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Sperm are the most diverse of all animal cell types, and much of
the diversity in sperm design is thought to reflect adaptations to
the highly variable conditions under which sperm function and
compete to achieve fertilization. Recent work has shown that
these conditions often evolve rapidly as a consequence of multiple
mating, suggesting a role for sexual selection and sexual conflict in
the evolution of sperm design. However, very little of the striking
diversity in sperm design is understood functionally, particularly in
internally fertilizing organisms. We use phylogenetic comparative
analyses covering 16 species of the hermaphroditic flatworm
genus Macrostomum to show that a complex sperm design is as-
sociated with reciprocal mating and that this complexity is lost
secondarily when hypodermic insemination—sperm injection
through the epidermis—evolves. Specifically, the complex sperm
design, which includes stiff lateral bristles, is likely a male persis-
tence trait associated with sexual conflicts over the fate of re-
ceived ejaculates and linked to female resistance traits, namely
an intriguing postcopulatory sucking behavior and a thickened
epithelium of the sperm-receiving organ. Our results suggest that
the interactions between sperm donor, sperm, and sperm recipient
can change drastically when hypodermic insemination evolves, in-
volving convergent evolution of a needle-like copulatory organ,
a simpler sperm design, and a simpler female genital morphology.
Our study documents that a shift in the mating behavior may alter
fundamentally the conditions under which sperm compete and
thereby lead to a drastic change in sperm design.
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Parker’s (1–3) far-reaching extension of Darwin’s (4) narrow
focus on precopulatory mating interactions highlighted that

sexual selection continues to operate after mating partners have
agreed to mate and that considering postcopulatory sexual se-
lection therefore is crucial to understand the evolution of many
reproductive traits (5, 6). This insight has led to extensive re-
search in evolutionary biology that focused on understanding the
biology of sperm (7), the most diverse of all animal cell types (8,
9). From this research emerged an apparent consensus that the
diversity in sperm design—the strikingly variable ways of con-
structing a sperm—reflects the highly variable physiological and
morphological environments in which sperm have to survive,
function, and compete for fertilization (5, 10–14). Moreover, re-
cent studies have documented clearly that these environments
can evolve rapidly, probably because of coevolutionary inter-
actions linked to multiple mating and the resulting sexual se-
lection and sexual conflicts (15–21). However, the bewildering
diversity in sperm design is poorly understood at the functional
level, particularly in internally fertilizing organisms (9, 12, 22). A
recent review on the evolution of sperm morphological diversity
concluded that we “currently have only a rudimentary under-
standing of the adaptive significance of [the awe-inspiring vari-
ation in sperm form]” and that we “know very little about sperm
behavior, particularly within the female reproductive tract” (9).
The reason for this lack of understanding is that the “goings-on”
inside the female reproductive tract often are difficult to study
(but see refs. 23–25).
In organisms with internal fertilization, multiple mating by

females generally is expected to lead to sexual conflicts over the

fate of received ejaculates (19). Females may mate multiply for
different reasons: because it allows them to choose among sperm
from different males based on compatibility (26) or male quality
(including the competitive quality of their sperm) (27, 28), be-
cause they can obtain material benefits from the males (e.g.,
nuptial gifts or an adequate sperm supply) (26), or because, even
though multiple mating may be costly to females, resisting male
harassment is even costlier (18). After multiple mating, females
may attempt to control the fate of the received ejaculates, either
to exert choice or to lower direct costs [e.g., resulting from
polyspermy (18, 29)], thereby removing some sperm from the
fertilization set. In contrast, males always should prefer that their
sperm, rather than that of a competitor, be used for fertilization
(19), leading to sexual conflict. This definition of sexual conflict
is a broad one (19, 30) and follows the reasoning of Parker (19)
that “sexual conflict is present in all forms of female choice in-
volving the rejection of some males, whether rejection occurs
because they are not attractive enough or because of the costs
they impose” (p. 236). In this scenario males therefore are ex-
pected to develop male persistence traits that allow them to
overcome such female control, even if that persistence occurs at
a cost to the females (19). This situation may lead to sexually
antagonistic coevolution between the male persistence traits and
the female resistance traits [as has been pointed out before (31),
female resistance is equivalent to female preference in that both
lead to a bias in the reproductive success toward persistent
males] and is expected to affect the evolution of both the sperm
and their environment.
In species with separate sexes, females often may be able to

evade some of these postcopulatory sexual conflicts by avoiding
males—either altogether or via precopulatory female choice—
whenever the costs of mating exceed the benefits. This outcome
is reflected nicely in the classical (precopulatory) mating roles,
namely, eager males and choosy females (32–34). In contrast,
simultaneous hermaphrodites cannot resolve these conflicts so
easily, because each individual is both male and female at the
same time. Here mating should be attempted whenever an in-
dividual can gain a net benefit from mating, for example, when
its male benefits minus its female costs are positive (35). This
inequality will be fulfilled even if the costs of mating to an
individual’s female fitness are substantial, as long as they are
compensated by sufficiently large benefits to its male fitness.
Multiple mating in the female role therefore may occur not only
for the reasons mentioned above but also as a consequence of
behaviors that primarily serve the interests of an individual’s
male sex function, such as actively approaching mating partners
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and attempting to engage in sperm donation. Matings that are
disadvantageous to the female function therefore are more likely
to occur in simultaneous hermaphrodites, shifting sexual selec-
tion and sexual conflict from the pre- to the postcopulatory stage.
This argument assumes that multiple mating in simultaneous
hermaphrodites is primarily male-driven and that all individuals
in a population therefore tend to show a general willingness to
donate but not necessarily to receive sperm in most matings,
leading to conflicting mating interests (36). The extent to which
the biology of many simultaneous hermaphrodites supports this
assumption is an important focus of empirical research and is the
subject of an ongoing debate (37–39), but in the following dis-
cussion we will assume that it approximately holds.
One solution to such conflicting mating interests is reciprocal

mating in which mating partners simultaneously assume both the
male and the female role, with individuals accepting an ejacu-
late from the partner in exchange for an opportunity to donate
an ejaculate (36, 40). Although this behavior initially appears to
be a cooperative solution, it offers ample opportunity for post-
copulatory sexual selection and sexual conflicts. Specifically, we
expect the evolution of female resistance traits that allow the fate
of any unwanted ejaculates to be controlled (36, 40) [e.g., sperm
digestion (41, 42)] and male persistence traits that defend against
such control [e.g., love darts and chemical manipulation (42,
43)]. A suite of reproductive characters in the free-living flat-
worm Macrostomum lignano is highly suggestive of such a sce-
nario (Fig. 1A). Based on detailed behavioral (44), in vivo light
microscopic, and transmission electron microscopic observations
(23), we here define the “reciprocal mating syndrome.” First,
mating is reciprocal, with the stylet (the male intromittent gen-
italia) of each mate inserted into the partner via the female
genital opening and sperm deposited into the female antrum
(the sperm-receiving organ) of its partner (23). Moreover, mat-
ing often is followed directly by a postcopulatory sucking be-
havior (44) during which the worm bows down onto itself, places
its pharynx over its own female genital opening, and appears to
suck. After this behavior, sperm shafts often stick out of the
female genital opening (Movie S1). We have hypothesized that
this behavior is a female resistance trait involved in manipulating
the fate of the received ejaculate (23, 44). Second, the aflagellate
(45, 46) but highly motile sperm carries unusual characters with
a number of proposed functions (Fig. 1A and Movie S2) (23). It
has a frontal feeler, which allows the sperm to anchor itself in the
epithelium of the female antrum (Movies S3 and S4), and two
stiff lateral bristles, which, by interaction with the wall of the
female genital opening, may prevent the sperm from being re-
moved during the sucking behavior (23). Third, the female an-
trum, which is also involved in egg laying, has a thickened part of
the epithelium, the cellular valve, in which the great majority of
the sperm feelers are anchored (23).

A very different solution to the above-mentioned conflicting
mating interests is the uncooperative insistence of the mating
partners on sperm donation while attempting to avoid sperm
receipt, a scenario that is likely to lead to forced unilateral sperm
donation, such as hypodermic insemination. Another species of
the same genus, Macrostomum hystrix, exhibits a suite of re-
productive characters that fits this scenario and which we here
call the “hypodermic mating syndrome” (Fig. 1B). First, mating
occurs via hypodermic insemination, during which sperm are
injected through the epidermis into the parenchyma of the
partner (Movie S5) using a needle-like stylet (i.e., a stylet with a
rigid and pointed distal thickening and a subterminal stylet
opening, which can puncture the partner’s epidermis, pre-
sumably without clogging the stylet opening). Sucking behavior
never has been observed in this species. Second, the aflagellate
sperm also are highly motile (Movie S6) but are smaller, simpler,
and carry no bristles, presumably facilitating their movement
through tissue. Third, the female antrum is simple, without
a thickened epithelium, and lacks a prominent cellular valve. The
female antrum is involved only in egg laying.
Here we examine the evolution and coevolution of these

morphological and behavioral characters in the free-living flat-
worm genus Macrostomum. Specifically, we are interested in
understanding how stable and widespread the reciprocal and
hypodermic mating syndromes are and how they are distributed
phylogenetically. To this end, we collected and morphologically
described 16 different Macrostomum species, established the
molecular phylogeny of this taxonomic group, and used this in-
formation to perform phylogenetic comparative analyses, in-
cluding character mapping, constraint analyses, ancestral state
reconstructions, and analyses of correlated evolution. Our results
show that the majority of species fall into one of the two syn-
dromes and that the molecular phylogeny does not fully match
this morphological dichotomy, with the hypodermic mating
syndrome having re-evolved independently at least once from
the reciprocal mating syndrome. Moreover, we find strong evi-
dence for correlated evolution between the mating behavior and
both male and female morphological characters, shedding light
on the evolution of sperm design.

Results
Molecular Phylogeny, Character Mapping, and Constraint Analysis.
To study the phylogenetic distribution of the above-mentioned
reproductive character states, we assembled a molecular phy-
logeny comprising 16 species of the free-living flatworm genus
Macrostomum. By mapping the character states of the collected
species (Table S1) onto this phylogeny, we can identify a first
clade (clade 1 in Fig. 2), all members of which share the hypo-
dermic mating syndrome. In addition, we can identify a second
clade (clade 2 in Fig. 2), most members of which exhibit the
reciprocal mating syndrome. However, clade 2 also includes

A

B

Fig. 1. Morphology of the sperm and stylet of two Macrostomum species. (A) M. lignano, a species that represents the reciprocal mating syndrome. (B) M.
hystrix, a species that represents the hypodermic mating syndrome.
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one species, M. hystrix, with the hypodermic mating syndrome
(second species from the bottom in Fig. 2) (for a detailed tree
with outgroups and exact nodal support values see Fig. S1). A
Shimodaira–Hasegawa test strongly rejects a constrained tree
with a single origin of the hypodermic mating syndrome (i.e.,
forcing M. hystrix within clade 1) as an alternative a priori hy-
pothesis to the current placement of this species (P < 0.001)
(Fig. S2). The split between the two clades and the nodes at their
base are well supported (Fig. S1), suggesting that the hypodermic
mating syndrome has evolved independently twice, representing
a clear case of convergent evolution. Indeed, the species exhib-
iting the hypodermic mating syndrome show striking similarities
in the morphology of sperm, stylet, and female antrum, whereas
species with the reciprocal mating syndrome exhibit considerable
interspecific variation in these structures (Fig. 2). Additionally,
Macrostomum finlandense, whose mating behavior currently is un-
known, appears to be in transition between the two syndromes.
Its sperm bristles are short but externally visible, and although the
stylet is pointed and fairly rigid, it lacks a pointed distal thick-
ening and has an oblique rather than subterminal stylet opening.

Ancestral State Reconstruction. To understand further the origins
and evolution of the studied reproductive characters, we per-
formed ancestral state reconstructions to assess themost probable
character states at important nodes in the molecular phylogeny.
Although the results of these analyses do not allow conclusions to
be drawn about the ancestral states of any of the investigated
characters at the base of the genus Macrostomum, they clearly
support the presence of the reciprocal mating syndrome at the
base of clade 2 (for trees with the estimated ancestral character
states, see Fig. S3). This result further supports the independent
origin of the hypodermic mating syndrome in M. hystrix.

Correlated Evolution. To assess statistically the degree to which
there is coevolution between the morphological and behavioral
characters, we performed two analyses of correlated evolution
(analysis A: male morphology vs. copulation behavior; analysis B:
female morphology vs. copulation behavior). The likelihoods re-
sulting from these analyses indicate strong evidence for correlated
evolution, both for analysis A between the sperm design (and the
stylet morphology) and copulation behavior (logHdep = −9.82,
logHindep = −13.01, test statistic = 6.38), and for analysis B

Fig. 2. Phylogenetic mapping of reproductive character states. Variation in sperm and stylet morphology, mating behavior, and female antrum morphology
among 16 species in the genusMacrostomum. (Details on character states are given in Table S1.) The character states are mapped on the maximum-likelihood
tree of the genus (complete ssrDNA and partial lsrDNA), and nodes marked with a circle have Bayesian posterior probability >0.95 and maximum-likelihood
bootstrap support of >70%. (A detailed tree with outgroups and exact nodal support values is given in Fig. S1.) Note that the stylet of Macrostomum tuba is
depicted at one-third of the original size.
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between the female antrum morphology and copulation behavior
(logHdep = −11.77, logHindep = −14.61, test statistic = 5.68).
Moreover, the posterior distributions for the rate parameters
resulting from both analyses clearly confirm that the data do not fit
an independent model of character evolution (Fig. 3 and Fig. S4).
Because our ancestral state reconstructions leave the character
states at the base of the genus Macrostomum open, the analyses
further suggest that the hypodermic and reciprocal mating syn-
dromes act as evolutionary attractors (i.e., species evolve away
from the transitional states toward the syndromes; Fig. 3, thick
arrows) and that it is somewhat more likely that a species evolves
a transition from the reciprocal to the hypodermic mating syn-
drome than vice versa (Fig. 3, medium arrows vs. thin arrows).

Discussion
Our study reveals an evolutionary link between mating behav-
ior, male and female genital morphology, and sperm design.
Specifically, our results suggest that the character states de-
fining the reciprocal mating and the hypodermic mating syn-
dromes in the genus Macrostomum are the result of concerted
evolutionary changes and show that the majority of the studied
species clearly exhibit one of the two syndromes. The reciprocal
mating syndrome probably is driven by sexual conflict over the
fate of received ejaculates; this conflict occurs as a result of
reciprocal mating, leading to elaborate and highly variable fe-
male resistance and male persistence traits. In contrast, the hy-
podermic mating syndrome probably results from selection to
by-pass female resistance traits (36, 40, 47, 48), leading to
striking convergent evolution with little morphological variation
between species.
Hypodermic insemination is expected to impose novel selec-

tion pressures related to this type of sperm transfer and simul-
taneously to relax selection on the character states defining the
reciprocal mating syndrome. For example, sperm may be se-
lected for efficient movement through tissue, perhaps favoring

the loss of the bristles. As hypodermic insemination spreads
through a population, the way sperm of different donors com-
pete within the body of the recipient should resemble more
closely a fair-raffle sperm competition (2, 48), potentially favor-
ing smaller and more numerous sperm. Furthermore, we expect
selection on the stylet for efficient hypodermic delivery of sperm
and that the evolution of the stylet no longer will be affected by
the female antrum. Similarly, selection on the female antrum will
be solely on the function of egg laying, because the antrum no
longer interacts with the stylet or the sperm.
A more detailed look at the stylet and female antrum mor-

phologies associated with the reciprocal mating syndrome may
help identify possible starting points for the evolution of hypo-
dermic insemination, because these morphologies suggest that
wounding might occur during reciprocal mating. In several spe-
cies the stylets carry blunt distal thickenings, indicative of se-
lection on the male function against wounding of the female
antrum. Furthermore, at least two species of Macrostomum have
sclerotized regions in the female antrum (49, 50) that might
represent female adaptations against wounding. However, when
the costs of wounding are small for the sperm donor, accidental
wounding during copulation could lead eventually to the evolu-
tion of hypodermic insemination.
The evolutionary origin of the sperm bristles currently is un-

clear (51). A study of sperm ultrastructure suggests a homology
between the bristles in Macrostomum and lateral ledges in the
sperm of Bradynectes sterreri (one of our outgroup species) and
Psammomacrostomum turbanelloides (51) (a likely relative of our
Gen. nov. 1, sp. nov. 1). These morphological structures do not
protrude outside the sperm, however, and therefore cannot have
an anchoring function. Moreover, it has been shown that
Macrostomum pusillum (a member of clade 1 in Fig. 2) has ru-
dimentary bristles that are visible only at the ultrastructural level
(52). Together, these findings suggest that the morphological
structures that gave rise to the bristles were already present at

Fig. 3. Correlated evolution of reproductive character states. Schematic diagram showing the most probable evolutionary routes for transitions between the
four possible combinations of character states of two binary variables. For analysis A, the first variable represents the sperm morphology (0, bristles absent; 1,
bristles present) or the stylet morphology (0, needle-like; 1, not needle-like) (SI Materials and Methods). For analysis B, the first variable represents female
antrum morphology (0, simple; 1, thickened). For both analyses A and B, the second variable represents the copulation behavior (0, hypodermic; 1, reciprocal).
Because the results of the two analyses are qualitatively similar, we show only one summary graph. The different arrows indicate three classes of transition rate
parameters: transition rates with a high probablitiy (>55%, thin arrows), intermediate probability (30–40%, medium arrows), and low probability (<15%, thick
arrows) of being zero. (The actual distributions of the transition rate parameters are given in Fig. S4.) Thus, thicker arrows represent more likely transitions.
Under the null hypothesis of independent evolution, certain pairs of transition parameters must be equal. (The rationale is discussed in SI Materials and
Methods.) The results clearly reject this null hypothesis, suggesting strong evidence for correlated evolution between the analyzed character states. Specifically,
the estimated transition rate parameters tend to favor correlated evolution toward either the hypodermic mating or reciprocal mating syndrome.
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the base of the genus Macrostomum. The externally visible
bristles thus may have arisen at the base of the genus and been
lost twice, or they may have arisen at the base of clade 2 and
been lost once. Future studies on a wider range of taxa may
arbitrate between these two scenarios and may uncover more
cases of gains and losses in this structure.
It has been suggested that sexual selection and sexual conflicts

can generate rapid evolutionary diversification in reproductive
traits, and this notion is reflected by the use of these traits for
taxonomy in many groups of organisms (5, 9, 11, 53, 54). Our
results suggest that the degree to which this morphological di-
versification occurs may depend on the nature of the mating
behavior. The striking convergent evolution between the species
exhibiting the hypodermic mating syndrome (i.e., M. hystrix and
the members of clade 1) helps explain why these species are
difficult to distinguish based on reproductive morphology alone
and has considerable impact on a number of pressing tax-
onomical questions in this genus (SI Materials and Methods). In
contrast, the reciprocal mating syndrome appears to generate
extensive diversification in reproductive traits, thus providing
ample morphological information to distinguish species. It is in-
teresting to speculate that the greater diversification within the
reciprocal mating syndrome may make it less evolutionarily stable
than the hypodermic mating syndrome, as suggested by the cor-
related evolution analyses (Fig. 3). If so, we would expect that
expanding the taxon sampling will reveal additional departures
from the reciprocal mating syndrome in clade 2. Alternatively,
because clade 1 currently contains few studied species, it also is
possible that wider taxon sampling will reveal departures from the
hypodermic mating syndrome.
Most studies that have investigated variation in sperm mor-

phology in internally fertilizing organisms have aimed at ex-
plaining quantitative variations such as in sperm length within one
particular sperm design and have identified sperm competition (9,
12, 55) or the interactions between the sperm and the female
genital tract (11, 17, 21, 56) as the main evolutionary forces. Our
results suggest that a change in the mating behavior may lead to
strikingly different sperm designs within a single genus, and we
thus have identified conditions under which drastic shifts in sperm
design may arise rapidly and repeatedly. Shifts in mating behavior
from normal copulation to hypodermic or traumatic insemination
have occurred many times in both hermaphroditic [e.g., acoel
flatworms (57), polyclad flatworms (58), and sea slugs (59)] and
separate-sexed organisms [e.g., bed bugs (47), plant bugs (60),
and drosophilids (61)]. Therefore it will be interesting to in-
vestigate further the consequences of these shifts for the evolu-
tion of sperm design, morphology, and function. The striking
diversity in sperm and genital morphology in the genus Macro-
stomum, combined with the transparent nature of these worms,
offers a veritable ‘window of opportunity’ to begin to understand
the evolution of sperm morphological diversity.

Materials and Methods
Specimens. We collected specimens in a range of countries, habitats, and
water bodies, using a range of extraction techniques (i.e., decantation with
MgCl2, oxygen deterioration, direct extraction). For each species we give
information (SI Materials and Methods) on specimens, collection sites, spe-
cies identification, taxonomic notes, and accession numbers to digital ref-
erence material deposited on the online Macrostomorpha Taxonomy and
Phylogeny database, an EDIT scratchpad (62) available at http://macro-
stomorpha.info. Given the highly variable quality of taxonomic descriptions
of the >100 species in the genus, only data onMacrostomum species that we

have collected and observed ourselves were included in our data set, but
data for the outgroups were taken in part from the literature.

Digital Documentation and DNA Samples. We observed live specimens in
squeeze preparations using a Diaplan or a DM2500 compound microscope
(Leica Microsystems) with bright-field, differential interference contrast, or
phase-contrast illumination and at magnifications of 40×–1000× and docu-
mented their morphology with spatially calibrated micrographs and video,
using a digital videocamera [DFW-X700 (SONY) or DFK 41BF02 (Imaging
Source)] and image capture software (BTV Pro 5.4.1 or 6.0b1, available at
http://www.bensoftware.com/). Because these worms are transparent, we
can observe and document internal structures in detail without histological
sections (23, 63). Stylets were scored as “needle-like” if they had a rigid and
pointed distal thickening and a subterminal stylet opening, and the female
antrum was scored as “thickened” if the epithelium was clearly visible
(Movie S3) and/or if there was a clear cellular valve (23) (Table S1). To doc-
ument sperm morphology, we recovered worms from squeeze preparations,
amputated the tail plate (64), and ruptured it by placing it on a microscope
slide in 1–2 μL of liquid and covering it with a coverslip. Fully formed sperm
emerged from the ruptured seminal vesicle and were documented (65).
Because sperm are sensitive to low osmotic pressure, we added small
amounts of diluted seawater for freshwater species to prevent osmotic
damage to the sperm (artifacts thereof sometimes are reported as bona fide
sperm morphology). Sperm were scored as “bristles present” if they had
externally visible bristles (Table S1). To prepare a DNA sample, we placed the
frontal part of the worm into absolute ethanol and stored it at 4 °C. We
documented the mating behavior with our established technique (44) for
a total of 6–52 h of observation of 4–29 individuals per field-collected species
(in pairs and larger groups) and analyzed the videos by frame-by-frame
observation. However, not all field-collected species mated under these
conditions, leading to some missing data in these character states (Table S1).
Moreover, extensive observational data were derived from observations
of the laboratory-cultured species (i.e., M. pusillum (Lignano), M. spirale,
M. lignano, and M. hystrix).

PCR, Sequencing, and Phylogenetic Analysis. For each species we sequenced (in
one to three specimens) the complete small subunit ribosomal DNA (ssrDNA)
and part (D1–D3) of the large subunit ribosomal DNA (lsrDNA) resulting in
a total of ∼2,850 base pairs. (Details on primers, PCR, sequencing, and de-
position of sequences are given in Tables S2 and S3 and SI Materials and
Methods.) The resulting sequences were used to generate a phylogenetic
hypothesis for the interrelationships between the studied taxa using both
Bayesian inference and maximum likelihood analyses. (Details on alignments
and parameters used in analyses are given in SI Materials and Methods.)

Constraint Analysis, Ancestral State Reconstruction, and Analysis of Correlated
Evolution. We performed a constraint analysis (66) that tested whether the
data support the a priori hypothesis of a single origin of the hypodermic
mating syndrome. (Details are given in Fig. S2 and SI Materials and Meth-
ods.) Next we performed ancestral state reconstructions (67) to infer the
character states at the base of the genus Macrostomum and the base of
clade 2, both nodes that are well supported in the maximum likelihood and
Bayesian inference analyses. (Details are given in Table S1, Fig. S3, and SI
Materials and Methods.) Finally, we tested for correlated evolution between
pairs of discrete binary character states (i.e., male morphology vs. mating
behavior and female morphology vs. mating behavior) using BayesDiscrete
implemented in BayesTraits (68). The analyses were performed on a reduced
taxon set containing only the genus Macrostomum, the main focus of our
study. (Details are given in Fig. 3, Fig. S4, and SI Materials and Methods.)
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