L)

Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

EVOLUTIONARY BIOLOGY

Repeated independent origins of the placenta reveal
convergent and divergent organ evolution within a

single fish family (Poeciliidae)

Diego Safian’'>3*, Marwa Ahmed'-?, Henri van Kruistum'#, Andrew I. Furness>, David N. Reznick®,

Geert F. Wiegertjes?, Bart J.A. Pollux'*

An outstanding question in biology is to what extent convergent evolution produces similar, but not necessarily
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identical, complex phenotypic solutions. The placenta is a complex organ that repeatedly evolved in the live-
bearing fish family Poeciliidae. Here, we apply comparative approaches to test whether evolution has produced
similar or different placental phenotypes in the Poeciliidae and to what extent these phenotypes correlate with
convergence at the molecular level. We show the existence of two placental phenotypes characterized by dis-
tinctly different anatomical adaptations (divergent evolution). Furthermore, each placental phenotype indepen-
dently evolved multiple times across the family, providing evidence for repeated convergence. Moreover, our
comparative genomic analysis revealed that the genomes of species with different placentas are evolving at a
different pace. Last, we show that the two placental phenotypes correlate with two previously described con-
trasting life-history optima. Our results argue for high evolvability (both divergent and convergent) of the pla-

centa within a group of closely related species in a single family.

INTRODUCTION

Phenotypic convergence, the repeated evolution of similar traits in
phylogenetically independent lineages, is of interest to evolutionary
biologists because of the opportunity it offers to study evolutionary
processes (1, 2). Cases of convergent evolution are generally thought
to arise in response to similar selective pressures driving similar ad-
aptations in different lineages. They represent compelling natural
evidence of adaptive evolution by natural selection and signals of
repeatability in evolution (3—7). Examples of convergent evolution
include the cranial shape of extinct marsupial thylacines and mam-
malian canids that evolved as an adaptation to carnivorous feeding
(8, 9) and the hydrodynamic body shape in fishes (sharks), reptiles
(ichthyosaurs), birds (penguins), and mammals (dolphins) that
evolved in response to life in aquatic environments (10-12).
However, what we can learn about the repeatability of evolution
from lineages that diverged hundreds of millions of years (Ma)
ago is somewhat limited because distantly related species often
differ greatly in many aspects other than the convergent trait of in-
terest, including genomic architecture, developmental programs,
morphology, physiology, and ecology. Because there may be no as-
sociation between phylogenetic proximity and the genetic basis of
similar phenotypes (13-15), there are benefits to studying pheno-
typic convergence and its repeatability in a group of closely
related species in which the novel trait of interest recently evolved
multiple times independently.
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The fish family Poeciliidae (order Cyprinodontiformes) offers a
unique opportunity to study convergent evolution because here a
complex organ, the placenta, has evolved repeatedly in a group of
closely related species. All but one species in this family bear live
young (16, 17), which means that the eggs are internally fertilized
and embryos develop inside the female until birth (18). Most species
in this family fully provision eggs with yolk before fertilization (lec-
ithotrophic viviparity). Some species evolved the ability to continue
to provision embryos during pregnancy via a placenta (matrotro-
phic viviparity) (19, 20). The level of post-fertilization maternal pro-
visioning is represented by the matrotrophy index (MI), which
quantifies how much dry weight an embryo gains from fertilization
to birth (18). Lecithotrophic species produce large eggs that use yolk
reserves as the embryo develops, resulting in MI indices of less than
one, because they lose weight during development. In contrast, pla-
cental females produce smaller eggs, and embryos gain weight after
fertilization as the female provides nutrients to the developing
embryos (MI > 1). The differences between lecithotrophic (nonpla-
cental) and matrotrophic (placental) livebearing fishes are manifest-
ed morphologically at the maternal-fetal interface, with placental
species having evolved specialized anatomical adaptations to
support embryo development during pregnancy. The maternal fol-
licular wall (MFW) that surrounds each embryo (present in both
lecithotrophic and matrotrophic species) has become hypertro-
phied and vascularized in placental lineages (21-24). Moreover,
the embryos of placental species often have highly vascularized em-
bryonic structures in the yolk sac, pericardial sac, and/or embryonic
epithelium (25-27). Together, these specialized maternal and em-
bryonic tissues form the placenta, with more complex placentas pre-
sumably allowing for more intimate physiological maternal-fetal
interactions (e.g., exchange of nutrients, gasses, and waste products)
throughout pregnancy. Phylogenetic and ancestral state reconstruc-
tion using more than 100 species in the family Poeciliidae revealed
that the common poeciliid ancestor likely lacked placentotrophy
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and that the placenta evolved independently at least nine times in
different lineages (20, 28, 29). These independent origins of the pla-
centa appear in six different genera: once in Xenodexia, Phallopty-
chus, Phalloceros, and Heterandria; twice in the genus Poecilia; and
three times within the genus Poeciliopsis (29).

Despite important efforts devoted to understanding why (30-38)
and how (39-42) the placenta evolved repeatedly in this family, it is
still unclear whether the independent evolutionary origins led to
organs with similar morphological phenotypes and genomic signa-
tures resulting from similar evolutionary modification to the devel-
opmental and molecular pathways. We recently found some
evidence for two contrasting life-history strategies in placental po-
eciliids: one represented by small-bodied species that have fast life
histories, and the other by large-bodied species with slow life histo-
ries (36). We hypothesized that these life-history strategies might be
correlated with diversity in placental structures. In the present
study, we investigated to what extent (i) evolution has produced
similar (convergent evolution) or different (divergent evolution)
placental phenotypes in the Poeciliidae, (ii) the evolution of differ-
ent placental phenotypes is repeatable, and (iii) evolution of placen-
tal phenotypes is associated with parallel or alternative changes at
the genomic level.

RESULTS

Morphological analysis reveals two types of placenta in the
fish family Poeciliidae

We compared placental tissues [i.e., MFW and yolk-pericardial sac
(YPS)] in species from six independent placental lineages. All
studied species (Fig. 1) had a highly vascularized MFW (maternal
part of the placenta) and YPS (embryonic part of the placenta),
while vascularization was reduced in the embryonic dermis and epi-
dermis (fig. S1). On the basis of the morphological details of the
MFW and YPS, we identified two distinctly different types of pla-
centas in the Poeciliidae.

One type (hereafter referred to as the "villous placenta”) was
characterized by the presence of an MFW with elongated villus-
like structures supported by simple connective tissue (Fig. 2 and
fig. S2), while the embryonic part was formed by a reduced layer
of mesothelium tissue. This placental morphology was found in
four of the eight studied placental species: in the southern clade
of the genus Poeciliopsis (represented by Poeciliopsis turneri and Po-
eciliopsis presidionis) and in the subgenus Aulophallus of the genus
Poeciliopsis  (i.e., Poeciliopsis retropinna and Poeciliopsis
paucimaculata).

The other type of placenta (hereafter referred to as the “smooth
placenta”) was found in the other four placental species: Poeciliopsis
prolifica, Phalloptychus januarius, Heterandria formosa, and Poeci-
lia (subgenus Micropoecilia) bifurca. The placenta in these species
showed a MFW that lacked elongated villus-like structures, while
the YPS displayed an outer surface layer of mesothelium supported
by abundant embryonic blood vessels underlying connective
tissue (Fig. 2).

Because pregnancy is a dynamic process, we evaluated temporal
changes in the thickness of the MFW and YPS by comparing three
developmental stages (early, mid, and late). We found that in species
with a villous placenta (i.e., P. turneri, P. presidionis, P. retropinna,
and P. paucimaculata), the MFW was consistently thicker than the
YPS at all three developmental stages (Fig. 3, A to D). On the
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contrary, species with a smooth placenta (i.e., P. prolifica, P. januar-
ius, P. bifurca, and H. formosa) tended to show a thinner MFW and
thicker YPS across developmental stages (Fig. 3, E to H). When
comparing the MFW and YPS across species, we found that all
species with villous placenta showed a thicker MFW (58.7 to
101.5 um) while exhibiting a thinner YPS (8.5 to 14.5 um) (Fig. 3,
Iand]), resulting in an MFW/YPS ratio that was consistently higher
than 1 (Fig 3K). In contrast, species with smooth placenta showed a
thinner MFW (8.1 to 21.4 pm) and a thicker YPS (14.7 to 29.2 pm)
(Fig. 3, I'and J), leading to an MFW/YPS ratio that was consistently
lower than 1 (Fig 3K). These differences in the thickness of MFW
and YPS between placental types were further supported when these
values were corrected by the female standard length (fig. S3, A
and B).

The degree of placentotrophy is associated with the
evolution of the maternal part of the placenta, but not with
the embryonic part of the placenta

To test for associations between aspects of the morphology of
"villous” and “smooth” placentas and the level of maternal provi-
sioning, we performed phylogenetic regressions between the thick-
ness of the MFW and YPS or their ratio and the MI. We first tested
for a relationship between MFW and MI using species that represent
the full range of maternal provisioning across the family (i.e.,
ranging from lecithotrophic to highly matrotrophic). Phylogenetic
generalized least square (PGLS) analysis revealed a significant pos-
itive relationship between MFW and M1, with lecithotrophic species
having a significantly thinner MFW than placental species
(Fig. 4A). Next, we implemented PGLS analyses to test whether
the MFW differed among species with a villous and smooth placen-
ta while accounting for MI. We found that the two placental types
significantly differed in MFW: For any given value of MI, species
with a villous placenta had a thicker MFW than those with a
smooth placenta (P < 0.001; Fig. 4B and fig. S4A). We then tested
whether the YPS differed among species with a villous and smooth
placenta and found that the two placenta types did not significantly
differ in YPS and that YPS did not significantly increase with a
higher MI (although a positive trend was apparent for species
with “smooth placentas”; Fig. 4C and fig. S4B). However, an asso-
ciation between these variables should not be discarded in further
studies including more species. Last, we tested whether the MFW/
YPS ratio differed between species with a villous and smooth pla-
centa. We found that the two placental types significantly differed
in this ratio and that, for any given value of MI, species with a villous
placenta had a substantially higher MFW/YPS ratio compared to
species with a smooth placenta (Fig. 4D). This latter result was
driven by the substantially thicker MFW in species with a villous
placenta, as the YPS did not differ between placental types.

The evolution of different placental structures is
accompanied by changes in the rate of evolution in genes
associated with blood vessel formation and metabolism

We tested for differences in the relative evolutionary rate of 14,322
sets of orthologous genes between species with a villous placenta (P.
retropinna, P. paucimaculata, P. turneri, and P. presidionis) and
species with a smooth placenta (H. formosa, P. bifurca, P. januarius,
and P. prolifica). When testing for the hypothesis that genes show
accelerated evolution in species with a villous placenta relative to
species with a smooth placenta, we found an overrepresentation
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Fig. 1. Phylogeny of 26 species from the family Poeciliidae. Placental lineages
are highlighted in blue lines. The tree was obtained from Kruistum et al. (42).

of low P values in the resulting distribution (Fig. 5A and fig. S5).
This suggests that a larger than expected set of genes evolves
more quickly in species with a villous placenta than in species
with a smooth placenta. For the opposite hypothesis, we did not
find a skew toward low P values, but, instead, we found a reverse
result (Fig. 5B and fig. S5). This shows that not more genes than
expected by chance evolve faster in species with a smooth placenta
than in species with a villous placenta.

Our Gene Ontology (GO) enrichment analysis using the top 100
most significant genes with accelerated evolution in species with
villous placenta (table S5) revealed an overrepresentation of genes
associated with blood vessel formation and endothelial cell regula-
tion (Fig. 5, C and D, and fig. S6). Moreover, several GO terms
related to metabolic processes were also ranked among the most sig-
nificant terms (Fig. 5, C and D, and fig. S6).

Species with different placental types diverge in their life
histories

Previously, we proposed that there may be two phenotypic adaptive
peaks associated with placentation in the fish family Poeciliidae: one
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represented by large-bodied species that have few but relatively large
offspring at birth, and the second by small-bodied species with
many but relatively small offspring at birth (36). To assess
whether the two placental types are correlated with different life his-
tories, we tested for associations between life-history traits (i.e.,
female standard length, offspring size at birth, and number of
embryos) and reproductive mode. For the latter, we included
species with villous and smooth placentas plus lecithotrophic
species for which we previously gathered life-history data (138 lec-
ithotrophic species) (36). The PGLS showed that reproductive strat-
egy had a significant effect on female standard length (Fig. 6A) and
offspring size at birth (Fig. 6B). Females from species with a villous
placenta are significantly larger than females from species with a
smooth placenta (Fig. 6A). Moreover, species with a villous placenta
give birth to the largest offspring, species with a smooth placenta
give birth the smallest offspring, and lecithotrophic species give
birth to offspring with an intermediate size (Fig. 6B). Last, we did
not find differences in the number of embryos between the three
reproductive strategies (Fig. 6C). Given that we identified differenc-
es in female size as a function of reproductive mode and the general
association between female size and life-history traits, we then
tested whether species with different reproductive strategies (i.e.,
lecithotrophy, smooth placenta, and villous placenta) differed in
offspring size at birth and the number of embryos when accounting
for female standard length (Fig. 6, D and E). We found that when
accounting for female standard length, species with villous placenta
have the largest offspring at birth but the lowest number of embryos,
while species with a smooth placenta have smaller offspring at birth
but a higher number of embryos (Fig. 6, D and E).

DISCUSSION

Morphological divergence in the MFW between

placental types

Our comparative study includes eight species from six independent
placental lineages within the family Poeciliidae. We identified two
types of placentas that significantly differ in morphology. Each
evolved multiple times independently across the family tree. The
villous placenta, found in two placental lineages, is characterized
by a relatively complex thick MFW with many elongated villi and
a relatively thin/simple YPS (MFW/YPS ratio > 1). In contrast,
the smooth placenta, observed in four of the six studied placental
lineages, is characterized by a relatively simple thin MFW and a
thick YPS that exhibits an outer surface layer of mesothelial cells
upon abundant embryonic blood vessels. This is reflected by an
MFW/YPS ratio < 1.

The MFW of species with a villous placenta (i.e., P. retropinna, P.
paucimaculata, P. turneri, and P. presidionis) shows classical fea-
tures typically associated with a fish placenta, i.e., a thick follicle
wall with dense villus-like structures. Notably, the elongated villus
structure found in the MFW of the villous placenta resembles the
microvilli organization previously described in P. prolifica (23)
and H. formosa (23, 25). Nevertheless, the length of the villus struc-
ture (~86 pm) is >2 orders of magnitude greater than the length of
the microvilli (~0.85 pum), indicating that while both structures
might exercise similar functions (facilitation of nutrient delivery
and increasing surface area), their competence to do so likely differs.

In contrast to the villous placenta, the MFW of the smooth pla-
centa (i.e., P. prolifica, P. bifurca, H. formosa, and P. januarius) is
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Fig. 2. Morphology of villous and smooth placentas of eight poeciliid species representing six independent origins of the placenta in the family Poeciliidae. (A)
MFW and the YPS show important morphological diversity among the six placental lineages. P. turneri, P. presidionis, P. retropinna, and P. paucimaculata have a villous
placenta, whereas P. prolifica, H. formosa, P. bifurca, and P. januarius have a smooth placenta. Please note that the morphology of P. presidionis (placental sister species of P.
turneri) and P. paucimaculata (placental sister species of P. retropinna) is given in fig. S2). ML, mesenchymal layer; Bv, blood vessel; Ery, erythrocyte; Mbv, maternal blood
vessel; Ebv, embryonic blood vessel; MeC, mesothelial cells. (B) Schematic representation of the anatomical differences between the two types of placentas: Species with
a villous placenta have a MFW (maternal part of the placenta) with elongated villus-like structures (EVSs) and a YPS (embryonic part of the placenta) that consists of a
reduced mesothelium layer, while species with a smooth placenta lack elongated villus-like structures on their MFW and have a more developed YPS that consists of a
thicker mesothelium layer of cells supported by abundant embryonic blood vessels underlying the connective tissue.
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Fig. 3. Comparative analyses of placental morphology at different developmental stages in eight placental species from six independent origins of the pla-
centa in the family Poeciliidae. (A to H) Thickness of the MFW and YPS at three embryonic stages (early, mid, and late developmental stage) remains relatively stable
within each species; there is a species-specific increase in the thickness of the MFW between early and mid embryo stages in P. turneri and a reduction in thickness of the
MFW between early and mid embryo stages in P. januarius and H. formosa. Different letters indicate significant differences (P < 0.05) across developmental stages within
each species in the MFW and YPS, respectively. Asterisks represent statistical differences (P < 0.05) between the tissues (i.e, MFW and YPS) at a specific developmental
stage within each species. Bars represent SEs. (I to K) Comparisons of (1) the thickness of the MFW, (J) the YPS, and (K) the ratio of MFW/YPS among species at all embryonic
stages. The analyses reveal two types of placental morphology: Species with a villous placenta (P. turneri, P. presidionis, P. retropinna, and P. paucimaculata) have a thicker
MFW and thinner YPS, resulting in an MFW/YPS ratio > 1, while species with a smooth placenta (P. prolifica, P. bifurca, P. januarius, and H. formosa) have a thinner MFW and
thicker YPS, leading to an MFW/YPS ratio < 1. Different letters indicate significant differences (P < 0.05) among species. The dotted line in (K) represents a ratio equal to 1.

relatively simple, being thin and lacking elongated villus-like struc-
tures. Olivera-Tlahuel et al. (23), using electron microscopy, found
microvilli in the MFW of P. prolifica and H. formosa, a feature that
we were not able to capture using light microscopy. It is, therefore,
possible that the presence of microvilli in the MFW is another char-
acteristic common in species with smooth placenta. The MFW of
species with a smooth placenta may be relatively simple but is still
more complex (i.e., thicker and with presence of blood vessels) than
the MFW found in nonplacental (lecithotrophic) viviparous species
in the family Poeciliidae (22-24, 41), which is to be expected as lec-
ithotrophic species lack post-fertilization maternal-fetal nutrient

Safian et al., Sci. Adv. 9, eadf3915 (2023) 23 August 2023

provisioning [reflected by a MI value below 0.7 (19, 20)]. Together,
our results suggest that there are at least three levels of complexity in
the MFW within the livebearing family Poeciliidae: one in nonpla-
cental (lecithotrophic) and two levels (the different placenta types)
in placental species.

Morphological divergence in the YPS between

placental types

The evolution of post-fertilization provisioning required not only
adaptations on the mother’s side but also anatomical adaptations
in fetal tissues (i.e., the embryonic part of the placenta) to enable
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Fig. 4. Phylogenetic generalized least squares (PGLS) analyses between the thickness of the MFW, YPS or their ratio and the Ml within the family Poeciliidae. (A)
Comparison of the MFW of poeciliid species (ranging from lecithotrophic to highly matrotrophic; table S2) reveals a significant positive relationship between thickness of
the MFW and MI. (B) The thickness of the MFW shows a positive association with Ml in species with both a villous (blue dashed line; P < 0.001) and a smooth placenta
(green dashed line; P < 0.001). Moreover, for any given value of MI, species with a villous placenta have a significantly thicker MFW than those with a smooth placenta (P <
0.001). (C) Thickness of YPS does not differ significantly between species with a villous placenta and smooth placenta nor shows a statistically significant relationship with
MI (P > 0.05). Note that the green and blue dashed lines are from the best fitting PGLS model including the interaction between Ml and placenta type; these lines are
included for illustration purposes only, as all terms in the model except intercept were nonsignificant (P > 0.05). (D) MFW/YPS ratio in the villous placenta (blue dashed
line) is significantly higher (P < 0.001) than in the smooth placenta (green dashed line), while there is no significant association with Ml (P > 0.05).

nutrient acquisition by the embryo (25-27). Our comparative ana-
tomical study reveals a general embryonic anatomy that is consis-
tently similar among all placental species regardless of placental
type, i.e., the embryos of all species evolved hypervascularized peri-
cardial and yolk sacs, while the embryonic dermis and epidermis
were not vascularized. Our results, combined with the fact that
the embryonic epithelium is also present in nonplacental livebear-
ing species (26), support the idea that pericardial and yolk sacs are
the primary embryonic structures involved in the physiological ex-
change during maternal provisioning.

Although the thickness of the YPS did not differ greatly between
species with villous and smooth placentas, these results will need
further validation using more species with different placentas.
Still, we identified two clear differences that likely affect their nutri-
ent transfer efficiency from mother to fetus: (i) The YPS of the
villous placenta is highly vascularized, while (ii) the YPS of the
smooth placenta is also highly vascularized but, in addition, devel-
ops blood vessels that are located directly under the layer of meso-
thelial cells. Notably, mesothelial cells have been linked to improved
nutrient acquisition in the yolk sac of primates, a key process to
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support embryo survival and growth between fertilization and the
onset of placental function (43). Nutrients are absorbed in the yolk
sac by the outer surface layer of the mesothelium and are then trans-
ported into surrounding embryonic blood vessels (44). The thick-
ness of YPS and MI increases in synchrony only in species with a
smooth placenta. These findings suggest that the presence of meso-
thelium and more blood vessels in the YPS of species with the
smooth placenta likely enhances nutrient absorptive capacity.

Distinctive genomic changes between placental types

To test whether the two placental types that evolved within this
family are associated with genomic differences, we compared the
whole genomes of our study species (42). We identified a shift in
the rate of gene evolution between the two placental types, with
genes evolving significantly faster in species with a villous placenta
than in species with a smooth placenta. The repeated evolution of
each of the two types of placentas thus appears to be associated with
genomic differences between them. The villous placenta is the rel-
atively more morphologically complex placenta, typically having a
thicker follicle wall with dense villous-like structures, suggesting
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Fig. 5. Analysis of evolutionary rate in the genome of species with different types of placenta. (A) Distribution of P values for the test assessing that the relative
evolutionary rate is significantly greater in poeciliid species with a villous placenta than in species with a smooth placenta (P = 3.56 x 107, Kolmogorov-Smirnov test). (B)
Distribution of P values for the test assessing that the relative evolutionary rate is significantly greater in poeciliid species with a smooth placenta than in species with a
villous placenta (P = 1.39x 10'®, Kolmogorov-Smirnov test). The same test with phenotypes shuffled randomly is shown in gray bars in (A) and (B). Tests were performed
on 14,322 sets of orthologous genes obtained from Kruistum et al. (42). (C and D) GO enrichment analysis for the top 100 genes evolving faster in species with villous
placenta. The top 15 terms for biological process (C) and top 7 terms for molecular function (D) are shown with their respective enrichment score [-log; (P value)], which
are ranked from the most significant (blue circles) to the least significant (green circles). Circle size (gene_ratio) represents the proportion of high evolving genes per total
annotated genes in a GO term. Dashed line represents P = 0.05, while solid line represents P = 0.01. JNK, c-Jun N-terminal kinase; snRNA, small nuclear RNA; snRNP, small

nuclear ribonucleoprotein; MAP, mitogen-activated protein.

that a higher morphological complexity is driven by a faster molec-
ular rate evolution. Most of the fast-evolving genes in species with a
villous placenta are associated with the formation of blood vessels
and metabolic pathways, suggesting that these biological processes
are under selection in more complex placentas. In line with this, our
previous analysis of 26 poeciliid genomes revealed accelerated evo-
lution in genes associated with metabolic transport and vesicle
functioning in placental over nonplacental poeciliids (42).

Studies have shown that functionally similar complex structures
or organs can result from convergent (45, 46) or divergent (47, 48)
genomic changes. Our study shows the repeated occurrence of both
divergent and convergent evolution of a complex organ (the placen-
ta) in a single family (Poeciliidae).

Safian et al., Sci. Adv. 9, eadf3915 (2023) 23 August 2023

Life-history divergence between placental types

In a previous study, we argued that there may be two phenotypic
adaptive peaks, corresponding to two selective optima, associated
with placentation in the fish family Poeciliidae: one represented
by small-bodied species that have fast life histories, and the
second by large-bodied species with slow life histories (36). Here,
we extend this hypothesis by arguing that these two contrasting
life-history strategies may be associated with the evolution of two
distinctly different placental types. The villous placenta evolved in
the largest species (P. retropinna, P. paucimaculata, P. presidionis,
and P. turneri), which typically produce few but relatively large off-
spring at birth. It is possible that in these species, the thicker MFW
facilitates maternal-fetal physiological exchange, enabling the
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Fig. 6. PGLS analyses of poeciliid life histories as a function of placenta type. In the top row, raw data plotted for (A) female standard length, (B) offspring size at birth,
and (C) number of embryos, with species categorized as villous placenta, smooth placenta, or lecithotrophic. Different letters in (A) to (C) indicate statistical differences (P
< 0.05) between groups. (D) Species with a villous placenta (blue dashed line) have significantly larger offspring relative to those with a smooth placenta (green dashed
line) while accounting for female standard length (P < 0.001). (E) Conversely, species with a smooth placenta (green dashed line) produce significantly more embryos than
species with villous placenta (blue dashed line) while accounting for female standard length (P < 0.05).

mother to invest more in each individual offspring via an improved
nutrient transfer. By contrast, species with a smooth placenta
evolved in the smallest species with the fastest life histories (P. pro-
lifica, H. formosa, P. bifurca, and P. januarius) characterized by a
small adult body size, high fecundity, and relatively small offspring
size at birth. For P. prolifica (smooth placenta) versus P. presidionis/
P. turneri (villous placenta), we also know that P. prolifica is younger
at maturity (33). Here, a relatively simple placenta may be sufficient
to transfer the lower required quantities of resources to each of the
developing offspring during gestation. The finding that the villous
and smooth placentas are associated with these different life-history
traits provides further compelling evidence for the repeated evolu-
tion of two different placental types in the Poeciliidae.

In this study, we show the occurrence of both divergent and con-
vergent evolution of a novel complex organ in a single fish family
(Poeciliidae). The evolution of two distinctly different placental
types (villous versus smooth placenta) indicates the occurrence of
divergent evolution in the family. Moreover, the finding that each
placental type independently evolved multiple times across the
family (the villous placenta at least two times and smooth placenta
at least four times) provides evidence for the repeated convergent

Safian et al., Sci. Adv. 9, eadf3915 (2023) 23 August 2023

evolution of each type. These findings are supported by three
lines of evidence: First, the two placental types are associated with
distinctly different anatomical adaptations for maternal-fetal nutri-
ent transfer, leading to differences in the complexity of the maternal
versus embryonic parts of the placenta (morphological evidence).
Second, the genomes of species with different placental phenotypes
are evolving at a different pace, with genes associated with blood
vessel formation and metabolic processes evolving significantly
faster in species with a more complex villous placenta than in
species with smooth placenta (molecular evidence). Third, the
two placental types are associated with different life-history traits:
The villous placenta is linked with a slow life-history with females
producing a few large offspring, while a smooth placenta is associ-
ated with a fast life-history with females producing many small off-
spring (life-history evidence). Prior studies have shown that the
poeciliid placenta evolved in a relatively short period of time
(~2.3 to 0.75 Ma ago) (20, 49), arguing for a high “evolvability” of
this organ. The fact that both placental types (villous versus smooth)
evolved multiple times across different lineages suggests that they
may be the result of adaptation to dissimilar conditions, likely mod-
ulating molecular pathways and/or underlying developmental
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constraints. Our study provides evidence of great flexibility in the
evolutionary trajectories (both divergent and convergent) of a
complex organ in a group of closely related species within a
single family.

METHODS

Study species

We studied the genome and morphology of follicles and embryos
from eight poeciliid species representing six of nine independent
origins of the placenta in this family (Fig. 1) (29). These include
P. januarius, H. formosa, P. (subgenus Micropoecilia) bifurca (rep-
resenting one of two independent placental origins within the genus
Poecilia), P. prolifica, P. retropinna, P. paucimaculata, P. turneri, and
P. presidionis (table S1). P. prolifica represents one of the three
origins of placentation in this genus. P. retropinna and P. paucima-
culata represent the second origin. P. turneri and P. presidionis are
sister taxa that represent the third origin. The species were obtained
from stocks maintained at Wageningen University (The Nether-
lands) and the University of California Riverside (USA). All proce-
dures were approved by the Animal Ethics Committee of
Wageningen University (The Netherlands) and Research and the
University of California Riverside (USA).

Tissue processing and imaging

After an overdose of the anesthetic tricaine methanesulphonate
(MS-222), whole pregnant females or freshly dissected ovaries
were fixed in 4% paraformaldehyde for at least 14 days. P. retropinna
and P. paucimaculata females were first stored in 70% EtOH after
capture from wild populations in Costa Rica. All ovaries were
washed in water, dehydrated in graded ethanol (70, 80, 90, 96,
and 100%), embedded in paraffin, cleared in xylene, and sectioned
at a thickness of 5 um in a longitudinal plane. Sections were then
stained with hematoxylin and eosin and photographed using an
upright DM6 B microscope (Leica) with Leica Application Suite
X (LAS X) software (version 3.7.4.23463). To measure placental
structures (see the "Morphological analysis of placental structures”
section), the entire section was scanned at X200 magnification with
a digital camera, while details of the placental tissues were taken
using x400 magnification.

Morphological analysis of placental structures

Placentas are composed of closely apposed maternal and fetal
tissues. In livebearing fishes, the maternal part of the placenta is
formed by the MFW. The embryonic part consists of various struc-
tures that may be adapted for physiological exchange, i.e., the yolk
sac, pericardial membranes, and/or microvillous embryonic epithe-
lium (25, 27). We found that the yolk sac and pericardial mem-
branes are both highly vascularized; however, the embryonic
epithelium is not (fig. S1). The presence of microvillii in embryonic
epithelium has furthermore been shown to occur in both placental
and nonplacental lineages (26). Therefore, we considered the yolk
sac and pericardial membranes (hereafter referred to as the YPS)
as the embryonic part of the placenta.

To quantify the thickness of placental structures, we randomly
selected nonoverlapping regions of the MFW (15 regions) or YPS
(10 regions) per placenta. Using ImageJ (version 2.3.0/1.53f, Na-
tional Institutes of Health, Bethesda, MD, USA; http://rsbweb.nih.
gov/ij) (50), the MFW was measured from the distal part of the
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epithelium to the underlying connective tissues, while the YPS
was measured from the connective tissue or mesothelial cells to
the internal blood vessels. In addition, we studied three embryonic
developmental stages (early, mid, and late based on the presence of
embryonic structures and size; fig. S1). For P. paucimaculata,
embryos of only two of the three stages (mid and late) were obtained
from the pregnant females. To avoid analyzing the same embryo
more than once, the placental structures of all embryos present in
a single scanned section per ovary were analyzed.

To test for differences in the thickness of the MFW and YPS
among developmental stages and among species, we implemented
general linear mixed models using Ime4 (v. 1.1.27.1) (51), perfor-
mance (v. 0.7.3) (52) and emmeans (v. 1.6.3.9900002) (53) in R v.
4.0.4 (54). We performed two separate analyses: (i) To detect poten-
tial differences among developmental states within species, we in-
cluded developmental stage (three levels: early, mid, and late
stage) as a fixed effect, female as a random effect, and thickness
of placental structures (in the MFW or YPS, respectively) as the re-
sponse variable; (ii) to perform a cross-species comparison, species
were set as fixed effects, female as a random effect, and thickness of
placental structures (in the MFW or YPS, respectively) as the re-
sponse variable. To control for the possible effect of female size,
we performed separate analyses using the raw thickness data cor-
rected by female length (thickness of MFW or YPS/mean female
length), using the female length of each species reported by
Furness et al. (36).

To test for an association between the thickness of the tissues
forming the placenta (i.e., MFW and YPS) and the MI, we imple-
mented PGLS analyses using the R package Caper (v. 1.0.1) (55).
Caper estimates model parameters and lambda (phylogenetic
signal) using maximum likelihood. We used Reznick et al.'s (56)
well-resolved time tree of the family Poeciliidae to implement the
PGLS analyses. We trimmed the tree to only include the species
of interest using the function drop.tip in the R package Ape (v.
5.5) (57). The MI for each species was obtained from Pollux
et al. (19).

We first tested for a relationship between MFW and MI. For this
analysis, we included additional MFW data for eight lecithotrophic
species and four additional previous measurements in matrotrophic
species, available in the literature (table S2). Additional YPS data
were unavailable, so PGLS analyses examining the relationship
between YPS and MI, as well as the relationship between MFW/
YPS and MI, were limited to the eight placental species for which
we gathered the primary data.

Our morphological analysis revealed the presence of at least two
placental conformations across the eight species from the six inde-
pendent lineages studied. These two placental types differed in the
complexity of the maternal and embryonic parts forming this organ
(i.e., MFW and YPS). We, therefore, tested whether MFW, YPS, or
the ratio MFW/YPS differed as a function of placental type (villous
and smooth) and the MI. For each dependent variable (MFW, YPS,
and MFW/YPS), we fit three models: (i) one that only included the
MI, (ii) one that included the MI and placental type, and (iii) one
that included the interaction of MI and placental type. The best
model was chosen according to the Akaike information criterion
(AIC), selecting the model with the lowest AIC (table S3).
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Analysis of life-history traits

To test for an association between placenta type and life-history
traits, we implemented PGLS analyses, as described above. For
these analyses, we included previously published data on female
standard length, offspring size at birth, and number of embryos
for our eight placental species (four species with villous placenta
and four species with smooth placenta) and for 138 lecithotrophic
species (table S4) (36), allowing us to cover the entire reproductive
spectrum within this fish family (from lecithotrophic to highly ma-
trotrophic species).

We first tested whether female standard length, offspring size at
birth, and number of embryos differed among species with a villous
placenta, smooth placenta, and no placenta (i.e., lecithotrophic
species). To statistically compare each dependent variable (female
standard length, offspring size at birth, and number of embryos),
we fit simple PGLS models that included only reproductive mode
as the independent variable. Each PGLS model was run treating
villous placenta, smooth placenta, and lecithotrophic as the refer-
ence level, which amounts to a post hoc comparison among groups.

Given that we found differences in female standard length
among species with a villous placenta and smooth placenta, and
the general association between female size and life-history traits,
we then tested whether offspring size at birth and number of
embryos differed as a function of reproductive mode (villous pla-
centa, smooth placenta, and lecithotrophy) while accounting for
female standard length. We fit four PGLS models: (i) one that in-
cluded only female standard length, (ii) one that only included pla-
cental type (villous placenta, smooth placenta, and lecithotrophic
species), (iii) one that included female standard length and placental
type, and (iv) one that included the interaction of female standard
length and placental type. The best model was chosen on the basis of
the AIC, selecting the model with the lowest AIC (table S3).

Comparative genomics
To study how convergent evolution can drive genomic changes in
closely related species, we performed an evolutionary rate analysis
of the genome of 26 poeciliid species (8 placental and 18 lecithotro-
phic species) (see Fig. 1). We used Kruistum et al.'s. (42) precalcu-
lated table of relative evolutionary rates to perform our evolutionary
rate analysis. First, amino acid alignments of orthologous genes
were made using mafft v7.402 (58). Second, branch lengths were es-
timated for each branch across the reconstructed phylogeny with
the AAML program of the PAML package (59) using an empirical
substitution model (60). Raw branch lengths were transformed into
relative rates using a projection operator method (61). The relative
rates estimate how much faster or slower this gene changed on a
given branch after factoring out the divergence on that branch.
Therefore, this table contains the mutation rate of each gene
across each branch in the poeciliid phylogeny, normalized for
both gene- and branch-specific evolutionary rates (45) for 14,322
sets of orthologous genes. The resulting relative evolutionary rate
resembles the deviation from the expected evolutionary rate given
gene- and branch-specific averages, so that a relative evolutionary
rate greater than 0 means a faster than expected evolutionary rate
in the given branch, while a relative evolutionary rate lesser than
0 means a slower than expected rate of evolution.

We hypothesized that species with a seemingly morphologically
more complex villous placenta would present a faster evolutionary
rate than species with a smooth placenta. Therefore, we first tested
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the hypothesis that (i) the relative evolutionary rate is greater in phy-
logenetic branches leading to species with a villous placenta than in
branches leading to species with a smooth placenta. To do so, a
Mann-Whitney U test was performed for each set of orthologous
genes. Then, a null hypothesis was developed by performing the
same tests, but between randomly selected phylogenetic branches,
to test whether more genes than expected show a faster evolutionary
rate in species with villous placenta. To further support our finding,
we second tested whether (ii) the relative evolutionary rate is greater
in phylogenetic branches leading to species with a smooth placenta
than in branches leading to species with a villous placenta using the
same approach and null hypothesis. Then, the resulting P value dis-
tributions of both hypotheses (i and ii) were compared to the P
value distribution of the control analysis using a Kolmogorov-
Smirnov test. While this analysis informs about differences in the
rate of evolution among lineages, it does not distinguish between
higher rates of adaptation versus relaxation of selective constraints.

To functionally annotate the genes that are differentially evolving
faster in species with a villous placenta over species with a smooth
placenta, we conducted a GO enrichment analysis with the top 100
genes that were significant (table S5). Enriched GO terms associated
with biological processes and molecular functions were determined
using the weight01 algorithm and the Fisher's test in the R package
topGO (62). GO gene sets with at least three annotated genes for
Poecilia reticulata were retrieved from Ensemble (www.ensembl.
org) using the R package biomaRt (63, 64).

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Table S1 to S5
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