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Abstract

Providing robust links between mitochondrial genotype and phenotype is of major importance
given that mtDNA variants can affect reproductive success. Because of the strict maternal
inheritance (SMI) of mitochondria in animals, haplotypes that negatively affect male fertility can
become fixed in populations. This phenomenon is known as “mother’s curse”. Doubly
uniparental inheritance (DUI) of mitochondria is a stable exception in bivalves, which entails
two mtDNA lineages that evolve independently and are transmitted separately through oocytes
and sperm. This makes the DUI mitochondrial lineages subject to different sex-specific selective
sieves during mtDNA evolution, thus DUI is a unique model to evaluate how direct selection on
sperm mitochondria could contribute to male reproductive fitness. In this study, we tested the
impact of mtDNA variants on sperm performance and bioenergetics in DUI and SMI species.
Analyses also involved measures of sperm performance following inhibition of main energy
pathways and sperm response to oocyte presence. Compared to SMI, DUI sperm exhibited 1) low
speed and linearity, ii) a strict OXPHOS-dependent strategy of energy production and iii) a
partial metabolic shift towards fermentation following egg detection. Discussion embraces the
adaptive value of mtDNA variation and suggests a link between male-energetic adaptation and

paternal mitochondria preservation.

1. Introduction

As accumulating evidence undermines the assumption of selective neutrality of mitochondrial
DNA (mtDNA) variability, inferring links between mitochondrial genotype and phenotype
becomes a major issue in evolutionary biology (1, 2). Non-neutral mtDNA variations can
influence mitochondrial functionality (3, 4), longevity (5-8), susceptibility to diseases (9),
adaptation to specific environments (10-12) and could even drive speciation (2, 13, 14). An
added layer of complexity in the relationship between mtDNA evolution and fitness is the strict
maternal inheritance (SMI) of mitochondria in most animal species (15). This sex-specific
selective sieve in mtDNA evolution enables male-harming mutations with a bland repercussion
on female fitness to persist and reach high frequencies in natural populations, a phenomenon

known as “mother’s curse” (16-18). Evidence of this phenomenon comes, for example, from
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studies linking specific mtDNA haplotypes with decreased sperm motility and male fertility,

while being of low impact on female reproduction (19-21).

A potential but uncommon compensatory mechanism resides in the paternal inheritance
of mitochondria, the only stable example in animals being the doubly uniparental inheritance
(DUI) of mitochondria in bivalve molluscs (22-24). The DUI system entails two sex-linked
mtDNAs (the female or F-type and the male or M-type) transmitted separately through oocytes
and sperm. These two mtDNA lineages evolve independently and remarkably exhibit from 8 to
40 % of DNA sequence divergence (22). Because the fidelity of gamete-specific transmission of
the two mtDNAs is a basic requirement for explaining the evolutionary stability of DUI, this
system does not represent a case of biparental inheritance of organelles (22-24). The oocytes
carry the female-derived mitotype whereas sperm only bear the male-derived mitotype (25, 26).
In a few cases, the maternal mt lineage has been found to invade the male route and take the
place of the paternal lineage. This has only been documented in Mytilus spp, a rare phenomenon
named “masculinization” (24). No evidence of masculinization events has been recorded in other
DUI species (22-24, 26). As such, in all other DUI species a strict sex-specific mtDNA
segregation in the germ line is the stable rule, with sperm carrying exclusively the M-type

mitochondria (25, 26).

The opportunity for natural selection to act directly on sperm mitochondria makes the
DUI system an attractive model to evaluate the phenotype resulting from a male-specific
evolution of mitochondria and thus the adaptive value of paternally-inherited mtDNA variants.
Furthermore, comparing the functions of male gametes carrying either male- or female-derived
mitochondria (DUI vs SMI) brings an exceptional opportunity to test the effectiveness of the
mother’s curse hypothesis in bivalves. To date, DUI has been detected in more than 100 bivalve
species and its distribution appears to be scattered (27). Although a single origin of DUI near the
origin of the modern class Bivalvia would represent the most parsimonious hypothesis, there is
evidence for multiple independent origins of this peculiar system (24, 27, 28). This is reflected at
the phylogenetic level, where F- and M-mitotypes of different species sometimes join according
to their gender linkage, as seen in freshwater mussels, or they cluster together according to
species relatedness, as seen in several marine species (27-30). In a recent paper, the presence of
selective signatures in the mitochondrial genomes of DUI species was investigated and few DUI-

specific mutations were identified that gave support to the hypothesis of multiple independent
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origins (28). Interestingly, they documented episodes of acute directional selection associated
with the origins of different DUI systems in six mt genes (i.e. atp6, cox1, cox2, cox3, nad4L, and
nad6). As such, even in a scenario of multiple independent origins of the DUI system, a common
increase in mutational events and selective pressure on specific mt genes appear to take place at

the base of a DUI clade (28).

In accordance, a convergent phenotypic evolution has been suggested in the DUI marine
clam, Arctica islandica, and marine mussel, Mytilus edulis, for which the mitochondrial
phenotypes of the F- and M-type mitochondria have been recently characterized (3). Compared
to F-type mitochondria in eggs and gills, M-type mitochondria in sperm exhibit i) low respiratory
activity compared to their maximum capacity (coupled oxidative phosphorylation rate/
uncoupled rate) because of a limitation by the phosphorylation system and ii) low excess
capacity of cytochrome ¢ oxidase (complex IV or CIV), which could link to a tight flux control
of CIV over the upstream complexes. This energetic remodelling, that appears specific of DUI
sperm even across distantly related DUI species, has been proposed to be involved in the
preservation of the paternal mitochondrial lineage across generations, linking male-energetic

adaptation with selection and inheritance of cytoplasmic organelle genomes (3, 31, 32).

Little is known about the extent to which the retention of a male-specific mitotype (and
the expression of a rearranged mitochondrial phenotype) could affect sperm performance. For
example, selection acting directly on male mitochondria has been proposed to lead to the
evolution of genomes specifically adapted for sperm functions, fostering male reproductive
success in DUI species (22, 33). So far, studies on M. edulis did not find any evidence that M-
type mitochondria are linked to higher sperm swimming speed (34, 35), suggesting that the
adaptive value of DUI could embrace other sperm fitness traits, such as endurance, longevity, or
response to either competing sperm or egg-derived chemical attractants (chemoattractants) (22,
35, 36). Concerning ATP-production, knowing the flexible energetic metabolism of bivalve
species (37) and the putative downregulation of both the oxidative phosphorylation (OXPHOS)
and the swimming speed in sperm bearing M-type mitochondria (3, 34, 35), the question arises
whether DUI species would rely more on aerobic or glycolytic energy metabolism to sustain
spermatic functions. Since DUI allows selection to act directly on male mt-encoded components,
and keeping in mind the mother curse’s effect in SMI systems, one prediction could be that the

sperm of DUI species use OXPHOS while the sperm of SMI species might rely primarily on
4
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glycolysis. In other words, because mt genes are only or mainly involved in OXPHOS, the sperm
of DUI species might rely more heavily on OXPHOS because selection can act more efficiently

on their (mt) OXPHOS genes.

In animals, there is still controversy regarding the main energetic pathway of energy
production in sperm, and the two processes are linked and non-mutually exclusive (38-42).
Species strongly differ in the proportion of utilization of these two pathways (21, 38-46). The
balance between the aerobic and anaerobic capacity allows a flexible metabolic strategy to meet
sperm energetic demand, which could vary depending on the surrounding environment and the
presence of different substrates/chemicals (38, 40, 41). For example, the sperm flagellar
movement of the pacific oyster, Crassostrea gigas, passes from a phosphagen- and glycolytic-
dependant metabolism to OXPHOS, when changing from the early to the long motility phase
(46). However, although the role played by OXPHOS has been confirmed in the sperm of
various bivalve species (3, 32, 47), there is still a lack of knowledge about the importance of the
anaerobic metabolism. Moreover, although the presence of chemoattractants has been found to
exert changes in sperm swimming behaviour and physiology in bivalves (48-51), whether egg-
detection can influence sperm bioenergetics is still unknown. Beyond promoting gamete
encounter, egg-derived chemoattractants also seem to mediate bivalves mate choice, as gametes
could exploit these molecules to select for genetically compatible partners. This suggests a link
between sperm chemotaxis and gamete-level sexual selection, increasing the role of gamete
chemical signals in sessile marine invertebrates (49-51). A change in steady-state speed
following egg detection has been proposed for Mytilus galloprovincialis sperm. Specifically,
mussel sperm would conserve energy by swimming slowly and in tight circles if eggs are absent
in the water environment, but faster and straighter towards the more genetically compatible
oocytes once detecting them (52). Whether the link between sperm chemotaxis and sexual

selection at the gamete-level could be in some way related to DUI remains to be examined.

The goal of the present study was to test the impact of bearing paternal or maternal
mitotypes upon bivalve sperm bioenergetics and performance. We aimed to infer: i) if bivalve
species rely more on oxidative or glycolytic energy metabolism to sustain spermatic functions, ii)
whether gamete chemoattraction may influence the metabolic pathways of spermatozoa and iii)
whether a different energetic strategy may be the result of natural selection shaping the evolution

of paternally-inherited mitochondria, thus reflecting male-specific energetic adaptation in DUI
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species. Sperm motility parameters were evaluated in five bivalve species. We compared sperm
of the DUI species Mytilus edulis (Order Mytilida) and Ruditapes philippinarum (Order
Venerida), bearing their male-specific mitochondria (i.e. the DUI M-type), with sperm of the
SMI species Mercenaria mercenaria (Order Venerida), Nuttallia obscurata (Order: Cardiida),
and Placopecten magellanicus (Order Pectinida), bearing their own species-specific and
maternally-derived mitochondria (i.e. the SMI maternally-inherited type). To avoid potential
taxon-driven bias in the results, the five bivalve species tested were selected to be distantly
related. The strong evolutionary divergence between the mitochondrial lineages of these species
is reflected in how their entire mt genomes cluster separately in a phylogenetic tree, with their
last common ancestor being dated to the mid-Cambrian, =510 million years ago (29). Moreover,
the DUI species used for this research likely represent two independent origins of DUI, as their
sex-linked genomes (F- and M-type) cluster according to the species rather than by sex
specificity (24, 27-29). The nucleotidic divergence between the F and M genomes is gene-
specific and ranges between 10-22 % in M. edulis (3, 24, 53, 54) and between 16-32 % in R.
philippinarum (30, 55).

The equilibrium between the aerobic and anaerobic metabolism to sustain sperm motility
was assessed following the inhibition of the main pathways of energy production, and the
potential change in this balance was assessed following the introduction of oocyte-derived
chemoattractants. Our results are discussed in the light of the adaptive value of mtDNA
variation, paternal inheritance of mtDNA, male-energetic adaptation and its evolutionary

implications.

2. Materials and Methods

(a) Animal collection. Adult bivalves were ordered from culture farms or bought in fish markets
during their spawning period between June and August 2018, acclimated for four weeks in a 12
°C recirculating seawater aquarium and fed with a mix of microalgae. We tested five different
broadcast spawning bivalve species: the DUI species Mytilus edulis (Linnaeus, 1758) from
Kensington (Prince Edward Island, Canada) and Ruditapes philippinarum (Adams & Reeve,

1850) from Vancouver (British Columbia, Canada), as well as the SMI species Mercenaria
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mercenaria (Linnaeus, 1758) from Barnstable (Massachusetts, USA), Nuttallia obscurata
(Reeve, 1857) from Vancouver (British Columbia, Canada) and Placopecten magellanicus
(Gmelin, 1791) from Newport (Québec, Canada). Sex and maturity of individuals were assessed
through microscopic examination of gonadal smears. The absence of masculinization in M.
edulis sperm sample was tested by amplifying part of the M-mtDNA (654 bp) using the male-
haplotype specific primers: MyEd-M-for (TACTGTTGGCACATACGAGAG) and MyEd-M-rev
(TACTGTTGGCACATACGAGAG), designed on the complete M. edulis M-mtDNA (accession
numbers AY823623.1). The specific primers were already tested on this species (3). M. edulis
oocytes (carrying the only F-mtDNA lineage) were tested to confirm the M-mtDNA specificity

of the primers adopted. Results confirmed the presence of M-mtDNA in sperm and its absence in
eggs.

(b) Gamete sample preparation. To test the effect of oocyte-derived chemoattractants on sperm
motility, prior to experiments and for each species, one egg sample was collected, adjusted to 1:5
w/v with artificial seawater (ASW), homogenized (3 x 30 s at medium speed) using a PT 1200
homogenizer (Polytron, Kinematica), microfiltered and stored at —20 °C until use. Male gonads
were excised and placed in a Petri dish containing 5 mL of ASW. Gametes were stripped by
performing incisions in the gonads and allowing the motile mature sperm to actively swim out
for 5 minutes. Total sperm count was determined by using a Petroff-Hausser counting chamber
and the final concentration was corrected to 5-10° sperm'mL" by addition of ASW. Sperm
suspensions were divided in 2 aliquots (475 pL each), one supplemented with 25 uL of ASW
(‘normal’ group) and the other with 25 pL of species-specific egg-derived chemoattractants
(‘chemoattractants’ group, 1:100 w/v). To assess the effect on sperm performance of metabolic
inhibitors together with (or without) chemoattractants, each group was further divided into 5
aliquots (100 pL each): a) ASW (“control” group), and four treatments: b) 1 uM rotenone (Rot,
inhibitor of mitochondrial respiratory complex I - NADH-dehydrogenase), ¢) 1 pM antimycin A
(Ama, inhibitor of mitochondrial respiratory complex III — coenzyme Q: cytochrome c
oxidoreductase), d) 5 uM oligomycin (Omy, inhibitor of mitochondrial ATP-synthase), e) 30
mM of sodium oxamate (Oxa, inhibitor of lactate dehydrogenase 4 (LDH4)). The effectiveness
of these mitochondrial inhibitors to target specific mitochondrial complexes in bivalves and other
animal models, as well as their optimal concentrations, have already been tested and verified

through titration in previous studies (3, 56-58). After inhibitor addition, sperm aliquots were
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incubated at 15 °C for 30 min prior to sperm motility parameters assessment (58). All chemicals

were purchased from Sigma-Aldrich (Oakville, Ontario, Canada).

(¢c) Sperm performance parameters. After incubation, 10 pL of each sperm suspension was
placed in a 20 um deep microscopy chamber. A minimum of 500 sperm per treatment were
analysed using a CEROS microscope (Hamilton Thorne Inc, Beverly, USA) with a 20x negative
phase contrast objective. Recorded videos were manually verified to exclude drifting particles
and drifting immotile sperm from the analysis. The following sperm motility parameters were
estimated through a computer aided sperm analyser (CASA system): distance of average path
(DAP, pm), straight-line distance (DSL, pum), curvilinear distance (DCL, um), curvilinear
velocity (VCL, um-s™), straight-line velocity (VSL, um-s™), average path velocity (VAP, um-s’
1, linearity (LIN = VSL-VCL™), straightness (STR = VSL-VAP"!), wobble coefficient (WOB =
VAP-VCL'), amplitude of lateral head displacement (ALH, pm), and beat-cross frequency
(BCF, Hz). For each sample, the value of each parameter represents the mean of all its individual
sperm values. All these parameters describe various motility traits of male gametes, such as
speed and linearity of the trajectory, and are widely implied to infer the reproductive fitness of

individuals (34-36, 43-46, 50, 52, 58-61).

(d) Data and statistical analysis. Sperm performances were measured for n = 11 M. edulis, n =
9 R. philippinarum, n = 9 M. mercenaria, n = 5 N. obscurata and n = 11 P. magellanicus. As
sperm kinetic parameters have already been shown to be highly correlated (58), all parameters
were combined and resumed by performing a principal component analysis (PCA) (figure sl,
table s1). The first principal component PC1 accounted for 58% of the variability of the original
parameters and reflects sperm velocity, as all the velocity parameters (VAP, VSL and VCL)
heavily load on it. The second principal component (PC2) accounted for 21% of the variability
and reflects the linearity of the path, due to the heavy load that LIN, WOB and STR have on it
(figure sl, tables s1). The assumptions of normality and homoscedasticity were verified using
Shapiro and Levene’s tests, respectively. Sperm motility parameters have been analysed in
function of the factors: ‘species’ (five levels), ‘treatment’ (five levels) and presence of egg-
derived chemoattractants (factor ‘chemoattractants’, two levels). Statistical analyses were
performed considering single or multiple factors, depending on the biological question of
interest. Interspecific differences in basal sperm motility (effect of factor ‘species’) in both

absence or presence of egg chemical cues have been tested by means of one-way ANOVAs
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followed by a post hoc Tukey’s multi comparison test (figure 1, s2). The fixed effect of
metabolic inhibition (factor ‘treatment’), chemoattractants absence/presence (factor
‘chemoattractants’) and species (factor ‘species’) on sperm motility parameters were assessed
either separately or combined through linear mixed effect models that controlled for by-subject
variability and for the individual variability in the response to egg detection (figure 2, 3, 4, s3).
The significance of the fixed variables was determined by using a Type IIl ANOVA, followed by
a post hoc pairwise comparison with holm correction for multiple testing. All the analyses and
graphs have been made using R software (62). Statistical significance was set at p < 0.05. Results

are presented as means + standard error of the mean (s.e.m.).

3. Results and Discussion

(a) Sperm carrying paternally-inherited mitochondria exhibit low speed and accentuate
curvilinear trajectory. The comparison of sperm motility parameters of DUI and SMI species is
represented in figure 1 and figure s2, respectively in absence or presence of egg-derived
chemoattractants. Significant differences across species were detected for all the motility traits,
in absence or presence of egg-derived chemoattractants. A detailed summary of the results is
provided in table s3. Among sperm velocity parameters, differences were reported for the
average path velocity (VAP) (figure la, s2a), straight-line velocity (VSL) (figure 15, s2b),
curvilinear velocity (VCL) (figure lc, s2c¢) and are resumed in the first principal component
(PC1) (figure 1d, F = 41.92, p = 8.45e-14; figure s2d, F = 32.18, p = 5.1e-12), representing a
proxy of the sperm velocity itself. Interspecific differences were also observed for all sperm
trajectory parameters (LIN, WOB, STR, ALH, BFC, see table s3), as resumed in PC2 (figure le,
F=20.93, p=2.25e-09; figure s2e, F = 14.44, p = 2.2e-07), which expresses the linearity of the
path. This finding is corroborated in figure s3, where a strong main effect of the factor ‘species’

is found widespread among all motility parameters (table s4).

Interestingly, sperm of both DUI species (M. edulis and R. philippinarum) have a
consistent lower speed (VAP, VSL, VCL and PC1) and a less linear path (LIN, WOB, STR and
PC2) than sperm of the three SMI species (M. mercenaria, N. obscurata and P. magellanicus),

regardless of the absence/presence of egg chemoattractants (figure 1, s2, s3). Egg-derived
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chemoattractants have been shown to exert an effect on sperm motility behaviour, specifically
swimming speed and direction (49-52). Contrary to our expectations, we did not detect any
significant impact of egg presence on sperm velocity parameters (only a trend of increasing
speed), and differences in velocity were explained by the only fixed factor ‘species’ (figure s3,
table s4). Specifically, interspecific differences were detected for VAP (figure s3a), VSL (figure
s3b), VCL (figure s3c) and are resumed in PCI1 (figure s3d, F = 53.22, p = 1.71e-15). These
results are consistent with a previous work on M. edulis in which no increase in sperm velocity
parameters were observed under sperm competition and detection of oocytes (36). Conversely,
sperm trajectory was influenced by both factors ‘species’ and addition of ‘chemoattractants’
(figure s3e, table s4). Specifically, DUI and SMI sperm cluster separately based on a less linear
trajectory of the former, while addition of chemoattractants produced a trend of decreased

linearity in both groups.

In DUI species, the preservation of sex-linked mtDNAs in gametes has been proposed as
a way to avoid sex-linked constraints of mitochondrial inheritance, and an opportunity for
mitochondria to evolve adaptively for male and sperm fitness (22). Our results on bivalve sperm
carrying either a female or a male-derived mitotype suggest that selection on sperm function
might be acting differently in these groups, possibly due to DUI vs SMI system of organelle
inheritance, favouring both low sperm speed and linearity in DUI species. This is congruent with
previous studies in the species M. edulis that found sperm bearing the paternally-inherited
mtDNA having equal or even lower speed than ‘masculinized’ sperm carrying the maternally-
inherited mtDNA (34, 35). The present findings thus provide additional evidence that the
adaptive value of paternal mitochondria preservation in DUI species might embrace different
sperm phenotypic traits than higher velocity or straightness, although it is still unclear whether

the traits seen in DUI sperm increase or decrease sperm fitness (or are neutral) (22, 34, 35, 63).

Swimming speed is just one sperm-fitness trait among many, and even a decreased
velocity could represent an advantage depending on the fertilization strategy adopted. For
instance, slower sperm with pronounced curved trajectories and a high angle change rate have
already been associated with highest fertilization rates in M. galloprovincialis (59, 60). As a
trade-off between sperm rapidity and endurance has already been demonstrated (61), a slow
sperm speed may reflect a strategy linked with energy preservation and/or swim endurance in the

DUI species tested so far, shifting the selective pressure towards stamina rather than speed. Even
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in presence of eggs, selection may favour slow but constant-speed sperm that survive for a longer
time and cover a larger distance due also to an increased oscillation around the average path,
rather than faster sperm with a shorter lifespan and a straighter path. Based on the phylogenetic
distance between the two DUI species pertaining to different Orders, i.e. Mytilida and Venerida,
and likely representing two independent origins of DUI, the intriguing hypothesis that such
sperm phenotype might reflect a shared DUI feature can be considered. We speculate that the
fertilization success contributed to the evolution and preservation of the paternally-inherited and
highly divergent M mtDNA lineage in DUI species. Also, the link between energy production
limitation and ROS production should be considered, as a lower metabolic rate could reduce the
oxidative stress and in turn preserve the integrity of the paternal mtDNA to be passed through

generations. These hypotheses, however, remain to be tested.

(b) Sperm carrying paternally-inherited mitochondria show a flexible metabolic strategy
depending on the presence of egg-derived chemoattractants. The importance of aerobic and
anaerobic pathways of energy production has been investigated through the addition of specific
metabolic inhibitors and the results are reported in figure 2, and tables s2, s5. For all five species,
the inhibition of the oxidative phosphorylation (i.e. through the separate addition of rotenone,
antimycin A and oligomycin A, respectively inhibiting complex I, complex III and ATP
synthase) strongly hampered all sperm velocity parameters analysed (VAP, VSL, VCL, PCl)
(figures 2a, b, c, d; table s5). By contrast, sperm trajectory parameters were only marginally
affected by inhibitors and no congruent trend was detectable (figure 2e, table s5). Our results
thus suggest that, contrary to some other animal species including humans (39, 41, 42), the
energy production through the OXPHOS is mandatory to sustain sperm velocity in these bivalve
species. The importance of the anaerobic pathway of energy production, assessed through the
addition of sodium oxamate, an inhibitor of lactate dehydrogenase, revealed that lactic
fermentation plays a different role in sperm bearing the paternally- or the maternally-inherited
mitochondria. Indeed, contrary to sperm of SMI species (carrying the maternal mt lineage), for
which the inhibition of lactate dehydrogenase impacted motility, sperm of DUI species (carrying

the paternal mt lineage) remained unaffected (figures 2a, b, c, d; table s5).
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Marine bivalves exhibit a panoply of energy production strategies, including aerobic
respiration, various cytosolic fermentation pathways (i.e. lactate and opine pathways) and even
an oxygen-independent mitochondrial functioning through the malate-dismutation pathway (37,
64-66). A previous study on the pacific oyster Crassostrea gigas suggested that the ATP-
dependent flagellar movement is sustained by both phosphagen and glycolytic metabolism
during the early phase of movement, whereas oxidative phosphorylation would support sperm
motility in the long motility phase (46). Likewise, our results reveal that, in absence of oocytes,
both fermentation and aerobic metabolism are important to sustain sperm motility in SMI
species, but not in the two DUI species. Although the aerobic metabolism appears mandatory in
both SMI and DUI species, a strictly OXPHOS-dependent strategy, or at least not dependent on
lactic fermentation, could represent a DUI-specific and evolutionary conserved sperm metabolic
rearrangement. Our results are congruent with the previous finding that, compared to maternally-
transmitted mitochondria of either DUI or SMI species, male mitochondria in DUI species
exhibit a reorganization of the oxidative phosphorylation system that may influence ATP
production efficiency (3, 63). These variations entail differences in the catalytic capacity of
various enzyme complexes (63) and the expression of a rearranged mitochondrial phenotype,
characterized by a limitation of the aerobic metabolism by ATP-synthase and by a potential tight
control of cytochrome ¢ oxidase over the upstream respiratory enzymes (3), strongly suggesting
an evolutionary link between the OXPHOS mechanism and the DUI system itself. Taken all
together, these results are somewhat in line with the prediction of the mother’s curse hypothesis,
i.e. that sperm of DUI species use OXPHOS (since mt-encoded components can be selected for
sperm function) while sperm of SMI species (for which selection might be less efficient) might
compensate reduced (or compromised) OXPHOS function with glycolysis. However, more

species will have to be tested to clearly confirm the trend observed in the present study.

The equilibrium between the aerobic and anaerobic pathways was also investigated in
presence of egg chemical cues, and results are reported in figure 3 and table s6. In the three SMI
species, addition of chemoattractants did not exert any change in the balance between the two
pathways (i.e. both OXPHOS and lactic fermentation are required, with or without
chemoattractants), whereas in DUI species, the presence of chemoattractants affected their
proportion, i.e. both M. edulis and R. philippinarum sperm motility became sensitive to oxamate

(for both average path and curvilinear velocities; figure 3a, c). No effect was detected for the
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straight-line velocity nor for the PC1 parameter (figure 35, d), although for the latter a decreasing

trend is detectable. For sperm trajectory no trend was detectable (figure 3e).

Overall, the analysis of the energetic metabolism suggests that: 1) both SMI and DUI
species strongly rely on OXPHOS to sustain sperm motility; ii) for the SMI species analysed,
both aerobic and anaerobic pathways of energy production appear to play a role in sustaining
sperm motility, no matter the presence of female gamete compounds; and iii) only the DUI
species show a flexible metabolic strategy depending on the presence of egg-derived
chemoattractants. Specifically, M. edulis and R. philippinarum sperm appear to exclusively rely
on OXPHOS activity after spawning but switch to a combined metabolic strategy in the presence
of egg-derived compounds. This can also be seen in figure 4, where the interaction effect
between LDH-inhibition (factor ‘treatment’) and presence of oocytes (factor ‘chemoattractants’)
was investigated. For the three SMI species, no interaction effect is found for the velocity
parameters, resumed in PC1 (figure 4). Sperm velocity was only affected by the addition of
oxamate (i.e. M. mercenaria and N. obscurata) or, separately, by both oxamate and addition of
chemoattractants (P. magellanicus). Conversely, for both DUI species, an interaction effect of
glycolysis inhibition and chemoattractants addition was observed. The post hoc simple main
effect analysis confirmed that the effect of glycolysis inhibition is dependent on egg presence
and that this outcome does not derive solely from an increased speed after addition of
chemoattractants nor a higher sensibility to lactic fermentation inhibition, but mainly by a

combined influence of both (figure 4, table s7).

One possible explanation for the glycolytic switch relates to the ATP diffusion
throughout sperm. While mitochondrial ATP diffusion from the mitochondrial midpiece would
be slower and may not reach all areas, the colocalization of glycolytic enzymes close to the
flagellum would make the switch to a more glycolytic-dependent energy production a good
strategy to increase and sustain sperm swimming speed during sperm competition (41, 42).
However, as our analyses did not reveal any significant increase in sperm velocity (figure 3, 4,

s3), the question arises on the purpose of such strategy in DUI species only in the presence of
eggs.

Although it will be important to extend the analysis to other SMI and DUI species to

confirm our finding, we propose that the detected metabolic shift in DUI sperm (passing from a
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completely OXPHOS dependent energy production strategy towards a combined aerobic and
anaerobic strategy) could reflect (i) the importance of the lactate shuttle mechanism and (ii) a
potential programmed increase in Aym of sperm mitochondria, just before the fertilization event
(preliminary analyses on Aym support this hypothesis, figure s4). In turn, this could potentially
allow for paternal mitochondria to escape the classic strict maternal inheritance and be inherited
across generations. Lactate is erroneously seen as a merely waste product of anaerobic
glycolysis, and increasing evidence points towards the aerobic and anaerobic metabolism to be
well linked, with lactate produced under fully aerobic conditions and readily oxidized in
mitochondria (i.e. lactate shuttle mechanism) (67, 68). This mechanism has already been proven
to be important in sperm metabolism and is supported by a sperm-specific mitochondrial LDH
isoform in mammals (39, 41, 42, 67, 69-71). Lactate uptake and oxidation in the mitochondrial
intermembrane space have been proposed to (i) favour the import of pyruvate into the matrix,
where it participates in the tricarboxylic acid cycle and (ii) actively contribute to the
mitochondrial electrochemical gradient by releasing protons in the proximity of the inner
mitochondrial membrane (67, 68). The mitochondrial membrane potential (Aym) designates
active mitochondria and its role in the preservation of the DUI paternal mitochondria has already
been proposed (31). Potential support comes from the direct observation of a high Aym in sperm
mitochondria of DUI species (32), and from a metabolic remodelling specific of DUI male
mitochondria in line with the maintenance of a high electrochemical gradient (3). Our results

based on two distantly related DUI species support this hypothesis.

4. Conclusions

Linking the mitochondrial genotype to the phenotype is a complex endeavour. Given the
deleterious effect that the uniparental inheritance of mitochondria could have for male fertility,
the DUI system reflects an unprecedent opportunity for mitochondria to evolve adaptively for
male functions. Our results highlighted a significant divergence in sperm performance and
partially in energy metabolism strategy between DUI and SMI species. The paternal mtDNAs of
both DUI species associate with sperm swimming slower and in a more curvilinear trajectory
compared to sperm of SMI species, carrying maternally inherited mitotypes. In DUI species, this
fitness trait could be under selection for male functions (e.g. potentially increasing the

fertilization success due to a higher endurance, longevity or distance covered by male gametes).
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The analysis of the energy metabolism revealed that, in absence of egg chemical cues, DUI
sperm strictly rely on OXPHOS to sustain their motility, whereas sperm of SMI species
combined both aerobic and anaerobic pathways of energy production, although still relying
mostly on aerobic metabolism. Our results highlighted not only the importance of OXPHOS for
bivalve sperm motility, but also revealed how its specific importance could vary between DUI
and SMI species. These results are congruent with previous finding of a rearranged
mitochondrial metabolism characterizing the male mitotype in DUI species and with the
prediction that a male-driven selection of mt encoded components for sperm function could
favour OXPHOS. Remarkably, the detection of egg-derived chemoattractants produced a partial
metabolic shift in the DUI sperm we tested, implying a combined strategy of energy production,
whereas it did not affect the energy pathway equilibrium in SMI sperm. However, even with an
increased importance of lactic fermentation in the presence of eggs, the OXPHOS still remain
mandatory to sustain sperm movement in these species and no increment in sperm swimming
speed was detected. We thus propose a potential alternative role of this metabolic shift involving
a programmed increase of the mitochondrial membrane potential in DUI species following egg
detection, linking lactic oxidation pathway of ATP production with paternal mitochondria

preservation at fertilization.

As sperm mitochondria in DUI species are not an evolutionary dead-end, the
overmentioned rearranged phenotype can reflect the selective forces driving the evolution of
sperm mitochondria in the absence of SMI. The authors herein propose that a metabolic
remodelling is indeed associated with the existence and adaptive value of paternal mitochondria
inheritance and that these male-specific energetic adaptations in DUI species could reflect
selection for both fertilization success and male mitotype preservation. Even though additional
species need to be tested to confirm the trend found in the present study, these results based on
five distantly-related species of bivalves point in that direction, providing a clear reference for
future experiment to confirm this trend. Further investigations are definitively necessary to test
the intriguing hypothesis of a link between male-specific mtDNA variants, sperm energetic

adaptation, paternal mitochondria preservation and inheritance.
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