalus, both members of the family Daphniidae and used here as outgroups,
have sperm of the vacuolar spermatogenesis type, like Daphnia species and all other clades in the
infraorder Anomopoda. Their sperm have been described, based on electron microscopy, as small (2 to 6
um), more or less rod-shaped and strongly compacted in their capsule (e.g. Figure 2A and Wingstrand,
1978:25-26). This information based on several species allowed to assume, although with caution, that the
most parsimonious ancestral sperm type in the genus Daphnia was rather short. The subgenus
Ctenodaphnia, except for D. dolichocephala and D. barbata who had compacted and small sperm, evolved
non-compacted and elongated sperm, several times larger than the putative ancestral morphology (Figure
1 and 2B). A similar adaptation occurred in Daphnia s. |.. In accordance with reports from Xu et al. (2015)
on Daphnia pulex sperm length, we observed that members of the D. pulex group sensu lato conserved the
small and compacted sperm morphology, whereas members of the D. longispina group sensu lato evolved
larger elongated sperm (Figure 1). Furthermore, in the same ejaculate from a single D. longispina male,
sperm can have a strong polymorphism in the number and length of filopodia per sperm cell. The cell can
have, on each side, one long filopodium or many shorter ones (Figure 2C and 2D, and Supplementary figure
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3). These filopodia can be several times the length of the sperm (not measured here) (Figure 2 and
Supplementary figure 1 and 3).
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Figure 1: Evolution of sperm length and genital papilla morphology in Daphnia. Phylogenetic tree is modified
from Cornetti et al. (2019) and Adamowicz et al. (2009). Color gradient represents sperm length and length
of scale bar indicates to branch length in million years. Drawings represent the genital papilla of the males
(redrawn from Benzie (2005) and Popova et al. (2016)). The red arrow indicates the atypical exaggerated
genital papilla of D. magna. Photographs show an example of sperm for each species. The graph on the right
represents the difference in sperm length among males. The mean sperm length was calculated from 2 to 3
individuals per species. Numbers under the mean represents the number of measured sperm. Letters on
the right illustrates whether median sperm lengths are significantly different (different letters) or not (same
letter) among species based on pairwise Kruskal-Wallis comparisons corrected for multiple testing using the
FDR method. Numbers in phylogeny represent the node of the two main Daphnia clades: 1: subgenus
Ctenodaphnia; 2: subgenus Daphnia.
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Figure 2: Examples of sperm morphologies in the Daphniidae. A- Ceriodaphnia laticauda, small and
encapsulated elongated sperm (blue color in figure 1) representative of one of the species used as
outgroup. Photo from Wingstrand (1978). B- D. magna, large and encapsulated elongated sperm
(blue color in figure 1); C and D - D. longispina, two examples of typical non-encapsulated and
elongated sperm with filopodia (green color in figure 1).

Discussion

Since Daphnia males ejaculate in the female brood pouch, the fertilization mode is here considered to
be internal. However, as a water current generated by the filtering apparatus constantly circulates through
the brood pouch (Seidl et al., 2002), male Daphnia face the challenge to have their sperm flushed out. This
phenomenon could be seen as a form of cryptic female choice, as it increases the thinning effect. When
two males copulate at the same time with a female, the brood chamber is a place for direct sperm
competition to occur. Interspecies variations in such sexual selection may be present and shape sperm
evolution. Males of different species may have different features to increase their chance to successfully
sire offspring. We speculate that when species have a brood pouch, males may be selected to: 1- produce
more, but smaller sperm, 2- deposit their sperm the closest to the oviduct, 3- develop structures to reduce
the chance that sperm is flushed out.

Our assessment of sperm morphology over 15 Daphnia species uncovered clearly structured
phylogenetic variation in sperm length. It diverged at least twice, once in the subgenus Daphnia and once
in the subgenus Ctenodaphnia. Our study reports that Daphnia have small rod-shape aflagellated sperm
with the species averages ranging from 2.6 to 13 um. Considering that sperm in arthropods measure on
average 1034.4 um (+81.7 SE and +3051.5 SD) (based on 1394 arthropod species in SpermTree database,
(Fitzpatrick et al., 2022)), our work allows to conclude that sperm are relatively small in Daphnia. This
supports the hypothesis that the particular internal fertilization of species with brood pouch do not
necessarily favor the evolution of larger sperm, most probably due to the thinning of sperm density
imposed by the constant water flow.

Variation in aflagellated sperm length within each Daphnia subgenus was ranging from 2.6 to 13 um in
the subgenus Ctenodaphnia and from 3.8 to 9.9 um in the subgenus Daphnia. From the 185 species with
aflagellated sperm of which the length is available in the SpermTree database, the median of the averaged
total length is 5 um, with a range from 1 to 500 um (Calculated from SpermTree database, Fitzpatrick et
al., 2022). Two Daphnia species from each subgenus had mean sperm length below this median length of
5 um, while all other species were above this. Part of the size of sperm is due to an extracellular compaction
by an extracellular vacuole which takes place before the mature sperm is released into the spermiduct
(Wingstrand, 1978). As most sperm production happens when males are juveniles, the total amount of
sperm material is limited by the size of the spermiduct (Wuerz et al., 2017). By limiting the total amount of
sperm material stored, this constraint may put selection on the degree of compaction allowing to store
more cells in the duct. In such a case, Daphnia species with “large” sperm may had relatively relaxed
selection on sperm compaction, in comparison to species with “small” and very compacted sperm. We
propose that although, fertilization inside a brood pouch favors smaller sperm probably to favor numbers,
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the evolutionary changes in sperm length we observed may in part be underlined by a change in the
mechanism of cell compaction before maturation due to relaxed selection for extreme compaction in some
species.

Another way to increase the chance of fertilization in the brood pouch is to deposit the sperm closer
to the oviduct. Few Daphnia species are known to have exaggerated genital papilla (FIossner, 2000; Benzie,
2005). We wondered if the penis-like apparatus, which could help to position the sperm closer to the
oviduct and thus reduce the thinning effect, could correlate with sperm size. However, we found that
despite the phylogenetic signal in sperm length, only one species included in our analysis, D. magna, has
an exaggerated genital papilla. Hence, genital papilla morphology cannot be used to explain the
phylogenetic structure we observed. However, strength of sexual selection is a function of how often male
ejaculates compete for fertilization, in particular via direct sperm competition and sperm competition
through cryptic female choice. If exaggerated genital papilla evolved under such male-male competition
and reduce the thinning effect by improving the chance that sperm are deposited close to the oviduct, one
can speculate that this trait evolves when strong sexual selection occurs in the system. It is difficult to
estimate the intensity and frequency of sexual selection in the system, especially for each species. The
induction and frequency of sexual reproduction in Daphnia depends on the species and the environment
and thus constitutes a locally adapted trait (Roulin et al., 2013). In unstable and short-lived habitats, such
as small rockpools or ponds in strongly seasonal environments like deserts and arctic sites, few asexual
generations occur before diapause recommences. In stable environments, such as large lakes and ponds
in temperate mild climatic regions, many asexual generations may occur before the next sexual generation
and most individuals will never go through a sexual cycle. Traditionally, the latter case received more
attention by Daphnia researchers, leading to the biased impression that sexual reproduction, and thus the
occurrence of males, is generally rare. However, in Daphnia magna, there is a large heterogeneity among
populations. In unstable environments, males can be periodically abundant, and several males can be
found copulating at the same time with a female, suggesting that sexual selection can be strong, maybe
more than in most other species (Duneau et al., bioRxiv 2020). Noticeably, D. magna is the only species
here that have exaggerated genital papilla and the only species for which matings with multiple males have
been reported (Duneau et al., 2020). One could wonder if the evolution of exaggerated genital papilla could
have evolved in D. magna due to selection to improve sperm deposition close to the oviduct and reduce
the thinning effect in a species under strong sexual selection. More work is needed to strengthen this
hypothesis. One way would be to compare the variation in genital papilla size between stable and unstable
D. magna populations, as those populations should differ in the intensity of sexual selection. We would
expect that individuals from stable populations would have less exaggerated genital papilla than those
from unstable populations.

In an open brood pouch, sperm would gain an advantage if they could attach to the inner lining of the
pouch, so the water current will not flush them out. We did not observe a structure supporting the idea
that encapsulated sperm can attach to the inner lining. However, it is possible that, like in crayfish (Niksirat
et al., 2014), the extracellular capsule might break post-copulation and reveal filopodia which could attach
to surfaces. In Daphnia magna, such filopodia have been reported inside the extracellular vacuole (Wuerz
et al.,, 2017), but they are very small and difficult to resolve, even with electron microscopy. Our
phylogenetic analysis of sperm morphology revealed a monophyletic clade (i.e. D. longispina species
complex) which evolved an apparent loss of the capsule and the gain of long, sometimes numerous,
filopodia of diverse shapes. The lengths of these filopodia may be a multiple of the length of the sperm cell
(Fig. 2). We did not observe any movement of the filopodia and therefore consider it is unlikely that the
flagella are used to move towards the eggs. The filopodia are very flexible and can be forked. But, as sperm
features are expected to be adaptations to their specific fertilization environment (Pitnick et al., 2009), it
is reasonable to assume that the filopodia play a role in fertilization. This role may be related to the fusion
with the oocyte, but it may also reduce the chances to become flushed out from the brood pouch. Hence,
we suggest that the loss of the capsule may have evolved from the reduced selection for compaction and
the advantage to improve fusion with the oocyte and attach to the brood pouch.
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Supplementary information

D. longispina D. hyalina

D. galeata

D. dentifera D. mendotae

D. curvirostris

Supplementary figure 1: lllustration of Daphnia sperm morphology by species.
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D. sinensis D. similis
D. hispanica D. lumholtzi
D. dolichocephala D. barbata

D. pulicaria

Supplementary figure 2: Illustration of Daphnia sperm morphology by species.
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Supplementary figure 3: Examples of Daphnia longispina sperm morphologies.
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