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Abstract

Conflicting evolutionary interests between mother and offspring are hypothesized to drive an evolutionary arms race
during mammalian pregnancy, and thus, positive selection may cause the rapid divergence of placental proteins that affect
maternal or fetal fitness. We investigated the genomic consequences of placental expression in rodents and report that
a substantial proportion (20.5%) of genes specifically expressed in the mature placenta are rapidly evolving. Moreover, we
found that most rapidly evolving genes belong to just three pregnancy-related gene families: placental cathepsins,
prolactins, and placental carcinoembryonic antigens. We then sequenced the most rapidly evolving gene, trophoblast-
specific protein alpha (Tpbpa), in nine differentMus species/subspecies and found evidence of positive selection within the
Mus lineage, with an excess of nonsynonymous changes clustering near a functionally important interaction site. Together,
these results suggest that placental proteins, which mediate interactions between mother and offspring, often may be the
targets of evolutionary conflict.
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Comparative genomic studies across many diverse taxa
consistently have found that those genes related to fertil-
ization and immune responses are among the most rapidly
evolving in the genome (e.g., Swanson and Vacquier 2002;
Nielsen et al. 2005; Gibbs et al. 2007). Many of these genes
are probably involved in evolutionary ‘‘arms races,’’ driven
by host–pathogen conflict or male–female sexual conflict,
in which they experience strong positive selection to main-
tain optimal fitness (Dawkins and Krebs 1979; Chapman
et al. 2003). Another arena for evolutionary conflict, which
is less well studied, is antagonism between mother and off-
spring during pregnancy. The maternal–fetal conflict hy-
pothesis proposes that there is a selective advantage to
offspring who can selfishly maximize their own growth
at the expense of the fitness of their mother and siblings,
whereas there is an opposing advantage to mothers who
can counter these adaptations by maintaining equal invest-
ment in all offspring and surviving to breed in future
generations (Haig 1993; Zeh and Zeh 2000).

The primary site of physiological exchange between
mother and offspring during mammalian pregnancy is
the placenta—a temporary organ formed by the fusion
of fetal extraembryonic membrane with maternal uterine
tissue. At this maternal–fetal interface, a complex interplay
of proteins from these two distinct individuals mediates
nutrient and waste exchange, immunoregulation, and
other pregnancy-related physiological processes. These in-
teractions are likely to result in an evolutionary conflict be-
tween maternal and fetal genes (Haig 2008) in which genes
under conflict may either experience balancing selection
and reach a stable resolution (McVean and Hurst 1997)
or experience repeated bouts of positive selection in an

arms race to maintain maximal fitness. In this study, we
asked whether we could identify placental genes that show
strong signatures of continuous positive selection and
might therefore be involved in an evolutionary arms race
between mother and offspring.

Early comparative genomic screens across mammalian
orders (e.g., human vs. mouse) did not identify placental
genes to be rapidly evolving as a class (e.g., Clark et al.
2003; Lindblad-Toh et al. 2005), which is unsurprising be-
cause many placental genes are lineage-specific and would
therefore be missed in comparisons of divergent taxa
(Rawn and Cross 2008). As more mammalian genomic data
have become available, several reports have revealed signa-
tures of positive selection in placental genes within lineages
(e.g., primates and artiodactyls; Hughes et al. 2000; Hou
et al. 2009). Here, we investigated placental gene evolution
within the rodent lineage, which offers several advantages:
1) rodents have short gestation times and are a widely used
experimental model, so we can readily examine subsets of
placental genes from each stage of development rather
than focusing on the term placenta, which has a distinct
expression profile compared with a developing placenta
(Knox and Baker 2008), 2) rodents generally have large
and multisired litters, which likely intensifies the potential
maternal–fetal conflict (Zeh and Zeh 2000), and 3) there
are several examples of interfertile monogamous/promis-
cuous sister species (e.g., Peromyscus maniculatus and
P. polionotus, respectively), which allows for the role of mat-
ing system, and of particular candidate genes, in maternal–
fetal conflict to be tested directly.

For this study, we confined our analysis to placental
genes in two rodents, mouse (Mus musculus) and rat
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(Rattus norvegicus), which share the same type of placenta
(Mess 2003) and are the only rodents with well-annotated
genomes. Because the timing of expression during develop-
ment has been demonstrated to correlate with the rate of
evolution (e.g., in testes; Good and Nachman 2005), we uti-
lized a comprehensive time course microarray over mouse
placental development (Knox and Baker 2008) to group
placental genes into ‘‘developing’’ (specifically expressed
between E8.5 and 13.5) and ‘‘mature’’ (E13.5 to term) as
well as ‘‘maternal’’ (decidua) and ‘‘fetal’’ (fetal chorion)
based on the tissue of origin. Finally, we examined whether
secreted proteins, which can traverse the maternal–fetal
boundary, are more likely to be targets of positive selection.

Our specific goals in examining the molecular evolution
of rodent placental genes were to identify the most rapidly
evolving genes and to determine whether specific func-
tional classes of genes and/or their developmental timing
affect their rate of evolution. By comparing the nonsynon-
ymous substitution rate to the synonymous substitution
rate, we estimated the rate of evolution for each gene
!dN=dS5x" in Mus and Rattus. High values of x (x #
0.5 for pairwise comparisons) indicate elevated rates of
amino acid sequence divergence and suggest that some
sites are likely to be targets of positive selection (Swanson
et al. 2004).

From a total of 786 genes predominantly expressed in
the placenta (following Knox and Baker 2008), we aligned
704 coding sequences between mouse and rat based on the
Ensembl peptide alignments. We next performed pairwise
estimates of x using maximum likelihood (PAML v4, run-
mode5 $2; Yang 2007); table 1 summarizes these results.
When all placental genes are considered together, !x is sig-
nificantly higher than the genome-wide average (!x: 0.25 vs.
0.17, one-way analysis of variance, P , 0.0001), although
evolutionary rate is often elevated for genes with tissue-
specific expression (Winter et al. 2004). Secreted proteins
had a higher !x than did nonsecreted proteins (table 1)
within all gene classes (genome wide and for each placental
subclass). When we considered the temporal pattern of
expression, we found that genes highly expressed in the
mature placenta exhibit significantly faster rates of evolu-
tion than genes expressed earlier in placental development

(!x: 0.33 vs. 0.23, P, 0.0001). In fact, secreted proteins from
the mature fetal component of the placenta are the most
rapidly evolving class of placental genes even compared
with other placental secreted genes (N 5 30, !x: 0.56 vs.
0.31, P , 0.005).

Table 2 lists the 15 most rapidly evolving genes from
our analysis. Notably, we identified rapidly evolving genes
from threemajor rodent placental gene families: carcinoem-
bryonic antigens (CEAs), prolactins, and placentally ex-
pressed cathepsins (PECs). All three of these families are
comprised of secreted proteins (Zebhauser et al. 2005;
Soares et al. 2007; Mason 2008), and the majority of family
members represented in our analysis are expressed in the
fetal portion of the mature placenta (CEAs: 7 of 8 exhibit
fetal expressionand8of 8 expressed inmatureplacenta; pro-
lactins: 14 of 16 and 9 of 16; and PECs: 10 of 10 and 8 of 10).

The CEA family is located on mouse chromosome 7 and
comprises a large group of pregnancy-specific glycopro-
teins (PSGs) and carcinoembryonic antigen-related cell-
adhesion molecules (CEACAMs), many of which are rodent
specific and exhibit placenta-specific expression (Zebhaus-
er et al. 2005). Although their precise function is unknown,
they probably help modulate the maternal immune system
(Wynne et al. 2006). In our analysis, the most rapidly evolv-
ing placental CEAs are Ceacam11 (x 5 1.04), Ceacam12
(x 5 1.11), Ceacam13 (x 5 0.95), and Ceacam14 (x 5
1.06). In addition, our data set includes CEAs Ceacam18,
Psg17, Psg18, and Psg28, which also exhibit elevated rates
of evolution (N 5 4, !x 5 0.62 ± 0.09).

Placental prolactin hormones are located in a cluster on
mouse chromosome 13 and play extremely diverse roles in
pregnancy; members of this family are important for pla-
cental development, vascularization, stress response, and
a variety of other physiological functions (Haig 2008).
The most rapidly evolving prolactins we identified were
Prl3c1 (x 5 0.93), a maternally expressed prolactin, and
Prl7a2 (x 5 0.92), an important stimulator of hematopoi-
esis in trophoblast (Soares et al. 2007). Additional placental
prolactins identified in our analysis also exhibit high rates of
evolution (N 5 14, !x 5 0.62 ± 0.10).

Finally, the PECs are a rodent-specific family of placental
cathepsins that are also located in a cluster on mouse

Table 1. Pairwise Comparisons of Placentally Expressed Genes between Mus and Rattus.

Category N

Total

Nonsecreted - (N) Secreted - (N) v ‡ 0.5 (%)!dN !dS -

Genome 18,708 0.03 0.21 0.17 0.15 (14,683) 0.24 (4,025) 2,438 (13.1)
Placental 704 0.08 0.24 0.25 0.20 (469) 0.35 (235) 95 (13.5)

Developing 519 0.06 0.24 0.23 0.20 (388) 0.31 (131) 54 (10.4)
Fetal 342 0.06 0.24 0.22 0.19 (290) 0.36 (52) 32 (9.4)
Maternal 200 0.06 0.23 0.25 0.20 (111) 0.31 (89) 29 (14.5)

Mature 191 0.09 0.26 0.33 0.23 (85) 0.41 (106) 41 (20.5)
Fetal 61 0.11 0.25 0.44 0.31 (31) 0.56 (30) 21 (34.4)
Maternal 150 0.09 0.26 0.33 0.23 (62) 0.40 (88) 35 (23.3)

NOTES.—Categories following Knox and Baker (2008). ‘‘Placental genes’’ exhibit maximal expression in the placenta. Genes classified as ‘‘developing’’ are those overexpressed
from E8.5 to 13.5, whereas ‘‘mature’’ genes are overexpressed from E13.5 to term. ‘‘Fetal’’ and ‘‘maternal’’ refer to the tissue of expression and are not mutually exclusive (e.g.,
a gene may be overexpressed in both fetal and maternal mature placental tissue). N, number of unique Mus/Rattus coding sequence alignments (obtained from Ensembl
build 49); !dN, mean nonsynonymous substitution rate; !dS, mean synonymous substitution rate; !x, mean x for all genes estimated using PAML v4 (Yang 2007); nonsecreted
and secreted, secreted proteins predicted using Phobius, values are significantly different for all secreted/nonsecreted comparisons within a gene class (one-way analysis of
variance, P , 0.01); percentage and number of rapidly evolving genes with x # 0.5 are given.
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chromosome 13 and include mature proteases (cathepsins
3, 6, 7, 8, M, Q, R) and predicted propeptide inhibitors
(Tpbpa, Tpbpb, and Ctla2a). Together, the PECs function
to structurally remodel placental tissue during develop-
ment (Mason 2008). The most rapidly evolving genes from
this family are Tpbpa (x 5 1.50), Tpbpb (x 5 1.39), and
Ctla2a (x 5 1.22). In addition, the mature proteases as
a group are also rapidly evolving (N 5 7, !x 5 0.48 ±
0.09), potentially as a consequence of an evolutionary con-
flict between the placental proteases and their inhibitors.

To test for positive selection within a lineage, we se-
quenced the most rapidly evolving gene, trophoblast-spe-
cific protein alpha (Tpbpa), in nine different Mus species/
subspecies (fig. 1; Supplementary Material, Supplementary
Material online). Under the M8a-M8 model comparison
in PAML, we found that Tpbpa was indeed evolving
rapidly within the Mus lineage (Likelihood ratio test 5
37.5, P , 0.001). The peptide encoded by Tpbpa contains
an interaction domain predicted to block to the substrate-
binding site of mature cathepsin to prevent premature

Table 2. Top 15 Rapidly Evolving Placental Genes Based on Pairwise x Estimated Using Maximum Likelihood.

Gene Chr dN dS v Fetal Maternal Developing Mature Secreted

Tpbpa 13qB2 0.30 0.20 1.50 X — — X X
Pdgfrl 8qA4 0.09 0.06 1.44 — X X — —
2610036L11Rik 10qA4 0.14 0.10 1.43 X — X — —
Tpbpb 13qB2 0.28 0.20 1.39 X X — X X
Ctla2a 13qB2 0.17 0.14 1.22 X — — X X
Ceacam12 7qA2 0.27 0.24 1.12 X X — X X
Ceacam14 7qA2 0.26 0.24 1.07 X X — X —
Ccl9 11qC 0.41 0.40 1.05 — X — X X
Ceacam11 7qA2 0.25 0.24 1.04 X X — X Xa

Pvr 7qA3 0.36 0.38 0.97 — X — X X
Glrx 13qC1 0.09 0.09 0.97 X — X — —
Spink3 18qB3 0.29 0.30 0.96 X — X — X
Ceacam13 7qA2 0.22 0.24 0.95 X X — X X
Prl3c1 13qA3 0.21 0.23 0.93 — X X — X
Prl7a2 13qA3 0.18 0.19 0.92 X X — X X

Chr, chromosomal position in mouse; dN, nonsynonymous substitution rate; dS, synonymous substitution rate; x, pairwise x estimated with PAML; fetal, expressed in the
fetal portion of the placenta; maternal, expressed in maternal portion; developing, high placental expression during E8.5 to E13.5; mature, high placental expression during
E13.5 to term; secreted, predicted signaling molecule (identified with Phobius; Käll et al. 2004). Expression data annotation obtained from Knox and Baker (2008).
a From Kataoka et al. (2000).

FIG. 1. Rapid evolution of Tpbpa in Mus. The conservation plot from the amino acid alignment of Tpbpa from nine Mus species/subspecies in
which gray indicates conservation and white shows variation. Divergent amino acid sites are given and displayed next to a species phylogeny
(Tucker et al. 2005). Sites marked with ‘‘*’’ are positively selected with P . 99% using the PAML Bayes Empirical Bayes analysis under M8. The
corresponding amino acid in Rattus norvegicus and Peromyscus polionotus is shown below each site.
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proteolytic activity (Coulombe et al. 1996) and shows high
sequence variation when compared with both placental
and nonplacental cathepsins, possibly reflecting different
substrate specificities (Deussing et al. 2002). We observed
that positively selected sites in Tpbpa clustered signifi-
cantly near this predicted interaction site (permutation
test, P5 0.001); although the sites closest to the interaction
site do not appear to be under positive selection, their
proximity is suggestive of functional consequences. Fur-
thermore, we observed that 12 of 15 amino acid sites that
are variable among Mus species are also variant in either
Rattus or deer mice (genus Peromyscus; GenBank accession
number EV469066.1) compared with the Mus consensus,
which suggests that these may be functionally significant
sites and undergo repeated adaptive substitutions.

Overall, we show that a subset (;13.5%) of placental
proteins, especially those that are secreted and expressed
late in development, probably experience positive selection
based on their pattern of sequence divergence. Although
a pairwise comparison is a generally low power and con-
servative test for positive selection, we find supporting ev-
idence that the most rapidly evolving gene Tpbpa is
experiencing positive selection in a functionally relevant
domain even within theMus lineage. It is important to note
that many genes we identified are part of large gene fam-
ilies in which there may be some functional redundancy;
hence, relaxed functional constraint may also contribute
to their rapid evolution (Hughes 2007). We avoided the in-
clusion of pseudogenes by only considering full-length cod-
ing sequences that were in-frame and known to be highly
expressed in the mouse placenta. Future comparative ge-
nomic data from promiscuous and monogamous rodents
(e.g., P. maniculatus and P. polionotus, respectively) can test
whether the rapidly evolving genes are under positive or
relaxed selection because maternal–fetal conflict is hypoth-
esized to be most severe in polyandrous species with multi-
sired litters (Zeh and Zeh 2000).

Several lines of evidence suggest that many of these pla-
cental proteins may be involved in an evolutionary conflict
between mother and offspring. First, the most rapidly
evolving placental genes are expressed in the mature pla-
centa in which the majority of genes are involved in phys-
iological exchange between mother and offspring (Knox
and Baker 2008). Second, among genes expressed in the
mature placenta, fetal-secreted proteins are the most rap-
idly evolving class, consistent with their role in directly in-
teracting with maternal physiology or immune response.
Although these observations are also consistent with ma-
ternal–offspring coadaptation (Wolf and Brodie 1998), we
also find evidence for positive selection acting broadly in
the placental gene families, CEAs, prolactins, and PECs.
These three gene families share characteristics with sexual
conflict genes first identified in Drosophila seminal fluid;
the most rapidly evolving seminal proteins include secreted
proteins such as glycoproteins, proteins with enzymatic
functions including proteases and their inhibitors, and pro-
teins involved in the immune response (Wolfner 2002; Ravi
Ram and Wolfner 2007). We suggest, then, that evolution-

ary arms races between mother and offspring may be an
important selective force in the evolution of viviparous
species, especially those with large and multisired litters.

Supplementary Material
Supplementary file is available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org).
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