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Abstract

The evolutionary origin of complex organs challenges empirical study because most organs evolved hundreds of millions
of years ago. The placenta of live-bearing fish in the family Poeciliidae represents a unique opportunity to study the
evolutionary origin of complex organs, because in this family a placenta evolved at least nine times independently. It is
currently unknown whether this repeated evolution is accompanied by similar, repeated, genomic changes in placental
species. Here, we compare whole genomes of 26 poeciliid species representing six out of nine independent origins of
placentation. Evolutionary rate analysis revealed that the evolution of the placenta coincides with convergent shifts in the
evolutionary rate of 78 protein-coding genes, mainly observed in transporter- and vesicle-located genes. Furthermore,
differences in sequence conservation showed that placental evolution coincided with similar changes in 76 noncoding
regulatory elements, occurring primarily around genes that regulate development. The unexpected high occurrence of
GATA simple repeats in the regulatory elements suggests an important function for GATA repeats in developmental gene
regulation. The distinction in molecular evolution observed, with protein-coding parallel changes more often found in
metabolic and structural pathways, compared with regulatory change more frequently found in developmental path-
ways, offers a compelling model for complex trait evolution in general: changing the regulation of otherwise highly
conserved developmental genes may allow for the evolution of complex traits.
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Introduction
The emergence of complex organs is one of the most signif-
icant phenomena in the evolution of multicellular organisms.
Characterizing the origin of this complexity is a challenge
because we are most often confronted with the end-
products of evolution as they appear in currently living organ-
isms, with little knowledge on intermediate stages. Ultimately,
the development of these organs is encoded in the genome.
This same genome, however, poses a puzzle: while there is
remarkable diversity in vertebrate morphology, the genes that
regulate morphological development tend to be highly con-
served (Gaunt 2002; Hoegg and Meyer 2005).

Over the past decades, developments in genome science
have unraveled details in how cell differentiation, cell signal-
ing, and cell migration shape organisms and their organs
during ontogeny. As the developmental pathways leading
to specific organismal traits are better understood, it is be-
coming clear that organs, especially in vertebrates, are not
only highly conserved in morphology and physiology, but also

in developmental pathways (Farrell et al. 2018). The deep
conservation in developmental pathways deployed once
organs have emerged in evolution, however, does question
the genomic basis of convergence: if structures, such as
organs, develop in parallel in another animal group, is that
mirrored in convergence in underlying molecular pathways,
or is the parallel evolution only superficial, based on different
developmental triggers?

Studies of genomic changes associated with convergent
phenotypic evolution have identified genomic changes in
physiological and structural genes common to convergent
lineages (Foote et al. 2015; Chikina et al. 2016). However,
this alignment of convergent morphology with convergent
changes in the genome does not include the developmental
genes that govern morphology. The absence of the expected
association between developmental genes and phenotypic
evolution may be because evolution has been assessed via
changes in amino acid sequences or copy number, whereas
another cause for morphological evolution could lie in
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changes in the spatiotemporal expression patterns of devel-
opmental gene expression (Carroll 2008; Levin et al. 2016).
Such changes in expression are instead controlled by the
elements that regulate developmental genes.

An excellent model to study convergent evolution of a
complex trait is found in the live-bearing fish family
Poeciliidae. The Poeciliidae are a family of livebearing fish
consisting of around 275 species (Parenti 1981; Van Der
Laan et al. 2014). In this family, a placenta has evolved inde-
pendently at least nine times from a nonplacental ancestor
(Pollux et al. 2009; Furness et al. 2019). The evolution of the
placenta in this family coincides with a shift from pre- to
postfertilization nutrient provisioning to the offspring.
Nonplacental or lecithotrophic species supply nutrients to
their offspring before fertilization in form of egg yolk.
Placental or matrotrophic species supply only a very small
amount of yolk, with the majority of nutrients being supplied
after fertilization by means of their placenta. Furthermore,
species that have a placenta of intermediate complexity are
also present in this family, where nutrients are provided both
before and after fertilization (Jollie and Jollie 1964; Grove and
Wourms 1994; Kwan et al. 2015).

On a morphological level, differences between placental
and nonplacental poeciliid species are found in the follicular
tissue surrounding the embryos. In nonplacental species, a
thin follicle can be observed surrounding the embryos. In
placental species however, this tissue is thicker and has ex-
tensive folds (Jollie and Jollie 1964; Grove and Wourms 1991,
1994; Kwan et al. 2015). Additionally, microvilli and vesicles
can be observed in the follicular tissue of placental species.
The variation in placental complexity can be characterized by
quantifying the degree of postfertilization nutrient provision-
ing to offspring with the Matrotrophy Index (MI) (Reznick
et al. 2002; Pollux et al. 2009). The MI is defined as the embryo
mass at birth divided by the egg mass at fertilization, and is
used as a proxy for placental complexity (Pollux et al. 2009).
Morphological studies have shown that the MI correlates well
with the placental complexity in multiple poeciliid species
(Jollie and Jollie 1964; Grove and Wourms 1994; Kwan et al.
2015).

The placenta in the fish family Poeciliidae allows for a ge-
nomic study of complex trait evolution because of several
reasons. First, the integration of estimates of MI with a DNA-
based phylogeny for the family suggests that the degree of
placentation can evolve very quickly, with estimations based
on molecular data suggesting that a placenta can evolve in as
little as 0.75 My (Reznick et al. 2002). Placenta evolution in the
Poeciliidae is a fairly recent event, with the most recent pla-
centa evolutions in the genus Poeciliopsis being estimated to
have happened<5 Ma (Reznick et al. 2017). Second, in some
cases, species with placentas have closely related sister species
without a placenta, which allows for comparisons between
species that differ in placentation (Reznick et al. 2002; Pollux
et al. 2014), but have very similar genomes in general (van
Kruistum et al. 2020). Third, the multiple independent evo-
lutions of the poeciliid placenta allows investigating genomic
changes between multiple instances of placenta evolution

that happened in parallel, which will increase the reliability
of our results.

Previous studies have identified species-specific genomic
changes in pathways involved in metabolism and develop-
ment in individual placental poeciliids (O’Neill et al. 2007; Jue
et al. 2018; van Kruistum et al. 2019, 2020). However, these
studies did not compare multiple instances of placenta evo-
lution on a genome-wide scale, include closely related non-
placental species, or consider noncoding regions of the
genome. The similar physiological and morphological details
of placentation, and the similarities in intermediary paths
towards placentation, suggest that throughout the
Poeciliidae similar pathways are at the basis of conferring
placentation in all these species. Moreover, the intermediate
stages suggest a quantitative nature of the trait, meaning it is
not expected that a single “switch” gene exists that regulates
this trait. Here, we take advantage of the multiple indepen-
dent placenta evolutions in our study system to test whether
the convergent morphological evolution of the placenta is
reflected in convergent molecular evolution on a genomic
level.

In this study, we use both publicly available and new ge-
nome assemblies to construct a large-scale comparative
framework of genome evolution in the Poeciliidae, consisting
of 26 species, of which eight species have a placenta (fig. 1).
These eight placental species include six independent origins
of placentation. Although it may seem from our data that
independent losses of placentation are also a plausible option
in the genus Poeciliopsis, studies that include more species
from this genus show that the placental species we include do
in fact represent three independent instances of placenta
evolution (Reznick et al. 2002, 2017). By comparing the
genomes of these 26 species, we are able to investigate 1)
which genomic changes are associated with placenta evolu-
tion in the Poeciliidae, 2) whether similar genomic changes
occur in each of the six origins of placentation, and 3)
whether mutation in coding or noncoding genomic regions
are most important for placenta evolution. Our study will
provide new insights in genome evolution during the evolu-
tion of complex traits.

Results

Reconstructing a Molecular Phylogeny
We reconstructed a Maximum Likelihood phylogeny of the
Poeciliidae using a concatenated alignment consisting of 1)
whole mitochondrial genomes acquired from the whole ge-
nome sequencing data and 2) the complete coding sequence
from 1,010 nuclear genes (fig. 1). Because of the difference in
nuclear divergence between mitochondrial and nuclear DNA,
these parts of the data were partitioned separately (supple-
mentary fig. 1, Supplementary Material online). For the same
reason, the three codon positions were also partitioned sep-
arately for both nuclear and mitochondrial genes. The result-
ing phylogeny was used as the basis for subsequent
comparative analyses.

van Kruistum et al. . doi:10.1093/molbev/msab057 MBE

2628

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/38/6/2627/6147023 by Bibliotheek der user on 05 July 2021



Convergent Shifts in Evolutionary Rate for Genes in
Placental Poeciliid Species
To test for the presence of convergent genomic changes in
protein-coding regions, we applied an evolutionary rate analysis
based on the method used by Chikina et al. (2016), modified to
test for correlation between evolutionary rate and the contin-
uous variable MI, instead of testing for a significant difference
between two discrete classes. This analysis tests whether the
relative rate of gene evolution is correlated with the MI across
the phylogeny. The relative evolutionary rate is inferred from the
number of amino acid substitutions across each branch of the
phylogeny for a certain protein-coding gene and is normalized
for branch- as well as gene-specific evolutionary rates (see
Materials and Methods). These relative rates are then tested
for correlation with observed or estimated MI values using
Spearman’s correlation test. Both the observed and estimated
MI values can be found in supplementary table 1,
Supplementary Material online. We created a null distribution
by generating simulated data sets in which the MI values were
randomly assigned to individual branches (orange in fig. 2). We
infer genome-wide convergence in the rate of evolution by

comparing the distribution of P values for the null and observed
distributions. Analysis of the simulated data revealed a uniform
P-value distribution, as expected, when no convergent evolution
is present. However, the results for placental branches were
heavily skewed towards lower P values (fig. 2), indicating that
more genes show a good correlation between MI and evolu-
tionary rate than would be expected by chance (P¼ 1.36e-61,
Kolmogorov–Smirnov test).

After correcting for multiple testing, we identified 78 genes
showing a significantly higher or lower evolutionary rate cor-
related with MI (q-value <0.1, supplementary table 2,
Supplementary Material online). About 76 of these correla-
tions were positive, indicating a higher evolutionary rate in
placental species, and only two genes showed a negative cor-
relation. The near-absence of slowly evolving genes in placen-
tal species may be due to the relatively short branches in the
phylogeny: if the average number of mutations per branch is
already low, the power to identify genes evolving at lower
than average rates may be limited. Because of this, we focused
on genes showing accelerated evolution in placental lineages
for subsequent analyses.

Phalloptychus januarius

Poecilia wingei

Poecilia reticulata

Poecilia picta

Poecilia bifurca

Poecilia latipinna

Poecilia gilii
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FIG. 1. Molecular phylogeny of investigated species. The colors of the branches represent the natural logarithm of the Matrotrophy Index (MI),
either the observed MI for terminal branches or the estimated MI as determined by ancestral trait reconstruction.
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GO enrichment analysis of accelerated genes revealed an
enrichment of genes involved in metabolite transport.
Overrepresented GO terms included “carboxylic acid trans-
port” and “base amino acid transport” (supplementary table
3, Supplementary Material online). For cellular components,
the gene set was enriched in vesicle-located genes.

The slc7a7 gene is an example of a transporter gene show-
ing evidence of accelerated evolution in placental poeciliids.
This gene codes for an amino acid transporter and is involved
in nitric oxide synthesis in human umbilical vein (Arancibia-
Garavilla et al. 2003). Almost all placental poeciliids show a
faster evolutionary rate than expected for this gene, with
Heterandria formosa and Poeciliopsis prolifica showing excep-
tionally high evolutionary rates (fig. 3). These results suggest
that the evolution of the placenta in the Poeciliidae is asso-
ciated with consistent changes in nutrient transport systems.
Four more examples of genes showing evidence of acceler-
ated evolution in placental poeciliids are shown in supple-
mentary figure 3, Supplementary Material online.

To gain more insight in the expression of our candidate
genes in placental tissue, we used a previously published
RNA-seq data set of placental tissue of Poeciliopsis retropinna
to see whether our candidate genes are expressed within
placental tissue of this species (Guernsey et al. 2020). Using
this data set, we could confirm expression of 44 of 78 candi-
date genes (supplementary table 2, Supplementary Material
online). All amino acid transporters in our candidate gene list
show expression in placental tissue of P. retropinna.

Convergent Shifts in Evolutionary Rate Are Not Due to
Positive Selection
We tested the hypothesis that the accelerated evolutionary
rate of our candidate genes was due to positive selection by
quantifying the synonymous to nonsynonymous mutation

ratio (dN/dS, see Materials and Methods). After correction
for multiple testing, five out of 76 placenta-accelerated genes
show evidence of positive selection in at least one branch
leading to a placental species in the form of an elevated dN/
dS mutation ratio (supplementary table 2, Supplementary
Material online). This is not a significantly higher proportion
compared with the genome-wide proportion of genes evolv-
ing under positive selection in at least one of the placental
branches (665 out of 14,468 genes, P¼ 0.41, Fisher’s exact
test). Additionally, evidence for positive selection was only
apparent in one placental branch in the phylogeny for these
five genes. A comparison of dN and dS between phylogenetic
branches leading to placental species and other branches
shows that for the majority of placenta-accelerated genes,
both dN and dS are higher for placental branches than for
other branches (supplementary table 2, Supplementary
Material online). This leads to an increased evolutionary
rate while not necessarily increasing the dN/dS ratio.

Another hypothesis is that positive selection manifests on
other genes than those for which we observe an accelerated
evolutionary rate among placental species, but is still conver-
gent among placental species. To test this hypothesis, we
tested all the 14,468 orthologous gene sets that were previ-
ously identified for positive selection using a branch-site
model (see Materials and Methods), with the phylogenetic
branches leading to six highly placental poeciliids as fore-
ground branches. As a control, we performed the same anal-
ysis using six nonplacental species as foreground branches for
which we do not expect any convergent molecular evolution.
If placental species have more similar genes evolving under
positive selection, the P-value distribution would be skewed
towards lower P values compared with the control group.
However, the placental group did not show an excess of
low P values compared with the control group

FIG. 2. In blue, distribution of P values for the test that the spearman correlation between MI and relative evolutionary rate of each branch is
significantly different from zero. In orange, the same test, but MI values are shuffled randomly across phylogenetic branches.
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(supplementary fig. 4, Supplementary Material online), indi-
cating that convergent placenta evolution does not manifest
in a molecular signal that can be picked up by this test for
positive selection. It seems that the genes evolving under
positive selection show no similarity between different pla-
cental species, whereas changes that are captured by the
evolutionary rate analysis do show a clear sign of convergence.

No Excess of Convergent Amino Acid Substitutions in
Placental Species Compared with Control Groups
If certain amino acid substitutions are necessary for placenta
evolution, these substitutions would have to be observed
across all phylogenetic branches where a placenta has
evolved. We tested whether we could observe an excess of
these convergent substitutions among six placental branches
in the phylogeny in the 14,468 orthologous gene sets that we
have identified across the Poeciliidae. For this, we compared
the observed sequences of placental species with the inferred
ancestral sequences. A convergent event was defined as an
amino acid substitution at the same position in the protein
for at least four placental species.

In total, we found 117 genes with one or more convergent
amino acid substitutions in placental species. As a control, we
performed the same analysis on 100 random combinations of
six branches in the phylogeny, for which we do not expect
convergent molecular evolution. We did not find an excess of

convergent amino acid substitutions in placental species,
compared with the control distribution (fig. 4). This shows
that although convergent amino acid substitutions happen
somewhat frequently, convergent amino acid substitutions
linked to convergent phenotypic evolution do not happen
at a frequency that allows it to be detected in these species, if
it occurs at all.

Convergent Differences in the Conservation of
Noncoding Elements between Placental and
Nonplacental Poeciliid Species
To also test for convergent changes outside protein-coding
regions, we generated two multigenome alignments: one with
six placental poeciliids (MI> 10), and one with six nonpla-
cental poeciliids (MI< 1). To gain insight in more ancient
conservation in our study system, we included a third align-
ment with five teleost fish species, four of which are outside of
the family Poeciliidae (see Materials and Methods for species).
For all of these alignments, conserved elements were called
independently using PhastCons (Hubisz et al. 2011). All of
these conserved element predictions were aligned to the
P. retropinna genome, allowing for a direct comparison of
conserved elements in the different groups. Then, we identi-
fied conserved elements for placental poeciliids that showed
no trace of conservation in the nonplacental species, as well
as conserved elements for nonplacental poeciliids that

FIG. 3. Relative evolutionary rate of the slc7a7 gene in all branches of the investigated phylogeny, sorted from high to low MI. The relative rate is
defined as the deviation from the expected evolutionary rate, given branch- and gene-specific average rates. Points labeled 1–24 represent
ancestral branches in the phylogeny, which have estimated MI values based on ancestral trade reconstruction. See supplementary figure 2,
Supplementary Material online, for the poeciliid phylogeny with labeled ancestral branches corresponding to these points.
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showed no trace of conservation in placental species. This
means that for these elements, genomic sequences are iden-
tical or almost identical across all species in one group (aver-
age nucleotide diversity of 0.11 substitutions per site),
whereas for the other group, there are a substantial number
of mutations in these regions (average nucleotide diversity of
0.43 substitutions per site). This does not necessarily mean
that these mutations have to occur in all species for the
nonconserved group: a large number of mutations in the
majority of the species will still lead to a low conservation
score, even if the remaining species show high similarity to the
conserved group. In total, we found 76 of these Differentially
Conserved Elements (DCEs). Fifty of these elements were
more conserved in the placental species, and 26 were more
conserved in the nonplacental species. Our DCEs were highly
enriched for simple sequence repeats (SSRs), especially GATA
repeats: out of the 76 identified elements, 53 contained an
SSR, and in 31 cases this was a GATA repeat. The proportion
of DCEs containing an SSR is significantly higher than
expected given the proportion of conserved elements con-
taining an SSR across the whole genome (P¼ 1.26e-85,
Fisher’s exact test).

To infer which genes these DCEs potentially regulate, we
extracted each gene from the P. retropinna genome that lies
directly downstream from a DCE (maximum distance 50 kb).
Additionally, we extracted genes for which a DCE lies in an
intron or within the UTR of this gene. This resulted in a set of
85 genes that are potentially differently regulated in placental
poeciliids compared with their nonplacental counterparts
(supplementary table 5, Supplementary Material online).
The Gene Ontology (GO) enrichment analysis revealed that
this gene set was enriched for genes involved in several

developmental processes, such as “anatomical structure
development” or “system development” (supplementary ta-
ble 6, Supplementary Material online). By contrast, a control
analysis consisting of the same workflow to test for differences
between two sets of nonplacental poeciliid species resulted in
only 22 potentially differently regulated genes between these
two groups of species, for which no significantly enriched GO
terms were found (supplementary table 7, Supplementary
Material online). To test for a possible influence of different
conserved element density across the genome, we also tested
25 sets of 76 random conserved elements for GO term enrich-
ments, using the same strategy. This yielded a few enrich-
ments for some of these sets, but none of them had such a
clear overrepresentation of developmental genes as our can-
didate gene set (supplementary table 8, Supplementary
Material online).

A notable example of a difference in gene regulation be-
tween placental and nonplacental species is found within a
cluster of four ultraconserved genes (foxa2, pax1, nkx2-2a,
nkx2-4) that play a role in embryonic development. Synteny
of this gene cluster is conserved across both teleost fish and
mammals. A DCE was found between the pax1 and nkx2-2a
genes, consisting of a GATA simple repeat that was found in
all placental species, but is not conserved in nonplacental
species (fig. 5). The absence in conservation of this element
in both the nonplacental species, as well as the ancient con-
servation track suggests that this element has emerged in all
placental species, although the partial presence of this ele-
ment in some nonplacental species indicates that this ele-
ment did probably not emerge in the individual branches
leading to placental species, but rather emerged deeper in
the Poeciliid phylogeny and subsequently acquired mutations

FIG. 4. Percentage of convergent amino acid substitutions compared with the total number of substitutions in hundred random sets of six
branches in the poeciliid phylogeny. Orange line: percentage of convergent amino acid substitutions compared with the total number of
substitutions in the branches leading to six extensive matrotrophs in the Poeciliidae. For each test for convergent substitutions, we examined
14,468 genes.
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only in nonplacental species. It has been shown that GATA
repeat elements act as regulatory boundaries in both human
and fruit fly, and a similar mechanism seems to be present in
the Poeciliidae (Kumar et al. 2013).

Discussion
Our results support the hypothesis that similar genomic
changes underlie the repeated evolutionary origins of the
placenta in the Poeciliidae. We find convergence in evolution-
ary rate shifts of protein-coding genes for placental species, as
well as in differential conservation of noncoding elements for
placental species as compared with their nonplacental rela-
tives. In both cases, we find a significantly higher incidence of
these events compared with control analyses.

Our phylogenetic analysis based on a maximum likelihood
strategy revealed a phylogeny that is identical to previous
work (Pollux et al. 2014). However, some of the basal branches
showed suboptimal bootstrapping support. An alternative
analysis based on a coalescent method resulted in a tree to-
pology that is somewhat different at these basal nodes (sup-
plementary fig. 5, Supplementary Material online). It seems
that the earliest splits in the poeciliid phylogeny are hard to
solve. However, running the downstream analyses on 100
random bootstrap trees showed that these slight differences
in topology have very little effect on the results of the evolu-
tionary rate analysis.

Many of the genes showing accelerated evolution in pla-
cental poeciliids are involved in vesicle functioning. This result
is in agreement with a recent study showing that the placenta
in the genus Poeciliopsis is based on a secretory system
(Guernsey et al. 2020), a mechanism that likely applies to
other genera in the Poeciliidae given the morphological

similarities in placenta structure and development. The pres-
ence of several plasma membrane transporters in our accel-
erated gene set, such as the amino acid transporters slc3a2,
slc7a7, and slc38a3, suggests that additionally some nutrients
are secreted through transporter proteins instead of vesicles.
Investigation of a previously published RNA-seq data set of
placental tissue of P. retropinna (Guernsey et al. 2020) shows
that these genes are indeed expressed in placental tissue of
this species (supplementary table 2, Supplementary Material
online).

Despite the clear signature of convergence in the evolu-
tionary rate of these genes, we did not find more genes evolv-
ing under positive selection in placental species than would
be expected by chance. Prior studies employing an evolution-
ary rate approach to find convergent evolution also found
only a small proportion of their candidate genes to evolve
under positive selection (Chikina et al. 2016; Partha et al.
2017). An increase in evolutionary rate without evidence
for positive selection is usually attributed to relaxation from
evolutionary constraint. In our case, this seems unlikely, as
many of our candidate genes have vital functions in all fish
species, and placenta evolution would presumably not affect
this. A possible explanation for this discrepancy could be low
power of tests for positive selection when selection is weak
and phylogenetic branches are relatively short, as is the case
for our phylogeny (Gharib and Robinson-Rechavi 2013).
Alternatively, the observed changes in amino acid residues
could be a consequence of positive selection acting outside of
the coding region, with the increase in evolutionary rate in-
side the coding region being due to linkage disequilibrium
rather than positive selection on certain amino acid residues.

FIG. 5. A placenta-specific boundary element near an ancient conserved element. Color codes: blue: placental poeciliids alignment; orange:
nonplacental poeciliids alignment; green: “ancient” teleost alignment. (A) Average nucleotide diversity for each alignment, 20-bp sliding window.
(B) Per-base conservation scores, representing the estimated likelihood of the base belonging to a conserved element according to PhastCons. (C)
Conserved elements predicted by PhastCons.
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Further research, for instance on population genomic data,
may be able to detect these selective forces.

The observed changes in the size and location of conserved
elements between placental and nonplacental poeciliids sug-
gest convergent regulatory change in these species. However,
the conservation differences between placental and nonpla-
cental species in our DCEs are not of the nature that the
element is completely absent in the nonconserved group.
Often, the element is still present or partially present in
some of the species of the nonconserved group, but has ac-
quired several mutations for others. This indicates that these
elements likely did not emerge in the phylogenetic branch
leading to highly placental species, but deeper in the phylog-
eny of the Poeciliidae. Then, the element was only conserved
in either placental or nonplacental species, while acquiring
mutations in the other group. This suggests that some pre-
conditions for placenta evolution may have already taken
place before the evolution of a complex placenta in this fam-
ily, which is not surprising given the continuous nature of the
trait.

The overrepresentation of GATA repeats in our DCEs sug-
gests a role of these elements in the gene regulation of these
species. GATA repeats are known to function as enhancer
blockers in both human and fruit fly (Kumar et al. 2013), can
modulate promotor activity (Krishnan et al. 2017), and are
associated with chromatin structure (Subramanian et al.
2003). GATA elements appear to have a specific length dis-
tribution, with GATA10-12 being the most abundant in
humans (Kumar et al. 2010). In the Poeciliidae, we generally
observe a prevalence of GATA20-40, longer than reported for
other vertebrates (Kumar et al. 2010) (supplementary fig. 6,
Supplementary Material online). The length of these repeats
further suggests a functional significance, as without selection
maintaining their length these would be highly unstable (Kim
and Mirkin 2013). Indeed, other four-base SSRs do not show a
preference for longer repeats (supplementary fig. 7,
Supplementary Material online). Besides this apparent func-
tional significance, SSRs are exceptionally variable, having mu-
tation rates that are orders of magnitude higher than
nonrepetitive DNA (Gemayel et al. 2012). Because of this
combination of having a functional role and being highly
variable, GATA repeats could provide a potential mechanism
for placenta evolution in the Poeciliidae by changing the reg-
ulation of developmental genes.

Finally, our results show that the evolution of the placenta
in the Poeciliidae is accompanied by changes in both protein-
coding and regulatory regions, suggesting that genomic
changes in both categories are important for complex trait
evolution. Notably, mutations in these two categories seem
to be associated with different biological processes: protein-
coding genes that show an evolutionary rate that correlates
well with MI are mainly involved in metabolism and trans-
port, whereas differentially conserved noncoding elements
are mostly associated with development. This observed du-
ality seems logical given that the amino acid sequences of
developmental genes are usually highly conserved because
they often act on many targets, making changes in the ensu-
ing protein likely harmful due to pleiotropic effects. Although

our study focuses on placenta evolution, the paradigm of
protein-coding change in metabolic genes and regulatory
change around developmental genes has been observed be-
fore and may be applicable to complex trait evolution in
general (Partha et al. 2017; Sackton et al. 2019). As the
genomes of more species become available this hypothesis
can readily be tested in other evolutionary models.

Materials and Methods

Genome Assemblies
About 15 genomes were assembled for this study, and 12
publicly available genome assemblies were included (supple-
mentary table 9, Supplementary Material online). Short-read
assemblies were assembled from 30 to 50� coverage of 150-
bp paired-end Illumina reads using SPAdes 3.13.0 (Bankevich
et al. 2012) with default settings, using the assembly gener-
ated with a k-mer size of 77. This is the default k-mer size for
150-bp reads. Following assembly, contigs corresponding to
heterozygous sections of the genome were removed using
redundans v0.14a (Pryszcz and Gabald�on 2016), using settings
–usebwa and –nogapclosing. For the Phalloptychus januarius
assembly, the genome was assembled from 20� coverage of
Oxford Nanopore long-reads (read N50 8.7 kb) using Flye
version 2.5 (Kolmogorov et al. 2019) with default settings
and setting the estimated genome size to 600 Mb. After as-
sembly, the bases were polished by mapping 30� coverage of
150-bp paired-end Illumina reads to the assembly using BWA
mem 0.7.17 (Li and Durbin 2009), before consensus calling
with the wtdbg 2.5 consensus module (Ruan and Li 2019)
with default settings.

Collecting Orthologous Genes
For assemblies of reference quality (see supplementary table
8, Supplementary Material online), predicted protein sets
were collected based on their annotations and analyzed for
orthology using ProteinOrtho v5.16b (Lechner et al. 2011)
using default settings and blastp as the used program for
alignment. Genes that displayed 1:1 orthology across all spe-
cies were used for further analysis. Genes that displayed 1:1
orthology but were missing in one species were also used. This
resulted in a set of 15,305 orthologous genes. Subsequently,
the coding sequences of these genes were recovered from all
short-read assemblies by aligning the coding sequence of the
closest relative with a reference-quality genome to the assem-
bly using exonerate version 2.2.0 (Slater and Birney 2005),
using the cdna2genome model. Considering a 1:1 orthology
in 12 reference genomes, a full-length match of the coding
sequence in a single contig of the respective short-read as-
sembly was assumed to be the 1:1 orthologous gene in this
species too. Sequences with a premature stop codon were
removed from the database. We continued analysis on genes
of which we could recover the full coding sequence in at least
three placental species, which was the case for 14,468 genes.

Construction of a Molecular Phylogeny
For the construction of a molecular phylogeny, we recon-
structed the complete mitochondrial genome of all
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investigated species using MITObim 1.9.1 (Hahn et al. 2013)
using settings –mismatch 1, -start 1, and -end 30, using the
published mitochondrion of Poecilia reticulata as reference. In
addition, we made codon alignments of all orthologous genes
recovered from all investigated species, as well as the non-
poeciliid Oryzias latipes (1,010 genes). Columns with gaps
were removed from this alignment using trimAl v1.4
(Capella-Guti�errez et al. 2009), using the -nogaps flag. The
resulting alignments were concatenated into a “supermatrix”
alignment with a length of about 1.1 Mb. With this alignment,
the phylogeny was reconstructed using RAxML 8.2.9 with the
GTRþGAMMA model(Stamatakis 2014). O. latipes was used
as an outgroup to root the tree. The RAxML analysis was
done with eight partitions: three partitions for the three co-
don positions in both the mitochondrial coding sequence
and the nuclear genes, one partition for mitochondrial non-
coding RNA (tRNA and rRNA), and one partition for mito-
chondrial noncoding DNA (D-loop and some very small
segments).

As an alternative analysis, we generated a phylogeny using
a coalescent method. We made gene trees for each of the
1,010 previously mentioned genes, as well as the mitochon-
drial genes using RAxML 8.2.9 with the GTRþGAMMA
model (Stamatakis 2014). Then, we combined these gene
trees into a species tree using ASTRAL v5.7.1, using default
settings (Zhang et al. 2018). As ASTRAL does not estimate
terminal branch lengths, branch lengths for the resulting phy-
logeny were estimated using RAxML 8.2.9 using option “-f e”
for branch length estimation for a given topology.

Evolutionary Rate Analysis
Evolutionary rate analysis was performed as in Chikina et al.
(2016), slightly modified to test for a correlation with MI
instead of a difference between two discrete classes. Amino
acid alignments of previously identified orthologous genes
were made using mafft v7.402 (Katoh et al. 2002). For each
alignment, branch lengths were estimated for each branch
across the reconstructed phylogeny using the AAML program
of the PAML package (Yang 2007), using an empirical substi-
tution model (Whelan and Goldman 2001). These raw
branch lengths were converted into relative rates of evolution
by normalizing for both the average rate of evolution of the
investigated gene across all branches as well as the average
rate of evolution of all genes within the investigated branch
(as in Sato et al. [2005]). A resulting relative rate that is higher
than zero corresponds to a gene that evolves faster than
expected in the investigated branch, whereas a relative rate
below zero corresponds to a gene that evolves slower than
expected in the investigated branch. The relative rates were
then used to test for the hypothesis that a gene evolves with a
relative rate that correlates with the Matrotrophy Index
(MI)—a proxy for placental complexity—using a Spearman
ranked correlation test. For terminal notes in the phylogeny,
this MI value was taken from Pollux et al. (2014). For ancestral
nodes, the MI value was estimated using the phytools R pack-
age (Revell 2012). As a control, the same analysis was per-
formed on the same data set, but with MI labels for each node
randomly shuffled across the phylogeny. On a genome-wide

scale, the hypothesis was tested that more genes show an
evolutionary rate that correlates well with MI than expected
by comparing the case and control P-value distributions using
the Kolmogorov–Smirnov test. To find candidate genes, cor-
rection for multiple testing was performed using the q-value
method, with a threshold value of q¼ 0.1 (Dabney et al.
2010).

Additionally, to assess robustness of results, we repeated
the ancestral trait reconstruction and evolutionary rate anal-
ysis on 100 random bootstrap trees (supplementary table 10,
Supplementary Material online). We confirmed our candi-
dates for each of the 100 trees, and added the amount of
trees that support our candidates in supplementary table 2,
Supplementary Material online.

Comparative Noncoding Element Analysis
To compare conserved noncoding elements between placen-
tal and nonplacental poeciliids, two multigenome alignments
were made: one alignment consisting of the six placental
species that have the highest MI values in the family
(Poeciliopsis retropinna, Poeciliopsis presidionis, Poeciliopsis
turneri, Ph. januarius, Heterandria formosa, Po. bifurca), and
one with six nonplacental species that were chosen to follow
a similar topology on the phylogeny as for the placental spe-
cies (Alfaro cultratus, Poeciliopsis turrubarensis, Poeciliopsis
gracilis, Poeciliopsis infans, Po. picta, Xiphophorus hellerii). A
third multialignment consisting of five teleost fish (Poeciliopsis
retropinna, Oryzias latipes, Oreochromis niloticus, Gasterosteus
aculeatus, Danio rerio) was used to get insight on more an-
cient conservation, but it was not used for differential con-
servation analysis. The multialignments were made by a
custom pipeline (available on https://git.wageningenur.nl/
kruis015/whole_genome_alignment). All genomes were
aligned to the chosen reference genome (P. retropinna) using
the pairwise genome aligner MUMmer 4.0.0 (Marçais et al.
2018). After pairwise alignment, overlapping alignment blocks
were merged based on reference coordinates and locally real-
igned using mafft v7.402(Katoh et al. 2002), yielding a
reference-based multigenome alignment. For both multige-
nome alignments, conserved elements and base-specific con-
servation scores were called using PhastCons v1.5 (Hubisz
et al. 2011). The nonconserved model was based on fourfold
degenerate sites extracted from the respective alignment. For
the nonplacental alignment, the sequence of the placental
reference genome (P. retropinna) was not used for predicting
conservation by using the –not-informative option of the
PhastCons program. In this way, base-wise conservation
scores between the placental and the nonplacental multia-
lignment could be compared within the same genome, with-
out using this genome for both predictions. After prediction
of conserved elements, regions with a large difference in con-
servation between placental and nonplacental species were
extracted from the reference genome. The requirements for
this were (1) the predicted element based on one multialign-
ment should not overlap with one based on the other multi-
alignment, (2) the mean difference in conservation scores
across all bases of the predicted element should be at least
0.75, (3) there should be a significant difference in base-wise
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conservation scores between the two predictions based on a
permutation test. As a control, the same analysis was per-
formed, but instead of extracting differentially conserved ele-
ments between a placental and a nonplacental set of species,
differences between two nonplacental sets of species were
extracted. For this, the six nonplacental poeciliid multige-
nome alignment as mentioned before was used and com-
pared with a multigenome alignment of six other
nonplacental poeciliids (Brachyrhaphis roseni, Gambusia affi-
nis, Po. gilii, Po. mexicana, Po. reticulata, Xiphophorus
maculatus).

Simple Sequence Repeat Analysis
To investigate the presence of Simple Sequence Repeats
(SSRs) in our conserved elements, we identified SSRs across
the genome of P. retropinna using MISA v1.0 (Thiel et al.
2003). The minimum number of repeated elements for iden-
tification of an SSR was given as ten repeats for an element
size of one, six repeats for an element size of two, and five
repeats for an element size of three or more.

Gene Ontology Enrichment Analysis
Gene Ontology (GO) enrichment tests and network analysis
were performed using STRINGdb (database version
11.0)(Szklarczyk et al. 2016). For the evolutionary rate analysis,
the predicted protein sequences of genes evolving at signifi-
cantly different rates in placental species were extracted from
the P. retropinna genome. The STRING database was
searched for the human orthologs of these sequences, fol-
lowed by manual curation when multiple candidates were
presented. Subsequently, GO enrichment tests and network
analysis were performed using the STRING web application
(database version 11.0).

To find genes potentially regulated by our candidate DCEs,
the first gene for which the element lies upstream was se-
lected on both sides of the element as potentially regulated
gene. If the first gene next to the element was not in the
orientation so that the element lies upstream of the gene, the
gene was not selected. In addition, the gene was not selected
if it was further than 50 kb away from the element. The iden-
tified genes were subjected to the same analysis in STRINGdb
as done for the genes identified in the evolutionary rate
analysis.

Detecting Positive Selection
We performed tests for positive selection on the 14,468
orthologous gene sets that were previously identified. For
each gene, a codon alignment was made using PRANK
v.170427 (Löytynoja 2014), using options -codon and -F.
These alignments were used to test for positive selection
with the codeml program that is part of PAML 4.9 (Yang
2007).

To test for positive selection that may arise during the
evolution of the placenta, we used the so-called branch-site
model to test for positive selection for every branch leading to
all placental species (P. retropinna, P. paucimaculata, P. pre-
sidionis, P. turneri, P. prolifica, Ph. januarius, H. formosa, Po.
bifurca). Each gene was tested for every placental branch

separately. The hypothesis that genes evolving under positive
selection in placental species are overrepresented in the set of
genes that show accelerated evolution in placental species
was tested using Fisher’s exact test.

Additionally, convergence among positive selection when
evolving a placenta was tested by using the same branch-site
model, but now using the phylogenetic branches leading to
six highly placental poeciliids (P. retropinna, P. presidionis, P.
turneri, Ph. januarius, H. formosa, Po. bifurca) as foreground
branches. As a control, the same analysis was performed to a
group of six nonplacental species (A. cultratus, P. turrubaren-
sis, P. gracilis, P. infans, Po. picta, X. hellerii) for which we do not
expect genomic convergence. We then compared the distri-
bution of P values between the placental group and the con-
trol group to see if there is a consistent enrichment of low P
values when using the placental species as foreground
branches using the Kolmogorov–Smirnov test.

Detecting Convergent Amino Acid Substitutions
To test whether placental species disproportionally show
convergent amino acid substitutions, we reconstructed an-
cestral sequences of each of the 14,468 orthologous gene sets
that were previously identified with the AAML program that
is part of PAML 4.9 (Yang 2007), using an empirical amino
acid substitution matrix (Whelan and Goldman 2001). For six
highly placental species (P. retropinna, P. presidionis, P. turneri,
Ph. januarius, H. formosa, Po. bifurca), we compared the ob-
served amino acid sequence with that of its closest ancestor.
However, we took an exception for the ancestor of
P. presidionis and P. turneri, as these species represent a single
origin of placentation in the Poeciliidae, and their common
ancestor is hypothesized to have a placenta a well. Therefore,
we compared both the sequences of P. presidionis and
P. turneri with the common ancestor of these two species
and the nonplacental P. gracilis. In these comparisons, amino
acid substitutions that occur on the same position in at least
four out of six comparisons were identified. These amino acid
substitutions were noted as potential convergent events.
Then, the same analysis was performed for 100 random com-
binations of six species, to get a background distribution of
convergent amino acid substitutions when no morphological
convergence is apparent.

Placental Expression Analysis
To confirm expression of candidate genes in placental tissue,
we downloaded RNA-seq data gathered from follicular epi-
thelium of the placental P. retropinna (Guernsey et al. 2020).
These data were mapped to the P. retropinna genome using
HISAT2 v2.1.0 (Kim et al. 2019), using default settings. To
detect expression of candidate genes, the coverage of mapped
reads was determined for all exonic positions of candidate
genes using samtools depth (Li et al. 2009). An average read
coverage of 2� across all exons was used as the cutoff for
gene expression.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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