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Positive selection and relaxed purifying
selection contribute to rapid evolution of sex-
biased genes in green seaweed Ulva
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Abstract

Background The evolution of differences in gamete size and number between sexes is a cornerstone of sexual
selection theories. The green macroalga Ulva, with incipient anisogamy and parthenogenetic gametes, provides a
unique system to investigate theoretical predictions regarding the evolutionary pressures that drive the transition
from isogamy to anisogamy, particularly in relation to gamete size differentiation and sexual selection. Its minimal
gamete dimorphism and facultative parthenogenesis enable a rare window into early evolutionary steps toward
anisogamy.

Results By analyzing the expression profiles of sex-biased genes (SBGs) during gametogenesis, we found that SBGs
evolve faster than unbiased genes, driven by higher rates of non-synonymous substitution (dN), indicating that
SBGs are under stronger selective pressures. Mating type minus-biased genes (mt-BGs) exhibit higher dN/dS values
than mating type plus-biased genes (mt+BGs), suggesting stronger selective pressures on mt-BGs, although this
difference was not statistically significant (P=0.08). Using branch-site and RELAX models, we found positive selection
and relaxed purifying selection acting on a significant proportion of SBGs, particularly those associated with flagella
function.

Conclusions This study highlights the selective pressures shaping anisogamy and provides insights into the
molecular mechanisms underlying its evolution. The faster evolution of SBGs, particularly mt-BGs, and the positive
selection on genes associated with motility, such as those related to flagella function, suggest the importance of
enhanced gamete motility in the transition to anisogamy. These findings contribute to our understanding of sexual
selection and the evolutionary forces that drive the differentiation of gamete size and number between sexes.
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Introduction

Sexual dimorphism, the phenotypic differentiation
between males and females of the same species, is a wide-
spread phenomenon in both animals and plants. In these
organisms, sexual dimorphism is often reflected in sig-
nificant differences in morphology, physiology and repro-
ductive strategies. At the molecular level, dimorphism is
associated with differential gene expression between the
two sexes, referred to as sex-biased genes (SBGs), which
are either located on autosomal or sex chromosomes [1,
2]. SB@Gs, especially those biased towards males, tend to
exhibit rapid protein sequence evolution compared to
unbiased genes, reflected by a higher ratio of non-syn-
onymous (dN) to synonymous substitutions (dS) value
[3-5].

The increased evolutionary rate of sex-biased genes can
be attributed to sexual selection, related to differences
in reproductive investment between males and females
in terms of their contributions to offspring. Anisogamy
imposes stronger sexual selection due to more intense
gamete competition or gamete limitation in the sex with
the smaller gametes [6]. However, empirical studies sup-
porting this paradigm have primarily focused on organ-
isms with pronounced sexual dimorphism and assumed
conditions of negligible gamete limitation [7]. In con-
trast, sessile marine broadcast spawners often experience
gamete limitation due to limited control over gamete
dispersion and encounter rates [8]. Broadcast spawners
include both isogamous and anisogamous organisms,
including stages transitioning from isogamy to anisog-
amy, and could offer a broader understanding of repro-
ductive strategies [9, 10]. Anisogamy has evolved several
times independently in the evolution of eukaryotes from
isogamy, which is frequently found in algae and produces
two morphologically identical gametes (mating type plus,
isogamy. The latter is mt+and mating type minus, mt-)
[11].

Multiple theories describe possible selection pres-
sures for the evolution of anisogamy. For instance, the
pioneering theory considers the tradeoff between gam-
ete size and number [12]; the ability of highly motile
sperm to overcome sperm limitation for large immobile
eggs [13, 14] and the adaptation for preventing nuclear—
cytoplasmic conflict through uniparental inheritance of
organelles [15]. The production of anisogamous gam-
etes establishes the fundamental basis of maleness and
femaleness [16]. According to the Darwin-Bateman para-
digm, the evolution of anisogamy results in a reproduc-
tive asymmetry in which males, producing numerous
small gametes, are subject to stronger selective pressure
to invest in mating competition traits, while females,
investing more resources in fewer large gametes, experi-
ence relatively lower selective pressure for such traits [6,
17]. The dynamics of gamete competition and gamete
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limitation, central to the “gamete dynamics” (GD) theory,
may provide critical insights into the evolution of anisog-
amy in these systems. GD theory emphasizes the trad-
eoff between gamete size and number, suggesting that
anisogamy can arise due to disruptive selection favoring
small, mobile gametes for efficient fertilization and large,
resource-rich gametes for zygote viability [10, 12, 14, 18,
19].

Brown algae such as Ectocarpus have been instru-
mental in testing these theories. Despite its morpho-
logically isogamous gametes, Ectocarpus exhibits
physiological anisogamy, with slightly larger female gam-
etes that release pheromones to attract male gametes
[20]. Analysis of SBGs in Ectocarpus revealed that both
male- and female-biased genes exhibit faster evolution-
ary rates than unbiased genes, suggesting that both sexes
experience selection pressures related to gamete function
[20].

While the GD theory provides a compelling explana-
tion for anisogamy, it also has limitations. For instance,
some algae produce parthenogenetic gametes, which
challenges the assumptions in GD theory that unfused
gametes do not develop [21, 22]. Parthenogenesis
reduces the selective pressure on traits enhancing gam-
ete fusion efficiency, potentially favoring the evolution
of smaller, isogamous, or slightly anisogamous gametes
[21, 23]. Explaining this adaptation within GD theory
requires considering how the absence of fusion impacts
natural selection pressures and the evolutionary trajecto-
ries of gamete traits. This challenges key assumptions of
GD theory, which often presumes that unfused gametes
are a dead-end [21]. Empirical testing of these theoretical
predictions is still limited, especially in systems with both
near-isogamy and parthenogenetic potential.

Building on these theoretical frameworks and empirical
studies, exploring model organisms that exhibit minimal
gamete differentiation and parthenogenetic capabilities
is essential. The green macroalgae of the genus Ulva are
widely distributed in shallow marine and freshwater envi-
ronments worldwide. Their isomorphic haplodiplontic
life cycle has been well characterized, including a descrip-
tion of its two mating types: mating type minus (m¢-) and
plus (mt+), traditionally referred to as male and female,
respectively. However, this assignment is not based on
distinct morphological sexes but on slight differences
in gamete size. Studies suggest that Ulva is isogamous
to slightly anisogamous, with mt+gametes marginally
larger than mt- gametes [24—27]. Ultrastructural studies
have found few differences beyond the relative positions
of the mating structure and eyespot [28, 29]. Contrary to
Ectocarpus, where gametes are produced in specialized
structures and exhibit distinct differences in motility and
morphology, Ulva gametes are produced throughout the
entire thallus and both gamete types are morphologically
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similar [30]. This subtle dimorphism, along with Ulva’s
ability to engage in parthenogenesis, makes Ulva a good
subject to explore the subtle shifts from isogamy toward
anisogamy [21, 22].

In this study, we conducted a time-course transcrip-
tomic analysis of U. mutabilis gametogenesis, compar-
ing expression patterns between mt+and mz-mating
types. The results revealed (1) a statistically significant
but biologically subtle difference in gamete size between
mt+and mt-types,; (2) the identification of mt+BGs
and mt-BGs during Ulva gametogenesis; (3) faster evo-
lutionary rates of SBGs compared to unbiased genes
(UBGs), with mt-BGs showing slightly higher rates than
mt+BGs; and (4) positive and relaxed purifying selection
on a subset of SBGs, particularly those related to flagel-
lar function. These findings suggest that even in a near-
isogamous, parthenogenetic species like Ulva, sexual
selection and gamete motility may still exert evolution-
ary pressure, offering new insight into the early stages of
anisogamy evolution.

Results

Low levels of sexual dimorphism inUlva

The life cycle of Ulva consists of an alternation of isomor-
phic generations with morphologically identical mz+and
mt- gametophytes (n) and sporophytes (2n). Meiosis
occurs during the sporophyte generation, producing
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haploid zoospores that develop into either mt+or mt-
gametophytes. Gametophytes produce either mit+or
mt- gametes via mitosis. Gametogenesis involves a direct
transformation of vegetative cells into biflagellated hap-
loid gametes. Ulva gametes are traditionally described
as morphologically and physiologically isogamous. Both
mt+and mt- gametes exhibit motility and actively swim
to encounter each other in the water column, pair and
then spiral down to settle on the substrate. We used flow
cytometry to measure the area of mt+and mt- gametes in
U. mutabilis (Fig. S1). We found that mt- gametes were
slightly smaller than mt+gametes, with a mean area of
19.75 and 21.72 pm?, respectively (#>300; Wilcoxon test,
P<0.001; Fig. 1B). The observed difference became statis-
tically significant only after a substantial number of rep-
etitions, implying that the sexual dimorphism in gamete
size is subtle and requires a large sample size to be reli-
ably detected.

Analysis of sex-biased gene expression during
gametogenesis

To characterize SBGs expression during Ulva gameto-
genesis, the global gene expression of U. mutabilis as a
function of time was characterized by RNA-sequencing.
We sampled five time points: 0, 6, 24, 48 and 72 h after
induction of gametogenesis of mt+and mt-, respectively,
with three biological replicates for each time point and
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Fig. 1 Theisomorphic life cycle of Ulva. A: The sexual life cycle of Ulva involves alternation between gametophytic and sporophytic life stages with iden-
tical morphologies. Sporophytes produce quadriflagellate meiotic spores (zoospores) that develop into haploid mt+or mt- gametophytes with similar
morphology. Gametophytes produce mt+and mt- gametes by gametogenesis. Gametes of the opposite sex fuse in the water column to form a zygote
(syngamy). Dashed arrows show the parthenogenetic development of gametophytes derived from unfused gametes. Zygotes develop to produce dip-
loid sporophytes, completing the cycle. B: Boxplots of the area of mt+and mt- gametes of U. mutabilis derived from flow cytometry (n=307 and 3170,
respectively). The mean area of mt- gametes and mt+gametes are 19.75 and 21.72 um?, respectively (P<0.001, Student's t-test).
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strain. cDNA libraries were constructed with a Quant-
seq™ 3’ mRNA-Seq library prep kit (Lexogen) and a
TruSeq RNA Sample Prep Kit (Illumina) for mz+and
mt- strains. The 0 and 6 h represent the vegetative and
determination phases, 24 and 48 h correspond to the dif-
ferentiation phase, and 72 h marks the swarming phase
[30]. RNA-sequencing resulted in 33x 10’ reads, with
over 70% mapping to the U.mutabilis mt+ genome. The
mapped reads for each sample and the raw read counts
for each gene are listed in Supplementary Tables S1 and
S2.

We performed principal component analysis (PCA)
of the transcriptomic data for the mt+and mt- samples
separately (see Materials and methods; Fig. 2A and B) to
visualize changes at the expression-level during the vari-
ous stages of gametogenesis. PC1 captured 53.2% and
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52.5% of the total variance for the time-course samples
for mt+and mt-, respectively. The second and third PCs
only capture 13.7% and 9.6% of the total variance, respec-
tively. PC1 mainly reflects the previously described
irreversible transition from a vegetative state to a repro-
ductive state at 36 h (Fig. 2A and B; [31]). PC1 was,
therefore, selected for further analysis. We performed
a linear regression analysis based on the gene contribu-
tions to PC1 of mt+and mt-. The gene contributions to
PC1 of mt+and mt- fit a linear regression model and the
genes with high residuals in the model were interpreted
as SBGs during Ulva gametogenesis (Fig. 2C). Using a
threshold of residuals greater than 0.01 or smaller than
-0.01, similar to the 90% prediction interval of the linear
model, we identified 377 mt+BGs and 320 m¢-BGs dur-
ing gametogenesis (Fig. 2C Supplementary Table S3).
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Fig.2 PCA plots for mt+ (A) and mt- (B) transcriptomes during gametogenesis. Biological replicates (n=3) are indicated with the same color and shape.
C: Linear regression analysis of gene contribution to PC1 variation during Ulva gametogenesis (P <0.001). The x-axis represents the gene contribution to
PC1 variation of mt- and the y-axis represents the gene contribution to PC1 variation of mt+. Outlier genes with residuals bigger than 0.01 are indicated
with red color and are considered SBGs during Ulva gametogenesis. The dashed lines indicate the 90% prediction interval of the linear model.
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Fig. 3 Rates of evolution and ENC of unbiased (UBG), mating type minus-biased (mt-BG) and mating type plus-biased (mt+BG) genes during gameto-
genesis. Overall dN, dS, and dN/dS ratios were calculated by comparing orthologous gene sequences from U. mutabilis and U. prolifera by CODEML. dN:
nonsynonymous substitutions, dS: synonymous substitutions, dN/dS: ratio of nonsynonymous to synonymous substitutions, ENC: effective number of
codons. Pairwise statistical significance between the two groups of SBG and UBG was calculated by Wilcoxon test, statistically significant differences are

indicated (*P<0.05, **P<0.01, ***P<0.001).

Sex-biased genes evolve more rapidly than unbiased

genes

To test for differences in rates of evolutionary diver-
gence between SBGs and UBGs, we calculated levels of
pairwise non-synonymous (dN) and synonymous (dS)
substitutions between U. mutabilis and U. prolifera. The
UBGs were defined as those fitting the linear model well
(Fig. 2C) and we randomly selected 697 genes for further
analysis.

We identified 105, 182 and 532 one-to-one ortholo-
gous groups (OGs) between U. mutabilis and U. prolifera
out of 320 m¢-BGs, 377 mt+BGs and 697 UBGs respec-
tively. Both mt-BGs and mt+BGs have a lower percentage
of one-to-one OGs compared to UBGs (Wilcoxon test,
P<0.001). In addition, mz-BGs have a lower percentage
of one-to-one OGs compared to mt+BGs (Wilcoxon test,
P<0.001).

To test for differences in rates of evolutionary diver-
gence between different categories of SBGs and UBGs,
we calculated levels of nonsynonymous (dN) and synony-
mous (dS) substitution using pairwise comparisons with
orthologs from U. prolifera. We found that both mt-BGs
and mt+BGs have significantly higher dN/dS values com-
pared to UBGs (Wilcoxon test, P<0.001; Fig. 3), which
suggests that SBGs evolve more rapidly than UBGs and
that stronger evolutionary pressures act on these genes.
The elevated dN/dS values for SBGs compared with
unbiased genes were due to significantly higher levels of
non-synonymous substitution (Wilcoxon test, P<0.001;
Fig. 3). A higher dN/dS ratio in SBGs indicates that these
genes are subject to positive selection or relaxed puri-
fying selection. We found the dN/dS values of mt-BGs
(n=79) are slightly higher than mt+BGs (n=141), with

values of 0.18 and 0.16, respectively. However, the dif-
ference is not statistically significant (Wilcoxon test,
P=0.08). Additionally, both mt-BGs and mt+BGs exhibit
significantly lower Effective Number of Codons (ENC)
values than UBGs (Wilcoxon test, P<0.001). Higher
codon usage bias likely reflects the functional importance
and translational efficiency of these genes in sex-specific
contexts. Overall, the elevated dN and dN/dS values for
SBGs suggest stronger selective pressures on these genes
due to their roles in sexual reproduction and sex-spe-
cific traits, while the lower ENC values point to a higher
degree of codon usage bias.

We further tested whether the differences in dN/dS
values were due to positive selection. Utilizing annotated
U. compressa, U. prolifera and U. mutabilis genomes
supplemented with a high-quality transcriptome assem-
bly of U. linza, we performed a phylogenetic analysis to
detect positive selection. We tested the SBGs and UBGs
using the paired nested site models (M1a, M2a; M7, M8)
implemented in PAML4 (CODEML) [32]. The second
model in each pair (M2a and MS8) is derived from the
first by allowing variable dN/dS values between sites to
be bigger than one, making it possible to detect posi-
tive selection. This analysis detected 21 SBGs out of 102
(21%) under positive selection based on either one or
both pairs of models (M1la-M2a, M7-M8; LTRs, Wil-
coxon test, P<0.05; Supplementary Table S4). A slightly
lower percentage of UBGs were under positive selection
(18%; 51 out of 285 OGs), but this difference was not
statistically significant (Wilcoxon test, P=0.56). These
results suggest that a subset of SBGs is evolving under
adaptive pressures, potentially linked to gamete function
or reproductive roles.
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Selective pressure for sex-biased genes

To investigate whether the SBGs during gametogenesis
in Ulva undergo positive selection in the anisogamous
branch, we selected three isogamous species belonging to
the Chlorophyceae (Chlamydomonas reinhardtii, Astre-
phomene gubernaculifera and Gonium pectorale [33])
as background branch and three Ulva species (U. com-
pressa, U. mutabilis, U. prolifera) as foreground branch
to perform positive selection analysis under a branch-site
model. We then identified 1,928 one-to-one OGs among
six species and established a species phylogeny as: (((U.
compressa, U. mutabilis), U. prolifera), (C. reinhardltii,
(A. gubernaculifera, G. pectorale))). Among these, 43
OGs were found within the SBGs identified during Ulva
gametogenesis.

The analysis revealed positive selection affecting spe-
cific amino acid sites along the predefined foreground
anisogamous branches, where dN/dS ratio varies among
lineages and across sites [32]. Upon comparing the A
model (model =2, NSsites =2, allowing o >1 on the fore-
ground branch) and null model (identical except with w
fixed=1 on the foreground), we discovered that 14 out
of 43 (33%) exhibited strong evidence of having specific
sites that evolved under positive selection based on the
dN/dS value for the foreground branch of Ulva lineage
(Supplementary Table S5). Further investigation using
Phytozome revealed that 6 of these 14 genes under posi-
tive selection are associated with flagella, with top hits of
orthologous comparisons to known flagella-related genes
of C. reinhardtii. This finding suggests that motility-
related functions may be under adaptive pressure during
gamete evolution in Ulva.

To complement the branch-site test, we also applied
the RELAX model to assess selection intensity. We found
that 13 out of 43 OGs (k=0.08-0.79, P<0.05, Supplemen-
tary Table S6) experienced relaxed purifying selection.
Among these, four genes were identified as flagella-asso-
ciated based on ortholog searches against C. reinhardtii.

Discussion

The green macroalgae of Ulva, a species capable of par-
thenogenesis, produces female (mt+) and male (mt-)
gametes of slightly different sizes from morphologically
identical gametophytes through gametogenesis. Ulva
reproduces via broadcast fertilization, releasing gametes
into the water where external fertilization occurs with-
out parental care - conditions that align closely with the
key assumptions of the widely accepted GD model [34].
However, Ulva gametes can also develop without fertil-
ization, parthenogenesis [35], diverging from GD model
assumptions that rely on fertilization for gamete success.
Although recent theoretical extensions of the GD model
have begun to incorporate parthenogenetic gametes, few
empirical studies have tested these additions [21, 23].
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Anisogamy is often thought to promote mating compe-
tition among males. The release of gametes in the water
column possibly leads to gamete limitation and reduces
the probability of successful fertilization, which limits the
availability of gametes for fertilization rather than creat-
ing direct competition between sexes [6]. This unique
combination of traits makes Ulva an interesting model
for testing theories of anisogamy evolution, including
both the GD model and the Darwin-Bateman paradigm
[21, 22]. However, other physiological constraints con-
tribute to gamete success. Due to their strong phototaxis,
gametes of both mating types are attracted to light, par-
ticularly the brightest spot. This behavior is thought to
optimize their chances of mating and survival. The con-
gregation of gametes in a well-lit area reduces the dis-
tance they must swim to find each other, increasing the
probability of successful mating. Overall, this phototactic
behavior is an adaptive strategy that improves reproduc-
tive efficiency in Ulva, ensuring successful gamete fusion
and propagation of the species. As discharged gametes
often show batch-dependent fitness indicated by their
swarming speed [36], fast swarmers can out-compete the
slower ones.

In this study, we demonstrated that Ulvamutabi-
lis exhibits slight anisogamy, with mt+gametes being
slightly larger than mt- gametes. The mean areas of
mt+and mt- gametes are 21.72 and 19.75 um?, respec-
tively, indicating that Ulva produces relatively small
gametes. Previous studies on U. prolifera have reported
that female gametes typically measure around 6.7 pm in
length and 4.1 ym in width, while male gametes average
about 6 pm in length and 3.4 pm in width [37]. Despite
being statistically significant, this size difference is subtle
and likely represents incipient anisogamy. Notably, Ulva
has been cultured as single-sex populations for several
decades until today [38, 39]. Ulva inhabits shallow waters
in the upper intertidal zone and has evolved mechanisms
for synchronous gamete release during daytime at low
tides. The gametes display positive phototaxis, moving
toward light to increase the likelihood of encounters just
beneath the two-dimensional sea surface, thereby maxi-
mizing fusion opportunities. Consequently, U/va may not
experience strong gamete limitation, resulting in a small,
slightly anisogamous gamete system that aligns well with
the predictions of the newly developed GD model [21].

Gametogenesis of Ulva encompasses a determination
phase, a differentiation phase and a swarming phase,
which takes 72 h to complete [31, 40]. We sampled five
time points: 0, 6, 24, 48, and 72 h for transcriptome
sequencing. The 0 and 6 h represent the vegetative
phase and the determination phase, 24 and 48 h covers
the differentiation phase, and 72 h mark the swarming
phase. Since 36 h post-induction is a critical checkpoint
where blade cells commit irreversibly to gametangium
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differentiation, we included two samples within this
phase [31]. We used two different library preparations
for slender (mt+) (TruSeq RNA Sample Prep Kit) and
wild-type (mt-) (Quantseq™ 3 mRNA-Seq library prep
kit) gametogenesis. The Quantseq™ mainly generates
reads mapped towards the 3’ end of CDS and the 3'UTR,
which induces a batch effect, rendering traditional dif-
ferential expression analysis unsuitable for direct com-
parison across time points. Additionally, measuring
expression levels irrespective of time points does not
provide information about the dynamic interactions that
characterize the cellular processes, which is our focus.
Hence, we applied a PCA-based method to identify sex-
biased genes for our time-course study, as outlined by
Jonnalagadda and Srinivasan [41]. The contribution of
a gene to a principal component (PC) is the correlation
between the gene and the PC. Comparing the scores
is equivalent to comparing the similarity of temporal
expression profiles. Using the dominant PCs minimizes
noise, including potential induction efficiency differences
between mating types and batch effects from sequenc-
ing methods, facilitating meaningful expression profile
comparisons. This leads to the meaningful comparison
of expression profiles across conditions and identifies sig-
nificant differentially expressed genes in the time course
study [41]. In our study, PC1 captured more than 50% of
the total variance, captured systematic changes in expres-
sion. Using linear regression model, we identified 697
sex-biased genes during gametogenesis, accounting for
~10% of the total analyzed genes. The result is in accor-
dance with the analysis in Ectocarpus, in which, less than
12% of the genes were found to be differentially regulated
between sexes [20].

Our analysis revealed that SBGs exhibit significantly
fewer one-to-one orthologous groups (OGs) compared
to UBGs, and that mt-BGs have significantly fewer one-
to-one OGs compared to mt +BGs. This suggests that
mt-BGs have undergone more frequent gene duplication
or loss events than mt+BGs, implying that SBGs, particu-
larly mt-BGs, may experience faster and more dynamic
evolutionary changes. This elevated rate of gene turn-
over in mt-BGs compared to mt +BGs may reflect unique
selective pressures acting on m¢-BGs, potentially driven
by sexual selection or competition. The frequent gene
duplication and loss events observed in SBGs support the
idea that duplication promotes functional divergence and
phenotypic innovation, as it reduces the constraints of
purifying selection on the newly duplicated gene, allow-
ing it to acquire new functions over time [42].

We show that both mt- and mt+biased genes in game-
togenesis exhibit faster evolutionary rates (higher dN/
dS) compared to unbiased genes, consistent with find-
ings in Ectocarpus [20]. The rapid evolutionary rates
of sex-biased genes are believed to be partly driven by
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positive selection, with sexual selection and/or sexual
antagonism as the likely underlying factors [6, 17]. For
Ulva, our analysis indicated that the dN/dS ratio for mt-
BGs was slightly higher than that of m¢+BGs. Given the
proximity to conventional thresholds for significance, it
may warrant further investigation into potential selec-
tive pressures acting differently on mt-BGs and mt+BGs.
The most straightforward explanation, which aligns
with the low levels of sexual dimorphism in this sys-
tem, is that both mt- and mz+are under sexual selection.
mt- and mt+ gametes are small, motile cells produced in
large quantities in plurilocular gametangia and they are
released to the brackish waters [40, 43]. The synchronous
release of gametes, stimulated by low tides, along with
the positive phototactic behavior of the gametes, facili-
tates effective fusion [40]. Consequently, the system is
not strongly limited by gamete availability, and both sexes
may experience competitive conditions for fertilization
in nature. However, the intensity of this competition may
not be sufficient for males to exhibit a significantly higher
evolutionary rate compared to females. Taken together,
our results indicate that both mt- and mt+are under sex-
ual selection in slight anisogamous Ulva, in line with the
recent developed models that both mt- and mt+ can be
under competition except under high gamete density [8].
Higher dN/dS ratios in SBGs can be attributed to sev-
eral factors, including positive selection, relaxation of
purifying selection, or codon usage bias [1]. Previous
studies have suggested that genes exhibiting sex-biased
expression and rapid evolutionary rates generally tend to
have lower codon usage bias compared to unbiased genes
[33]. However, our findings contrast with this trend, as
we observed that SBGs had significantly lower effective
numbers of codons (ENC) compared to UBGs, suggest-
ing stronger codon usage bias in SBGs (Fig. 3). Addition-
ally, if the higher dN/dS ratios in SBGs were due to codon
usage bias, we would expect lower dS rates in SBGs
compared to UBGs, because selective constraints at syn-
onymous sites would reduce synonymous codon replace-
ments [44]. However, we observed that dS values for
mt+BGs were higher than UBGs, while there was no sig-
nificant difference between mt- and mt+, indicating that
rapid evolutionary rates in SBGs are not associated with
reduced codon usage bias. Instead, we found large per-
centage (21%) of SBGs are under positive selection using
F3 x4 model of codon frequencies among Ulva linages.
Both sexual selection and sexual antagonism—espe-
cially in the context of gamete recognition, where inter-
actions between surface proteins on sperm and egg cells
determine fertilization success—are likely major drivers
of the rapid evolution observed in many sex-biased genes
involved in reproduction [45]. We were able to detect
instances of positive selection and relaxed purifying
selection affecting specific branch or amino acid site [32,
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46, 47]. The branch-site model analysis revealed that 14
out of 43 SBGs (33%) exhibited strong evidence of posi-
tive selection, specifically within the anisogamous Ulva
lineage. Relaxed selection may occur when the efficiency
of natural selection is dramatically reduced or elimi-
nated at either the gene or genome-wide level, leading to
accumulations of deleterious mutations with respect to
positive selection. This has been proposed as an expla-
nation for the rapid evolution of sex-biased genes [48].
Our analysis using the RELAX model identified 13 out
of 43 SBGs as experiencing relaxed purifying selection.
Relaxed selection can lead to an accumulation of del-
eterious mutations and may explain the rapid evolution
observed in SBGs [49]. The observed higher dN/dS ratios
in SBGs, coupled with evidence of both positive and
relaxed selection, indicate that SBGs are subject to com-
plex evolutionary forces. Positive selection likely drives
the rapid adaptation of these genes to enhance reproduc-
tive efficiency and success, while relaxed selection allows
for variation and experimentation in gene function, con-
tributing to the diversity and evolution of reproductive
strategies [34, 50].

Intriguingly, among these genes, we found that 6 out
of 14 and 4 out of 13 genes under positive selection and
under relaxed purifying selection, respectively, are ortho-
logs of genes coding for flagella associated proteins in
C. reinhardtii. Flagella-mediated gamete recognition is
a fundamental aspect of fertilization and the initial con-
tact between mating gametes is made by flagella [28].
However, the fate of the flagella after fertilization differs
between Chlamydomonas and Ulva. In Chlamydomo-
nas, the flagella are detached from the zygote, whereas
in Ulva, all four flagella are absorbed into the zygote [28,
51]. Interestingly, in Fucus, 3 of the 21 male-biased genes
under positive selection were associated with the sperm
flagella [52]. The identification of flagella-associated
genes under positive selection highlights the potential
importance of motility and gamete interaction in the evo-
lutionary process. Positive selection on these genes may
enhance the motility and efficiency of sperm, thereby
increasing fertilization success and supporting the transi-
tion from isogamy to anisogamy. This observation aligns
with the theories proposing evolutionary advantages
conferred by enhanced sperm motility [13, 14]. The the-
ory emphasizes adaptations that enhance sperm motility
as a critical factor in reproductive success. The presence
of flagella-associated genes among those under relaxed
selection suggests that while some aspects of flagellar
function are under strong selective pressure, others may
be less constrained, allowing for variation and divergence
in gene function.

In summary, our study demonstrates that U. muta-
bilis, a parthenogenetic and near-isogamous species,
exhibits slight gamete size dimorphism and significant
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divergence in mating type-biased gene evolution. Both
mt+BGs and mt-BGs evolve faster than unbiased genes,
driven by positive selection and relaxed purifying selec-
tion. Notably, many of these rapidly evolving genes are
related to flagellar function, underscoring the adaptive
importance of motility and gamete interaction in repro-
ductive success. These results support the expansion
of gamete dynamics theory to include parthenogenetic
systems, and they provide empirical evidence for how
subtle anisogamy can still generate strong evolution-
ary pressures. Ulva thus serves as a powerful model for
studying the earliest transitions toward anisogamy and
sexual dimorphism. Future work should explore broader
sampling of Ulva genotypes and other near-isogamous
species to test the generality of these findings, particu-
larly regarding the evolutionary fate of motility genes
and the balance between selection types across mating

types.

Materials and methods

Strains and culture conditions

Haploid gametophytes of Ulva mutabilis belonging
to both mating types [strain “wild-type” (mz-) (FSU-
UM1-41) and “slender” (mt+) (FSU-UMS5-1)] used for
this study were obtained from Friedrich Schiller Uni-
versity Jena and originally collected by Feyn (1958) in
southern Portugal. Zygotes can be easily generated from
mt- and mt+gametes, which develop into normal mzt- /
mt+sporophytes producing zoids of both mating types
by meiosis [39]. We determined the mating types of the
two strains by identifying the mating type locus through
whole genome sequencing (unpublished data) and com-
pared it with the published U. partita sex locus sequence
[53]. Gametophytes of Ulva were raised parthenogeneti-
cally from unmated gametes and cultured in culture ves-
sels containing 2 L Provasoli enriched seawater (PES)
medium [54] with the following specific parameters:
light intensity, 70 pumol photons-m~2s™!; temperature,
18+1 °C; and 17:7 h light: dark cycle. The medium was
completely changed every 2 weeks until the algae were
fertile (~10 weeks). Afterwards, the medium was par-
tially (20%) changed every week to avoid induction of
gametogenesis.

Induction of gametogenesis

Intact mature thalli of Ulva mt+and mt- strains were cut
into 1-3 mm? fragments using an herb chopper. Frag-
ments were washed 3 times for 15 min with autoclaved
seawater to remove sporulation inhibitors [40, 55] and
transferred to a new culture medium to induce gameto-
genesis. Fragmented thalli were sampled at 0, 6, 24, 48
and 72 h following the induction of gametogenesis [31].
Samples were flash-frozen in liquid nitrogen and stored
at -80 °C.
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Measurement of gamete size

The culture medium was refreshed and the swarming
gametes were concentrated by positive phototaxis using
a unidirectional light source after 72 h induction. Gam-
etes were collected in Eppendorf tubes and the number
and sizes were measured using flow cytometry (Images-
treamX MKII, Cytek), and using the IDEAS™ analysis
software (Amnis-Millipore-Sigma, USA) to extract the
area of the gametes.

RNA extraction and RNA sequencing

Total RNA was extracted using a CTAB method [56]. The
quality and quantity of total RNA was evaluated with a
NanoDrop™ 2000c spectrophotometer (Thermo Fisher
Scientific) and Bioanalyzer RNA6000 (Agilent Technolo-
gies). For wild-type (mt-) strain, cDNA libraries were
constructed with a Quantseq™ 3’ mRNA-Seq library prep
kit (Lexogen) following the manufacturer’s instructions.
For mt+, the sequence libraries were constructed with a
TruSeq RNA Sample Prep Kit (Illumina) according to the
manufacturer’s protocol. Illumina sequencing was per-
formed using the Illumina Nextseq 500 platform to pro-
duce 150 bp single-end reads. RNA-seq reads generated
for mt+and mt- gametogenesis are available with acces-
sion number PRJNA1212590 and PRJNA773495 respec-
tively. Reads were mapped to the Ulva mt+genome
version (available at https://bioinformatics.psb.ugent.b
e/orcae/overview/UlvmuSL, unpublished) that contain
annotated untranslated regions (UTRs), contrary to the
published Ulva wild-type genome [57],. The UTR of the
mt+ genes was annotated by PASA (https://github.com/
PASApipeline/PASApipeline/wiki) based on the RNAseq
data generated during the gametogenesis of U. mutabilis
[30, 58]. Reads were mapped using TopHat ver. 2.1.1 [59]
with default parameters. The number of mapped reads
was calculated using HTseq [60] and read numbers were
normalized by the R package edgeR [61].

Identification of the sex-biased genes during
gametogenesis

Out of 13,323 genes in the annotated mt+genome, we
annotated 6,767 genes with UTR and selected these
for further analysis to mitigate the coverage difference
between the two library preparations. Due to the distinct
mapping of reads, direct comparison of read numbers
between the mt+and mt- using common packages like
EdgeR and DEseq was not feasible. To address this issue,
we conducted PCA based differential gene expression
analysis.

To identify the differential expressed genes during
the dynamic process of gametogenesis, we performed
principal component (PCA) based analysis [41]. First,
we performed PCA analysis for the mt+and mt- gene
expression data during gametogenesis (0, 6, 24, 48, 72 h
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after induction) separately. We calculated the gene con-
tributions to the principal components by R v4.0.4 to
capture most of the variance between the vegetative phe-
notype and the reproductive phenotype for the mt- and
mt+ respectively. Next, we performed regression analy-
sis based on the contribution values of each gene to the
principal components capturing most of the variance.
We calculated the residuals of each gene to the regression
linear model. The dispersed genes with residuals bigger
than 0.01 (similar as the threshold of the 90% prediction
interval) from the regression model were identified as
sex-biased genes in Ulva gametogenesis.

Measurement of synonymous and nonsynonymous
substitution rates

The  genome  sequence of U compressa
(GCA_024500015.1) and u prolifera
(GCA_023078555.1) were retrieved from NCBI data-
base. Genome annotation followed a series of steps: Ini-
tially, a de novo repeat identification was performed with
RepeatModeler [62]. Unknown elements were screened
with BLASTX (E-value < 1e-5) against UniRef91 database
(Suzek et al. 2014) (subset Viridiplantae) and removed
from the repeat library if necessary. The filtered Ulva
repeat library was applied by RepeatMasker (4.0.7) [63]
to mask the repetitive elements in the assembly. After-
wards, we applied EvidenceModeler [64] to predict gene
models. The consensus gene models were reconciled
using the models from ab initio and orthology-aided pre-
dictions, transcripts reconstructed from RNA-Seq, and
homologous models derived from the protein alignments
of the available public resource. We used BRAKER1 v1.9
[65] to predict the gene models incorporating the RNA-
Seq mapping results generated using Stringtie2 [66]. We
further used Augustus v3.2.3 with the trained data from
BRAKERI1 and the protein profile extension to re-predict
the gene models [67]. In addition to the ab initio predic-
tion, the RNA-Seq data were also used to reconstruct
the transcripts, which consisted of consensus transcripts
predicted by Scallop v0.10.2 [68] and predicted coding
regions of Trinity v2.4.0 assemblies (both de novo and
genome-guided) using PASA [64]. Finally, 13,405 and
12,983 genes were annotated for U. compressa and U
prolifera genome, respectively. Published transcriptome
data of U. linza [69] were downloaded and one-to-one
orthologs were identified using OrthoFinder v2.5.5 with
default parameters for the genomes of Ulva, U. com-
pressa, U. prolifera and transcriptome assembly of UL
linza [70].

Unbiased genes were a random subset of 697 genes
which fit the linear regression model well in the regres-
sion analysis between slender (mt+) and wildtype (mtz-).
Putative orthologs between U. mutabilis and U. prolifera
were aligned using Muscle embedded in TranslatorX
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[71], generating a codon-to-codon alignment. The align-
ment was transformed to PAML4 format using PAL-
2NAL script (https://github.com/liaochenlanruo/PAL
2NAL). Sequences with gapless alignments exceeding
100 base pairs were retained for pairwise dN/dS analy-
sis. This analysis was performed using the Phylogenetic
Analysis by Maximum Likelihood (PAML) software, spe-
cifically the CODEML program with the F3 x4 model
which estimates codon frequencies from the nucleotide
frequencies at the three codon positions, and runmode
set to 2, as implemented in the PAL2NAL suite [72]. For
the positive selection test, codon-to-codon alignments
among U. mutabilis, U. compressa, U. prolifera and U.
linza were obtained as described above. CODEML paired
nested site models (M0; Mla, M2a; M7, M8) [32, 73]
of sequence evolution were used and the outputs were
compared using the likelihood ratio test. Bayes Empiri-
cal Bayes (BEB) methods allowed for identification of
positively selected sites a posteriori. Genes with saturated
synonymous substitution values (dS>3) were excluded
from the analysis.

The ENC values were calculated for all SBGs and UBGs
in the study using CAlcal server (http://genomes.urv.es
/CAlcal/)(Kumar et al. 2018). Lower ENC values signify
stronger codon usage bias. We performed a Wilcoxon
test to determine if there are deviations in ENC values
between SBGs and UBGs.

Estimation of strength of natural selection

To estimate the natural selection strength from isog-
amy to slight anisogamy for the sex-biased genes, we
downloaded published isogamous genome datasets
Astrephomene  gubernaculifera  (GCA_021605115.1),
Chlamydomonas reinhardtii (GCF_000002595.2) and
Gonium pectoral (GCA_001584585.1) in Chlorophy-
ceae, which have closer phylogenetic relationship with
Ulva genus. Afterwards, we identified one-to-one ortho-
logs using OrthoFinder v2.5.5 with default parameters
for these three genomes and the three Ulva genomes
described above. Then we conducted separate analyses
using classical branch-site model and in PAML package
[32] and he RELAX model in HYPHY v2.5 [46, 47] to dis-
tinguish which evolutionary forces are driving the rapid
evolutionary rates of SBGs.

To determine if amino acid sites in the foreground have
undergone positive selection compared with the back-
ground for each OGs, we followed the protocols of Alva-
rez-Carretero et al. (2023). We used branch-site model
A (model=2, Nssites=2, fix omega=0, omega=0.5)
and null model (model=2, Nssites=2, fix_omega=1,
omega=1). We set up the Ulva linage as foreground
branch. We examined the significance of likelihood ratio
tests (LTRs, P<0.05) to identify positively selected sites
between model A and null model by comparing LRTs to
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the Chi-square distribution with one degree of freedom.
The homologs and functional annotation of the genes
identified under positive selection were obtained from
Phytozome (https://phytozome.jgi.doe.gov/pz/portal.ht
ml).

To test the relaxation of selective strength, we used the
RELAX model in the HyPhy v2.5 software (Kosakovsky
Pond et al. 2020; Wertheim et al. 2015). The RELAX
model determines the proportion of sites in the test
(foreground) and reference (background) branches using
a branch-site model. Essentially, RELAX estimates three
® (dN/dS) parameters (w0<wl<1<w2). The first two ®
classifications indicate that sites have undergone purify-
ing selection and the third classification indicates that
sites have been under positive selection. Subsequently,
the model introduces a selection intensity parameter (K
value) to compare a null model (K= 1) with an alternative
model, thereby assessing the strength of natural selec-
tion. When K<1, indicates relaxed purifying selection
in the test branch relative to the reference branch. We
quantified the statistical confidence of K value (P<0.05)
using LRTs.
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