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Hybrid phenotypes that contribute to postzygotic reproductive isolation often exhibit pronounced asymmetry, both between re-

ciprocal crosses and between the sexes in accordance with Haldane’s rule. Inviability in mammalian hybrids is associated with

parent-of-origin placental growth abnormalities for which misregulation of imprinted gene (IGs) is the leading candidate mech-

anism. However, direct evidence for the involvement of IGs in hybrid growth dysplasia is limited. We used transcriptome and

reduced representation bisulfite sequencing to conduct the first genome-scale assessment of the contribution of IGs to parent-of-

origin placental growth dysplasia in the cross between the house mouse (Mus musculus domesticus) and the Algerian mouse (Mus

spretus). IGs with transgressive expression and methylation were concentrated in the Kcnq1 cluster, which contains causal genes

for prenatal growth abnormalities in mice and humans. Hypermethylation of the cluster’s imprinting control region, and conse-

quent misexpression of the genes Phlda2 and Ascl2, is a strong candidate mechanism for transgressive placental undergrowth.

Transgressive placental and gene regulatory phenotypes, including expression and methylation in the Kcnq1 cluster, were more

extreme in hybrid males. Although consistent with Haldane’s rule, male-biased defects are unexpected in rodent placenta because

the X-chromosome is effectively hemizygous in both sexes. In search of an explanation, we found evidence of leaky imprinted

(paternal) X-chromosome inactivation in hybrid female placenta, an epigenetic disturbance that may buffer females from the ef-

fects of X-linked incompatibilities to which males are fully exposed. Sex differences in chromatin structure on the X and sex-biased

maternal effects are nonmutually exclusive alternative explanations for adherence to Haldane’s rule in hybrid placenta. The results

of this study contribute to understanding the genetic basis of hybrid inviability in mammals, and the role of IGs in speciation.
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The evolution of intrinsic postzygotic reproductive isolation in

taxa with genetic sex determination is characterized by asym-

metries whose direction is remarkably consistent. When one

sex of hybrids is sterile or inviable, it is the heterogametic sex

(Haldane 1922), and the contribution of the X (or Z) chromo-

some to these hybrid defects is often large relative to that of the

autosomes (Coyne and Orr 1989; Tao et al. 2003; Masly and

Presgraves 2007; Presgraves 2018). The study of these asym-

metries has revealed others: hybrid sterility typically evolves be-

fore inviability and depends on cross direction during the early

stages of speciation (Coyne and Orr 2004; Turelli and Moyle

2007; Turissini et al. 2018). Across taxa, the genetic architec-

ture of hybrid defects is largely consistent with the Dobzhansky-

Muller model for the evolution of intrinsic incompatibilities,

in which independently evolving loci interact negatively when

combined in hybrids (Bateson 1909; Dobzhansky 1937; Muller

1942; Coyne and Orr 2004). Strikingly, loci that cause or con-

tribute to Dobzhansky-Muller incompatibilities (DMIs) are often
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implicated in antagonistic coevolution within species (Presgraves

2010; McDermott and Noor 2010; Crespi and Nosil 2013; Patten

2018; Zanders and Unckless 2019), itself a consequence of asym-

metries in the fitness optima of interacting partners (e.g., selfish

genetic elements and host genomes, males and females, parasites

and hosts).

In mammals, hybrid inviability is associated with another

pronounced asymmetry: growth abnormalities that depend on

cross direction are documented in four mammalian orders with

the most detailed genetic studies conducted in rodents (Gray

1972; Zechner et al. 1996; Vrana et al. 1998; Brekke and Good

2014; Brekke et al. 2016). For example, the cross between a fe-

male oldfield mouse (Peromyscus polionotus) and a male deer

mouse (P. maniculatus) produces hybrid conceptuses (the col-

lective term for the embryo and the placenta) that are grossly

over-sized and rarely survive to term. Offspring from the recip-

rocal cross are viable but significantly smaller than both parental

species (Rogers and Dawson 1970; Vrana et al. 1998). Likewise,

in the cross between the house mouse, Mus musculus domesti-

cus, and the Algerian mouse, M. spretus, hybrid placentas are

oversized (hyperplastic) when the paternal species is M. m. do-

mesticus and undersized (hypoplastic) when M. m. domesticus is

the maternal species and M. spretus is the father (Zechner et al.

1996). Similar patterns of hybrid over- and under-growth result

from reciprocal crosses in dwarf hamsters (Phodopus) (Brekke

and Good 2014).

Imprinted genes (IGs), a small but developmentally critical

group of autosomal genes, are a priori candidates for these hybrid

growth asymmetries. IGs are highly expressed in placenta and

brain, and a subset are essential regulators of placental and em-

bryonic growth (Ferguson-Smith 2011; Barlow and Bartolomei

2014). IG inheritance is Mendelian but expression is not. Pater-

nally expressed IGs (Pegs) are expressed predominantly or exclu-

sively from the paternally inherited allele. Maternally expressed

IGs (Megs) have the opposite expression pattern. Thus, like the

X chromosome in heterogametic males, IGs are effectively hem-

izygous, making them strong candidate contributors to DMIs in

hybrids of both sexes (Vrana et al. 2000; Vrana 2007; Wolf et al.

2014).

The dominant hypothesis for the evolution of imprinted ex-

pression is based on parental conflict over maternal investment

due to relatedness asymmetries between mothers and offspring

(always 0.5) and fathers and offspring (0.5 or 0) in polyandrous

mating systems (Moore and Haig 1991; Haig 2000). This adds to

the appeal of IGs as speciation genes; hybrid inviability as a by-

product of antagonistic coevolution within species would be con-

sistent with the proposition that conflict is a common driver of

reproductive isolation (Presgraves 2010; Crespi and Nosil 2013;

Patten 2018).

The strongest empirical support for the role of IGs in spe-

ciation comes from the Peromyscus cross, in which severe hy-

brid conceptus overgrowth is accompanied by widespread loss

of imprinting (biallelic expression) (Vrana et al. 2000). A map-

ping study identified the IG, Peg3, as a strong candidate for the

autosomal locus in an X-autosome DMI for hybrid growth hy-

perplasia (Loschiavo et al. 2007). A similarly large effect of IG

misexpression on hybrid overgrowth seems likely in Phodopus

hybrids, in which loss of imprinting results in underexpression

of growth restricting Megs (Brekke et al. 2016). In Mus hybrids,

several IGs have biallelic expression and altered methylation in

some adult tissues (Shi et al. 2005), but candidate gene studies

did not establish a strong connection between IGs and placental

growth phenotypes (Zechner et al. 2002; Zechner et al. 2004). In-

deed, the genetic architecture of hybrid growth dysplasia in Mus

exhibits the same fundamental asymmetries that characterize in-

trinsic postzygotic reproductive isolation in general: hybrid male

placental phenotypes are more extreme than those of hybrid fe-

males and the effect of X chromosome genotype is larger in males

(Zechner et al. 1996; Hemberger et al. 1999; Hemberger et al.

2001). Because the paternally inherited X chromosome is nor-

mally imprinted (silenced) in female mouse placenta (Tagaki and

Sasaki 1975), both sexes are exposed to recessive-acting DMIs

on the X. Adherence to Haldane’s rule in the placenta is therefore

unexpected.

We conducted the first genome-scale analysis of this long-

standing example of parent-of-origin-dependent hybrid growth

asymmetries. The data we present are from the cross direction

in which hybrid placentas are undersized relative to the maternal

species, M. m. domesticus (Zechner et al. 1996). We first com-

pared sex-specific placental weight and histology between hy-

brids and both M. m. domesticus and M. spretus, and tested for

elevated rates of inviability in hybrid litters. These analyses were

essential to confirming that apparent abnormalities in hybrids

cannot be explained by species differences in placental size and

structure, and that hybrid males are more affected than females;

data on embryonic viability in this cross are reported here for

the first time. We then used placental transcriptome and reduced

representation bisulfite sequencing to characterize genome-wide

patterns of differential expression (DE) and methylation in hy-

brids relative to parental species, and to address three main ques-

tions. (1) Does sex-specific expression and methylation conform

to Haldane’s rule? Specifically, are there more genes with trans-

gressive expression and/or methylation in hybrid males versus

females? Here and throughout, we use the term transgressive to

describe hybrid gene regulatory phenotypes that are outside of

the range of both parental species (e.g., Barreto et al. 2014) and

are therefore candidate effectors of placental growth and struc-

tural abnormalities. (2) Are IGs strong candidates for hybrid
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placental abnormalities? We enumerated transgressively ex-

pressed and/or methylated IGs, and measured allele-specific ex-

pression in hybrids to test for evidence of loss of imprinting. We

also used gene network analysis to test for functional associations

between all transgressively expressed genes and IGs that retain

strong allelic expression bias in hybrid placenta. (3) Are there sex

differences in X-linked expression that could underlie the more

extreme placental phenotype in hybrid males? We addressed this

question in two ways. First, we tested the expectation that trans-

gressive expression on the X chromosome would be male bi-

ased. Second, to evaluate the possibility that leaky imprinted X

chromosome inactivation (XCI) buffers female hybrids from X-

linked incompatibilities that are exposed in males, we identified

X-linked genes with significant expression from the paternal al-

lele and tested for functional associations between these XCI-

escape genes and genes with transgressive expression unique to

males. Placental transcriptome data were included in Arévalo and

Campbell (2020) but sex differences in expression and analyses

of allele specific expression are reported here for the first time.

All other data and analyses are new to this study.

Methods
ANIMALS, TISSUE COLLECTION, AND PHENOTYPIC

ANALYSES

Mice used in this study were maintained on a 12:12 light:dark

cycle with lights on at 0900h and were provided with 5001 Ro-

dent Diet (LabDiet, Brentwood, MO, USA) and water ad lib.

All animal procedures were approved by the IACUC under pro-

tocol #141-AS. Mus musculus domesticus (hereafter, Dom) was

represented by the wild-derived inbred strain WSB/EiJ (Jackson

Laboratory) and M. spretus (hereafter, Spret) was represented by

the wild-derived inbred strain SFM/Pas (Montpellier Wild Mice

Genetic Repository). We conducted three crosses (female listed

first): Dom × Dom, Dom × Spret, and Spret × Spret. The recip-

rocal cross (Spret × Dom) was attempted 25 times but was never

successful. Although early-acting postzygotic incompatibilities

likely contribute to previously reported low success rates for the

Spret × Dom cross (e.g., Zechner et al. 1996), we think that the

aggressive behavior of WSB/EiJ males paired with SFM/Pas fe-

males was a factor in our zero success rate.

Prior to pairing, females were placed in a cage with soiled

conspecific male bedding for ∼48 h to induce receptivity to mat-

ing (Whitten 1956). Mice were paired between 1700h and 1800h,

left undisturbed for two nights, and split on the morning of the

second day. The second night was counted as embryonic day 0

(e0). Pregnant females (n = 5/cross) were euthanized by cervi-

cal dislocation between 1000h and 1100h on embryonic day 17-

18 (e17.5). Placentas were separated from embryos, and the ma-

ternally derived decidual layer was removed as described in Qu

et al. (2014). Embryos and placentas were weighed and trans-

ferred immediately to RNAlater (Thermo Fisher, USA), kept at

4°C overnight to allow RNAlater perfusion, and stored at −20°C

until RNA extraction. Inviable conceptuses, when present, were

also stored in RNAlater until DNA extraction for sexing. Because

litter size can affect placenta and embryo size (Ishikawa et al.

2006), we used the number of viable conceptuses in each litter as

a covariate in analyses of placental and embryonic weight. Invi-

able conceptuses were not counted because all were at a late stage

of resorption (see Results) and therefore unlikely to affect the size

of viable conceptuses in late gestation. Effects of litter genotype

on litter size and on the relative number of inviable conceptuses

were tested with a one-way ANOVA and with a generalized linear

model, respectively.

Placentas used for histology were fresh frozen and stored at

−80°C until cryosectioning. Frozen placenta was cryosectioned

at 20 µm on a Leica CM 1950 cryostat and mounted on Fisher Su-

perfrost Plus slides. Mounted sections were immediately stained

with hematoxylin and eosin using the Thermo Scientific Shan-

don Rapid-Chrome H & E Frozen Section Staining Kit (Thermo

Fisher). Stained sections were imaged at 10× with a Leica DM

IL LED microscope, equipped with a QICAM Fast 1394 camera

with QCapture software.

SAMPLE PREPARATION AND SEQUENCING

Embryo sex was determined by PCR for the Y-linked gene, Zfy1.

Total RNA was extracted from one male and one female placenta

per litter (n = 5 males/cross; n = 4 females [hybrid cross] and

n = 5 females [conspecific cross]) using the AllPrep RNA/DNA

Mini Kit (Qiagen), and was stored at −80°C until sequencing.

Illumina library preparation was done at the sequencing facility

(Novogene, Sacramento, CA) using the NEB Next Ultra RNA

library prep kit for Illumina. Individual libraries were sequenced

on the Illumina HiSeq 4000 platform, producing >40 million 150

bp paired-end reads per sample.

TRANSCRIPTOME DATA PROCESSING AND ANALYSIS

Quality control (QC), trimming of raw sequencing reads, filter-

ing, and mapping were performed as described in Arévalo and

Campbell (2020). To improve comparability, all samples (Dom,

Spret, and hybrid) were mapped to a pseudo-hybrid genome,

generated using the genome preparation tool of the program

SNPsplit (Krueger and Andrews 2016). Briefly, SNPs from both

Dom (WSB/EiJ) and Spret (SPRET/EiJ) relative to the mouse

genome (GRCm38.89) available from the Ensembl FTP server

(http://ftp.ensembl.org) were introduced into the mouse genome.

SNPs between Dom and Spret were then N-masked to allow

mapping of both Dom- and Spret-derived reads. We randomly

downsampled all alignment files to the same number of reads

88 EVOLUTION JANUARY 2021

http://ftp.ensembl.org


HALDANE’S RULE IN HYBRID PLACENTA

(∼40 million reads) using SAMtools 0.1.19 (Li et al. 2009).

For analysis of allele specific expression (ASE) in hybrids, we

used SNPsplit to split the hybrid alignment files, separating

reads originating from the Spret and Dom alleles. Reads that

were unassignable (did not overlap SNPs between WSB/EiJ and

SPRET/EiJ) or contained conflicting or noninformative (poly-

morphic) SNPs were removed. On average, 69% of mapped

RNAseq reads were assignable, 26% unassignable, and 5% con-

flicting.

Transcript quantification and annotation was done using

StringTie 1.3.3 (Pertea et al. 2015). Mouse genome annota-

tion information (GRCm38.89) was retrieved from the Ensembl

FTP server (http://ftp.ensembl.org). We used the python script

(preDE.py) included in the StringTie package to prepare gene-

level count matrices for analysis of DE and ASE in DESeq2

1.16.1 (Love et al. 2014). Pseudogenes were removed from the

count matrices based on “biotype” annotation information ex-

tracted from Biomart (R-package biomaRt; Durinck et al. 2005).

Low counts were removed by the independent filtering process

implemented in DESeq2 (Bourgon et al. 2010). The adjusted

P-value (Benjamini-Hochberg method) cutoff was set at ≤0.05.

Following the recommendations of Love et al. (2014) (see also

Vallejos et al. 2016; Schurch et al. 2016), we chose a log2 fold

change (LFC) cutoff of ≥0.5 (1.41 times higher or lower expres-

sion) for standard DE analysis. Gene expression in hybrids that

was significantly higher or lower than both parental species was

defined as transgressive.

We evaluated genome-wide ASE in hybrid placentas by test-

ing for DE between alleles. We considered genes with LFC ≥
1 (two times higher or lower expression from one allele com-

pared to the other) and Benjamini-Hochberg-corrected P ≤ 0.05

as showing significant ASE. We chose this stricter LFC cutoff for

ASE to separate ASE from slightly allele-biased expression. In

tests for loss of imprinting and biallelic X-chromosomal expres-

sion, genes with LFC ≤ 0.3 and Benjamini-Hochberg-corrected P

≥ 0.1 were considered biallelically expressed. To avoid false pos-

itives in the test for loss of imprinting, only the subset of genes

with robust evidence for imprinting in e17.5 mouse placenta (n =
36; Babak et al. 2015) were considered.

REDUCED REPRESENTATION BISULFITE SEQUENCING

DATA PROCESSING AND ANALYSIS

We used genome-wide reduced representation bisulfite sequenc-

ing (RRBS) to identify differentially methylated regions in CpG

islands. CpG islands are found in most mammalian gene promot-

ers and their methylation status is one of the major mechanisms

of transcriptional control in mammalian genomes. In general, the

methylation levels of gene promoters correlate negatively with

gene expression level (Cross and Bird 1995; Newell-Price et al.

2000). CpG enriching restriction digest, bisulfite treatment, size

selection, library preparation, and sequencing were performed by

the sequencing facility (NXT-Dx, Ghent, Belgium). Sequencing

was performed on the Illumina HiSeq 4000 platform, producing

>13 million 50 bp paired-end reads per sample.

QC of raw sequencing reads and trimming were per-

formed in Trim Galore! 0.4.5 (Babraham Bioinformatics,

http://www.bioinformatics.babraham.ac.uk/projects/trim_

galore), using a Phred score cutoff of 20 and minimum se-

quence length of 20 after trimming. The pseudo-hybrid genome

(described above) was bisulfite converted and indexed for map-

ping using the Bismark-genome-preparation tool. The RRBS

reads were mapped to the converted pseudo-hybrid genome

using the Bismark Bisulfite Aligner (Babraham Bioinformatics,

http://www.bioinformatics.babraham.ac.uk/projects/bismark/).

We filtered the resulting alignment files using SAMtools 0.1.19

(Li et al. 2009), retaining only high-quality (MAPQ score

40), uniquely mapped, paired reads for analysis. We randomly

downsampled all alignment files to the same number of reads

(∼10 million reads) using SAMtools 0.1.19 (Li et al. 2009). To

analyze allele specific methylation (ASM) in hybrids, we split

the hybrid alignment files with SNPsplit as described above

for RNAseq alignments, but using the bisulfite option of the

program. In this mode, SNPs involving C to T transitions are not

considered for allele-specific sorting because these positions can

either represent a SNP or a methylation state. On average, 53%

of mapped reads were assignable to one of the two alleles, 45%

were unassignable, and 1.25% conflicting.

CpG methylation information was extracted from the

alignment files using the Bismark-methylation-extractor tool

(Babraham Bioinformatics). Differential methylation (DM) and

ASM were analyzed in SeqMonk (Babraham Bioinformatics,

http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/).

CpG methylation percentage in CpG islands was calculated as

per base percent methylation, averaged over the whole CpG

island. DM and ASM were determined for CpG islands lo-

cated in gene promoter regions using logistic regression with

Benjamini-Hochberg correction. Log2 fold change between

compared samples was calculated manually and cutoff was set to

≥0.5 for standard DM analysis and to ≥1 for ASM analysis. CpG

islands in and around IGs, including imprinting control regions

(ICRs), were tested for DM and ASM in the same manner.

GENE ONTOLOGY TERM AND PATHWAY

OVERREPRESENTATION ANALYSIS

We performed gene ontology (GO) term and pathway overrepre-

sentation analyses on relevant lists of genes from DE, ASE, and

DM analyses using the PANTHER gene list analysis tool with

Fisher’s exact test and FDR correction (Mi et al. 2017). We tested

for overrepresentation based on the GO annotation database

(Biological Processes) (released 7 Jan 2017; Ashburner et al.
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Table 1. Litter size and viability.

n litters (embryos)
a

Litters with
inviable embryos

Total inviable
(sex)

Mean proportion viable
embryos (SD)

Mean litter size
b

(SD)

Dom × Dom 9 (47) 1 2 (f) 0.96 (0.13) 5.0 (1.1)
Spret × Spret 10 (53) 1 1 (m) 0.98 (0.05) 5.2 (1.6)
Dom × Spret 7 (41) 5 2 (f), 6 (m) 0.80 (0.16) 4.6 (1.0)

a
All embryos, viable and inviable.

b
Viable embryos only.

2000; The Gene Ontology Consortium 2017) and the Reactome

pathway database (version 58; Fabregat et al. 2017).

IMPRINTED AND X-LINKED GENE NETWORK

ANALYSES

We used String (version 11; Szklarczyk et al. 2019) to construct

gene networks for sets of genes that are candidate effectors of hy-

brid placental abnormalities in one or both sexes: placental IGs

that retain statistically significant ASE in hybrids and X-linked

genes with significant expression from the paternal allele in hy-

brid females. Parameters for string were set to a maximum of 20

interactor genes in the first shell and a maximum of five interactor

genes in the second shell, with a minimum required interaction

score of 0.4. Results from text-mining, databases, experiments,

and gene fusions were considered. We tested for overrepresenta-

tion of (1) genes with transgressive expression in either or both

sexes in the IG gene networks and (2) genes with male-only trans-

gressive expression in the X-linked gene networks.

Results
REDUCED VIABILITY IN HYBRID LITTERS

There was a significant effect of litter genotype on embry-

onic viability in late gestation that was due to a lower viabil-

ity in hybrid litters (generalized linear model (GLM) [binom-

inal] [n = 26]: Hybrid-Dom: F = 1.85, P = 0.02; Hybrid-

Spret: F = 2.68, P = 0.01) (Table 1). Inviable conceptuses were

consistently dark colored and highly condensed with no dis-

cernable distinction between embryonic and extraembryonic tis-

sues, phenotypes indicative of late stage of resorption at e17.5

and thus early lethality (Pang et al. 2014). Litter size, count-

ing only viable embryos, was slightly smaller for hybrid rel-

ative to Dom and Spret litters but the effect of genotype was

not significant (one-way ANOVA: F(2) = 0.51, P = 0.61)

(Table 1). There were numerically more inviable hybrid males

(n = 6) than females (n = 2) but, for the five hybrid litters in

which all embryos were sexed, within-litter sex ratios for viable

embryos were also male biased (mean proportion males = 0.57

± 0.27 SD).

Figure 1. Sex-specific placental weight in hybrids and parental

species, Mus m. domesticus (Dom) and M. spretus (Spret). Box-

plots show placental weight for females (gold) and males (green).

Asterisks indicate significance of one-way ANCOVA followed by

Tukey HSD post hoc tests (∗∗P < 0.01; ∗∗∗P < 0.001). Sample sizes—

females: Dom n = 14, Hybrid n = 10, Spret n = 12; males: Dom n

= 12, Hybrid n = 13, Spret n = 15.

HYBRID PLACENTAL UNDERGROWTH IS MORE

EXTREME IN MALES

Prior work on the Dom × Spret cross reported a hypoplastic pla-

centa in F1 hybrids relative to the maternal species (Dom) but did

not test for hypoplasia relative to Spret (Zechner et al. 1996). We

found that hybrid male placentas weighed significantly less than

male placentas of both parental species with no significant differ-

ences between parental species (one-way ANCOVAs with post

hoc Tukey tests [n = 40]: F(2) = 48.25, P < 0.001; Hybrid-Dom

[n = 25], P < 0.001; Hybrid-Spret [n = 28], P < 0.001; Dom-

Spret [n = 27], P = 0.97). The same was true for females (one-

way ANCOVAs with post hoc Tukey tests [n = 36]: F(2) = 20.17,

P < 0.001; Hybrid-Dom (n = 24), P < 0.001; Hybrid-Spret (n

= 22), P < 0.001; Dom-Spret (n = 26), P = 0.47) (Fig. 1).

When testing within genotype, hybrid male placentas weighed
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Figure 2. Differential expression (DE) in female (gold) and male (green) hybrid placenta relative to Mus m. domesticus (Dom) and M.

spretus (Spret). (A) The outer Venn diagrams show the overlap of DE genes between Hybrid vs. Dom and Hybrid vs. Spret; up = genes

expressed higher and down = genes expressed lower in hybrids compared to parental species; transgressive expression is indicated in

bold. The central Venn diagram shows the overlap of transgressively expressed genes between female andmale hybrids. (B) Volcano plots

of DE in Hybrid vs. Dom and Hybrid vs. Spret placentas for females and males. Significantly DE genes (FDR ≤ 0.05 and log2 fold change

≥ 0.5) are shown in black and transgressively expressed genes are shown in red; transgressively expressed IGs (orange) are labeled.

significantly less than hybrid female placentas (F(1) = 9.98, P =
0.004, n = 23) (Fig. 1). There was no significant difference be-

tween sexes for Dom or Spret, and embryo weights did not differ

significantly in any comparison (data not shown).

Placental hypoplasia in this cross was proposed to be due in

part to a reduced spongiotrophoblast layer (Zechner et al. 1996),

which lies at the maternal-fetal interface in the junctional zone

(John 2013). While we did not differentiate placental cell types,

placental histology confirmed that the junctional zone of the hy-

brid placenta was qualitatively narrower relative to that of both

parental species (Fig. S1).

GENOME-WIDE TRANSGRESSIVE EXPRESSION AND

METHYLATION IS MALE-BIASED IN HYBRID

PLACENTA

Having found more extreme placental hypoplasia in male hy-

brids, we asked whether expression and methylation differences

between hybrids and parental species were also greater in males.

Consistent with prior analysis of DE in hybrid placenta (Arévalo

and Campbell 2020), we found high levels of differential expres-

sion in both sexes of hybrids with >1800 DE genes in each com-

parison (Fig. 2; see Dataset S1 for complete numerical summaries

and gene lists). Of the DE genes that met our criteria for trans-

gressive expression, there were more than twice as many in hy-

brid males versus females (Fig. 2A), a difference that was highly

significant (Fisher’s exact test: P < 0.001, odds ratio = 2.36).

Transgressively upregulated genes were highly enriched for GO

terms related to developmental processes in both sexes, with en-

richment for immune-related terms unique to males. Transgres-

sively downregulated genes were enriched for prolactin recep-

tor signaling in both sexes with additional enrichment in females

(Dataset S1).

Patterns of transgressive methylation were similar, albeit less

extreme. This is consistent with a previous study that showed that

placental promoter and CpG island methylation is conserved be-

tween M. m. musculus, M. m. domesticus, and M. spretus (De-

cato et al. 2017). Although there was no genome-wide signal

of transgressive methylation in either sex of hybrids (Fig. 3A;

Dataset S3), there were significantly more transgressively methy-

lated gene promoters in males than in females (Fisher’s exact test:
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Figure 3. Methylation patterns of CpG islands in gene promoters and the Kcnq1 imprinting control region (ICR). Male data depicted

in green and female data in gold throughout the figure. (A) The mean proportions of methylated reads for CpG islands in autosomal

promoter regions. (B) Line plots show the normalized proportions of methylated reads for all IG promoter and ICR-associated CpG islands,

where each line represents a CpG island. The CpG island is indicated. Error bars in panel A, standard error.

Table 2. Differential expression of imprinted genes in male and female hybrids compared to both parental species.

Hybrid vs. Dom Hybrid vs. Spret

Gene
symbol Chr./Clust. LFC P-adj LFC P-adj Expression in hybrid

Expressed
allele

Associated
DMR?

Male placenta Ascl2 dist7-IC2 −1.33 0.00 −1.56 0.00 Transgressive down Maternal Yes
Klf14 6 0.54 0.00 0.94 0.00 Transgressive up Maternal
Phlda2 dist7-IC2 1.12 0.00 1.32 0.00 Transgressive up Maternal Yes
Sfmbt2 2 −0.58 0.00 −0.64 0.00 Transgressive down Paternal
Tnfrsf22 dist7-IC2 0.54 0.02 1.16 0.00 Transgressive up Maternal Yes
Tnfrsf23 dist7-IC2 0.95 0.00 2.51 0.00 Transgressive up Maternal Yes
Tspan32 dist7-IC2 −0.76 0.02 1.37 0.00 DE intermediate Unknown Yes

Female
placenta

Klf14 6 0.75 0.01 1.11 0.00 Transgressive up Maternal

Phlda2 dist7-IC2 0.67 0.04 0.71 0.02 Transgressive up Maternal Yes
Th 7 0.95 0.04 −1.58 0.00 DE intermediate Maternal Yes

Chr. = chromosome; Clust. = imprinting cluster (https://www.mousebook.org [March 22, 2018]); LFC = log2 fold change in expression; P-adj = adjusted

P-value (Benjamini-Hochberg); DE = differential expression, expressed allele according to https://www.mousebook.org; DMR = differentially methylated

region.

P = 0.011, odds ratio = 1.96; Table S1). Transgressively hyper-

methylated genes were enriched for GO terms related to develop-

ment in hybrid females only (Dataset S3).

LOCAL, NOT GLOBAL, MISREGULATION OF IGs IN

HYBRID PLACENTA

We found that a localized subset of placental IGs was trans-

gressively expressed in hybrids. As for autosomal genes in gen-

eral, transgressive expression and methylation was male biased.

In hybrid male placentas, four IGs (Tnfrsf22, Tnfrsf23, Phlda2,

and Klf14) were transgressively upregulated and two (Ascl2 and

Sfmbt2) were transgressively downregulated. Tspan32 was sig-

nificantly DE compared to both parental species but intermedi-

ate between the two. Five of these misexpressed IGs belong to

the Kcnq1 imprinting cluster (IC2) on the distal part of mouse

chromosome 7 (dist7) and are normally maternally expressed

(Table 2; Dataset S1). Notably, Phlda2 is a regulator of placental

development that acts downstream of transcription factor, Ascl2

(Tunster et al. 2016a, Tunster et al. 2016b; Oh-McGinnis et al.

2011). In hybrid female placentas, only two IGs (Phlda2 and

Klf14) were transgressively upregulated and Th (also in dist7-

IC2) was significantly DE and intermediate between the parental

species (Table 2; Dataset S1).
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Figure 4. Summary of results and proposed effects on (A) male and (B) female hybrid placentas. Aberrant phenotype, expression,

methylation, or interactions are red. In the cartoons of the distal chromosome 7 imprinting cluster 2 (Dist7-IC2), transgressive/Spret-like

methylation of Kcnq1-ICR (imprinting control region) is marked with a red circle. Transgressively expressed placental genes are marked

with arrows indicating the direction ofmisexpression. Dashed arrows indicate the proposed effect on placental phenotype and expression

patterns. When applicable, the proposed effect is labeled on the arrow. The inset shows a schematic of the proposed Kcnq1ot1-mediated

imprinting control mechanism of the cluster (modified from Sanli and Feil 2015). Maternal methylation of the ICR inhibits the expression

of lncRNA Kcnq1ot1 from the maternal allele. Kcnq1ot1 expressed from the paternal allele (wavy gray lines) represses paternal allelic

expression in the cluster.

IC2 is regulated in part by the paternally expressed long non-

coding (lnc) RNA gene, Kcnq1ot1, which acts to repress the pa-

ternal alleles of the Megs in this cluster (Autuoro et al. 2014;

Sanli and Feil 2015; Fig 4 inset). Kcnq1ot1 was significantly

downregulated in hybrid males compared to Dom males only.

In addition, four IG-associated CpG islands were transgressively

methylated in males: Igf2r, Phlda2, Trmp5, and Kcnq1. The latter

three are located in the dist7-IC2 and include the CpG island in

Kcnq1 intron 10, the cluster’s imprinting control region (ICR2)

(Lee et al. 1999) (Table 3). ICR2, which is normally maternally

methylated (Zhang et al. 2014), was strongly hypermethylated in

hybrid males and, to a lesser extent, in hybrid females compared

to all other IG promoter and ICR-associated CpGs for which

methylation was measured (Fig. 3B). Together, these patterns of

expression and methylation implicate the Kcnq1 imprinting clus-

ter as a candidate locus for the male-biased placental abnormali-

ties in this direction of the Dom/Spret cross.

We also found transgressive hypermethylation associated

with the IG, Peg12, in hybrid females (Table 3). However, like

Igf2r in males, the gene was not transgressively or differentially

expressed. Only three IGs met our criteria for loss of imprint-

ing in hybrid placenta: Copg2 and Gnas in both sexes, and Zdbf2

in females only (Fig. S4; see Dataset S2 for complete numerical

summaries and gene lists for ASE). None of these genes were

transgressively expressed (Dataset S1).

Given that most placental IGs exhibited significant ASE in

hybrid placenta (Fig. S4), we used gene network analysis to test

for evidence of functional interactions between these effectively

hemizygous genes and genes with transgressive expression in

hybrids. Transgressively expressed genes were not significantly

overrepresented among IG interactor genes (n = 553) extracted

from the String database (Szklarczyk et al. 2019) (Fisher’s exact

test: Males: P = 0.277, odds ratio = 0.542; Females: P = 0.412,

odds ratio = 1.3) (Dataset S2). We note that this coarse-grained

analysis does not rule out negative epistatic interactions involving

one or a subset of these IGs. In fact, 123 of 571 genes with trans-

gressive expression in one or both sexes of hybrids are among

the putative targets of the transcription factor, Ascl2 (Casey et al.

2018).

TRANSGRESSIVE EXPRESSION AND PARTIAL LOSS

OF IMPRINTING ON THE X CHROMOSOME

In contrast to the genome-wide sex differences in transgres-

sive expression, transgressively expressed genes were enriched
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Table 3. Transgressive imprinted gene-associated CpG island methylation in male and female hybrids.

% Reads methylated in
CpG island

Chr. Closest IG Dom Hybrid Spret
LFC hybrid
vs. Dom

LFC hybrid
vs. Spret

FDR hybrid
vs. Dom

FDR hybrid
vs. Spret

Male placenta 17 Igf2r 40.33 27.35 45.07 –0.56 –0.72 0.015 0.001
7 Phlda2 5.68 3.22 5.41 –0.82 –0.75 <0.001 0.011
7 Trpm5 18.07 10.09 24.28 –0.84 –1.27 <0.001 <0.001
7 Kcnq1 21.40 69.62 22.78 1.70 1.61 <0.001 <0.001

Female
placenta

6 Peg10 52.79 28.23 38.15 –0.90 –0.43 <0.001 0.001

12 Begain 48.25 33.72 42.68 –0.52 –0.34 <0.001 <0.001
7 Peg12 5.70 8.91 4.78 0.64 0.90 <0.001 <0.001

17 Igf2r 53.46 36.33 42.35 –0.56 –0.22 <0.001 <0.001
7 Kcnq1 30.98 70.44 61.44 1.18 0.20 0.017 0.002

Chr. = Chromosome; IG = imprinted gene; LFC = log2 fold change in expression. Transgressively methylated CpG islands in bold; FDR = false discovery rate

(Benjamini-Hochberg).

on the X chromosome in both sexes of hybrids (Fisher’s ex-

act test: Males: P = 0.005, odds ratio = 1.79; Females: P =
0.001, odds ratio = 2.40; Fig. S2; Dataset S1). Although there

was more transgressive X-linked expression in males (29 genes)

versus females (17 genes), enrichment relative to the autosomes

was higher in females (Fig. S2; Dataset S1). There was no GO

term enrichment among transgressively expressed X chromo-

some genes in either sex.

In males, mean methylation levels on the Dom X chro-

mosome were higher in hybrid relative to Dom placentas (6.99

vs. 6.19) and the mean LFC in methylation was significantly

higher on the X versus the autosomes (mean LFCX = 0.36,

mean LFCAutosomes = 0.10; one-sample t-test: t(172) = −2.17,

P = 0.03). However, 62.1% (44/71) of the DE X-linked genes in

the Hybrid-Dom comparison were upregulated in hybrid males,

a pattern counter to the generally repressive effects of promoter

methylation on gene expression. As expected for imprinted X in-

activation, the mean methylation level of the maternal X chromo-

some in female hybrids was lower compared to the paternal X

(Xdom = 12.03, Xspret = 28.92) (Dataset S3).

In hybrid female placenta, 578 X-linked genes contained in-

formative SNPs for analysis of ASE. Consistent with imprinted X

inactivation and the high level of methylation on the paternal X, X

chromosome-wide allelic expression was highly skewed toward

the Dom allele (Mean: 0.783, Skewness: −1.449, one-sample

t-test: t(486) = 26.477, P < 0.001) (Fig. S3; Dataset S2). De-

spite this global pattern, only 65.1% (376/578) of these X-linked

genes had significantly higher expression from the Dom allele.

After excluding the 47 genes known to escape X inactivation in

normal mouse placenta (Andergassen et al. 2017), 29 genes met

our cutoff criteria (see Methods and Dataset S2). Of these, 11 had

biallelic expression, whereas 18 had significantly higher expres-

sion from the paternal Spret allele (Table S2). As for IGs with

biallelic expression, none of the X-linked genes with biallelic or

paternally biased expression were transgressively expressed in fe-

males.

Genes with transgressive expression unique to hybrid males

were not enriched among interactor genes (n = 1037) for the

X-linked genes with significant expression from the paternal al-

lele in hybrid females (Fisher’s exact test: P = 0.12, odds ratio

= 0.67) (Dataset S2). Thus, there was no evidence that leaky

imprinted X inactivation buffers females from X-linked incom-

patibilities that underlie the genome-wide excess of transgressive

expression in males. However, Smarca1, an X-linked gene with

biallelic expression in hybrid females, was transgressively over-

expressed in hybrid males (Table S2; Dataset S2).

Discussion
IGs are critical regulators of prenatal growth and development in

mammals (Ferguson-Smith 2011). This function, together with

characteristic features of regulation and expression, makes IGs

compelling candidates for asymmetric growth abnormalities in

mammalian hybrids. We used transcriptome and reduced repre-

sentation bisulfite sequencing to evaluate the contribution of IGs

to a long-standing example of parent-of-origin placental under-

growth in hybrid mice. Consistent with Haldane’s rule, we found

more extreme undergrowth and more transgressive expression

and methylation in male versus female hybrid placentas. Trans-

gressive expression and methylation of IGs was concentrated in
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the Kcnq1 cluster, which includes strong candidate loci for hy-

brid placental growth dysplasia. Although transgressive expres-

sion was moderately enriched on the X chromosome in both sexes

of hybrids, we found an excess of genes that escape imprinted

XCI in hybrid females. We discuss these results in light of prior

work on this and other cases of hybrid growth dysplasia, and ad-

dress the perplexing question of why hybrid placental phenotypes

are more extreme in the heterogametic sex.

PLACENTAL DEFECTS AND INVIABILITY IN HYBRID

MICE

The first description of hybrid developmental abnormalities in

the cross between female M. m. domesticus and male M. spre-

tus (Dom × Spret) reported placental undergrowth relative to M.

m. domesticus (Zechner et al. 1996) but did not make compar-

isons to the smaller parental species, M. spretus. Here, we show

that hybrid placental weight is significantly reduced relative to

both parental species, with more extreme undergrowth in males.

Placental histology is also consistent with the original report,

in which the spongiotrophoblast layer (the placenta’s endocrine

compartment) was reduced in hybrid relative to M. m. domesti-

cus placentas (Zechner et al. 1996). We find that the junctional

zone, of which the spongiotrophoblast layer is the main compo-

nent (Coan et al. 2006; John 2013), is qualitatively narrower in

hybrid placenta relative to both parental species. Notably, we find

a moderate but statistically significant reduction in the viability of

hybrid conceptuses, providing the first quantitative evidence that

developmental abnormalities contribute to postzygotic reproduc-

tive isolation in this direction of the cross.

THE CONTRIBUTION OF IGs TO HYBRID PLACENTAL

GROWTH DYSPLASIA

Prior analysis of allelic expression and DNA methylation for 18

candidate IGs in various adult F1 hybrid tissues found patterns

suggestive of partial loss of imprinting in both directions of the

M. m. domesticus/M. spretus cross (Shi et al. 2005). In the pla-

centa, however, tests for the contribution of two paternally ex-

pressed IGs to hybrid growth dysplasia were inconclusive (Zech-

ner et al. 2002; Zechner et al. 2004). Excess Igf2 protein was

observed in overgrown placentas but the overgrowth phenotype

persisted in the absence of functional Igf2 (Zechner et al. 2002);

Peg3 retained normal expression from the paternal allele in hy-

brid placenta and the locus was not associated with placental ab-

normalities in a backcross mapping panel (Zechner et al. 2004).

Using whole transcriptome data, we show that the typical

parent-of-origin expression patterns of most placental IGs are re-

tained in Dom × Spret F1 hybrids. Moreover, the expression of

three IGs with evidence of biallelic expression in hybrid placenta

is within the range of both parental species. Thus, loss of imprint-

ing and associated altered dosage of IGs cannot explain transgres-

sive placental undergrowth in Dom × Spret hybrids. These results

are consistent with work in Peromyscus and Phodopus hybrids, in

which loss of imprinting is only evident in overgrown placentas

(Wiley et al. 2008; Brekke et al. 2016). Similarly, we did not find

widespread transgressive expression of IGs, nor did functional

associations with canonically expressed (i.e., monoallelic) IGs

explain a significant proportion of all transgressive expression.

Instead, transgressively expressed IGs were concentrated in the

Kcnq1 cluster on distal chromosome 7 in association with hyper-

methylation of the cluster’s imprinting control region, ICR2, and

downregulation of the regulatory lncRNA, Kcnq1ot1, in males

(Fig. 4). In humans, loss of methylation on ICR2, and conse-

quent upregulation of KCNQ1OT1 and repression of maternally

expressed genes in the KCNQ1 cluster, is a common cause of

Beckwith-Wiedemann syndrome, an imprinting disorder charac-

terized by fetal and placental overgrowth (Lee et al. 1999; Cooper

et al. 2017). This association between ICR2 hypomethylation and

conceptus overgrowth implicates ICR2 hypermethylation as an

effector of the placental undergrowth phenotype studied here.

Importantly, functional studies in lab mice indicate that mi-

sexpression of just two maternally expressed genes in the Kcnq1

cluster, Phlda2 (overexpressed in hybrids of both sexes) and

Ascl2 (underexpressed in males), could underlie placental under-

growth in hybrids, and the more extreme male phenotype. Over-

expression of Phlda2 in transgenic mice results in both fetal and

placental growth restriction, with placentas characterized by a re-

duced junctional zone and deficits in trophoblast glycogen cells

(Tunster et al. 2016a), a putative fetal energy source in late gesta-

tion (Coan et al. 2006). Although Ascl2 (formerly Mash2) knock-

outs die in midgestation (e10) due to complete failure of spon-

giotrophoblast layer formation (Guillemot et al. 1994; Tanaka

et al. 1999), underexpression of Ascl2 causes nonlethal placen-

tal undergrowth characterized by reduced spongiotrophoblast and

a lack of trophoblast glycogen cells together with an expanded

giant cell layer and disorganization of vasculature critical to fe-

tomaternal exchange (Oh-McGinnis et al. 2011). This placen-

tal phenotype bears histological resemblance to that in Dom ×
Spret hybrids (Fig. S1; Zechner et al. 1996). Notably, reduction

in Ascl2 expression in the transgenic model also causes upregula-

tion of Phlda2, suggesting an upstream regulatory effect of Ascl2

on Phlda2 (Oh-McGinnis et al. 2011).

Collectively, these and other functional studies of Phlda2

and Ascl2 indicate that the essential role of Ascl2 in placen-

tal development includes modulation of the suppressive ef-

fects of Phlda2 on spongiotrophoblast expansion (Tunster et al.

2016b). Application of this model to placental undergrowth in

hybrids suggests that moderate Phlda2 overexpression is suffi-

cient to cause observed placental growth restriction in females,

whereas the addition of Ascl2 underexpression in males increases

the severity of the growth phenotype in association with more
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extreme upregulation of Phlda2 (Fig. 4). Given the availability of

transgenic mouse models for both Ascl2 and Phlda2 (e.g., Tun-

ster et al. 2016a,b; Creeth et al. 2018), it may be possible to test

the proposed effects of altered dosage on hybrid placenta using

crosses between transgenic females and unmanipulated M. spre-

tus males.

Interestingly, in the cross between female Peromyscus po-

lionotus and male P. maniculatus, Kcnq1 is one of three major

IG clusters that are dysregulated in overgrown placentas (Duselis

and Vrana 2007; Wiley et al. 2008). In particular, Phlda2 is down-

regulated (Duselis and Vrana 2007) in association with loss of

methylation on ICR2 (Wiley et al. 2008). Given that opposite

patterns of altered methylation at this locus are associated with

opposite placental growth dysplasia phenotypes in hybrids from

distantly related rodent genera, we predict that hypomethylation

of Kcnq1 ICR2 will emerge as a major determinant of hybrid

placental overgrowth in the reciprocal Spret × Dom cross. More

generally, the association between altered methylation on Kcnq1

ICR2 and prenatal growth dysplasia in both rodent hybrids and

humans suggests that, whether due to intrinsic incompatibilities

in hybrids or de novo epimutations, the locus is particularly vul-

nerable to epigenetic perturbation.

HALDANE’S RULE AND THE LARGE X EFFECT IN

HYBRID PLACENTA

In agreement with prior studies of the M. m. domesticus/M. spre-

tus cross (e.g., Zechner et al. 1996; Hemberger et al. 2001), we

found that hybrid placental phenotypes obey Haldane’s rule: Dom

× Spret hybrid male placentas are significantly smaller than those

of their already growth-restricted sisters. Moreover, there were

more than twice as many transgressively expressed genes in hy-

brid males and, even within the Kcnq1 cluster, transgressive ex-

pression and methylation were greater in hybrid males. Impor-

tantly, although male-limited underexpression of Ascl2 may be

the direct cause of the more extreme male growth phenotype, and

may account for some of the excess transgressive expression in

males, sex-specific dysregulation of autosomal genes requires ad-

ditional explanation.

Of the genetic hypotheses for Haldane’s rule, all that apply

to hybrid inviability involve large negative effects of X- (or Z-)

linked incompatibilities in the heterogametic sex, with the pre-

dominant explanation being that most DMI loci act as recessives

or partial recessives in hybrids and are therefore uniquely ex-

posed on the X chromosome in the heterogametic sex (Turelli

and Orr 1995; Orr and Turelli 1996; Coyne and Orr 2004; Delph

and Demuth 2016). This “large X effect” (Coyne and Orr 1989)

is further increased if DMIs accumulate preferentially on the X

chromosome relative to the autosomes (Charlesworth et al. 1987),

as is the case for loci involved in hybrid male sterility in both

Drosophila and mice (Masly and Presgraves 2007; Good et al.

2008; Larson et al. 2017).

Consistent with a large X effect on hybrid placental pheno-

types in the M. m. domesticus/M. spretus cross, backcross map-

ping studies found a large contribution of the X chromosome to

placental growth dysplasia, with undergrowth associated with M.

m. domesticus genotypes and overgrowth with M. spretus geno-

types (Zechner et al. 1996; Hemberger et al. 1999, Hemberger

et al. 2001). However, because imprinted XCI in normal (i.e.,

non-hybrid) rodent placenta results in functional hemizygosity

for the maternal X chromosome in both sexes, adherence to Hal-

dane’s rule in this tissue is unexpected. We consider four potential

explanations: XCI escape in females, X-Y interactions in males,

trans-acting effects of altered chromatin structure on the X chro-

mosome in males, and sexually dimorphic maternal effects.

First, partial dysregulation of imprinted XCI, resulting in

biallelic expression of some X-linked genes, could buffer females

from the effects of X-linked incompatibilities that are fully ex-

posed in males. This explanation for hybrid male-biased placen-

tal growth dysplasia was proposed in the original description of

the phenotype (Zechner et al. 1996) but later dismissed when

three X-linked markers showed the normal pattern of maternal

expression/paternal silencing in hybrid female placenta (Hem-

berger et al. 2001). We found that, although allelic expression

for the majority of X-linked genes retains strong maternal bias,

29 genes that are not known to escape XCI in mouse placenta

met our criteria for having biallelic or paternally biased expres-

sion in hybrid female placenta. None of these genes are obvi-

ous candidates for direct effects on placental growth and devel-

opment. Moreover, genes with transgressive expression in male

placenta were not globally enriched among functional interactors

for the X-linked genes with significant expression from the pa-

ternal allele in hybrid females. However, among the genes with

biallelic expression in females, Smarca1 is a candidate for regu-

latory effects on hybrid males. Smarca1 encodes a chromatin re-

modeling enzyme that suppresses cell proliferation and attenuates

Wnt-signaling (Eckey et al. 2012), processes crucial for embryo-

genesis and placental development (Parr et al. 2001; Logan and

Nusse 2004). Members of the Smarca gene family promote insu-

lator protein CTCF binding with downstream effects on CTCF-

regulated genes (Wiechens et al. 2016), which include several IG

clusters (Lléres et al. 2019). Given that Smarca1 was transgres-

sively overexpressed in hybrid male placenta, the potential con-

tribution of this gene to the difference between hybrid male and

female phenotypes is worthy of further study.

Second, the opportunity for negative epistatic interactions

between the X and Y chromosomes is unique to hybrid males.

In the absence of support for alternative explanations, Hemberger

and colleagues proposed that X-Y interactions account for adher-

ence to Haldane’s rule in the M. m. domesticus/M. spretus cross
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(Hemberger et al. 2001). The current data do not address this hy-

pothesis; a test would require generation of Y-introgression lines

for crosses in which X and Y chromosomes derive from the same

parent species in hybrid males. However, we think it is unlikely

to explain male-biased placental deficits. Although negative X-Y

interactions are important in a handful of cases of Haldane’s rule

for hybrid male sterility (Coyne et al. 2004; Mishra and Singh

2007; Cocquet et al. 2012), there are, to our knowledge, no pub-

lished examples of this genetic architecture underlying preferen-

tial inviability of the heterogametic sex in animals. In Dom ×
Spret hybrids, transgressive placental phenotypes are in the same

direction in both sexes, albeit more extreme in males, and X chro-

mosome genotype has a large effect on growth dysplasia in both

sexes (Zechner et al. 1996; Hemberger et al. 1999, Hemberger

et al. 2001). Therefore, a male-specific genetic architecture for

which there is minimal precedent in other systems does not pro-

vide a parsimonious explanation for the observed data.

Third, sex differences in chromatin structure on the X could

have trans-acting effects on autosomal expression that differ be-

tween male and female hybrids (Hemberger et al. 1999). Sex

chromosome complement explains sex differences in autosomal

gene expression that are independent of gonadal sex and as-

sociated hormonal differences between mammalian males and

females (Bermejo-Alvarez et al. 2010; Raznahan et al. 2018).

Moreover, the parental origin of the single X chromosome in hu-

mans with Turner syndrome (45,X) impacts prenatal survival and

the severity of postnatal phenotypes, indicating parent-of-origin

epigenetic effects (Sagi et al. 2007; Grande et al. 2019). Circum-

stantial evidence supporting the hypothesis that aberrant epige-

netic effects of the X chromosome contribute to male-biased pla-

cental growth dysplasia includes our finding of elevated mean

LFC in methylation levels on the M. m. domesticus X chromo-

some in hybrid versus Dom males and the fact that, in crosses

using subcongenic mice with intervals of the M. spretus X on an

M. m. domesticus autosomal background, the degree of placental

overgrowth increases with the size, rather than the location, of the

M. spretus-derived interval (Hemberger et al. 1999).

Fourth, we would expect male-biased sensitivity to any neg-

ative effect of a hybrid pregnancy on the maternal intrauterine en-

vironment. Maternal stress during pregnancy, whether physiolog-

ical or psychological, negatively impacts both sexes (Davis and

Pfaff 2014). However, the immediate consequences of an adverse

intrauterine environment are generally more severe in males, with

more pronounced placental pathology and intrauterine growth re-

striction, and a higher rate of mortality for male fetuses (Coop-

erstock and Campbell 1996; Walker et al. 2012; Sandman et al.

2013; Davis and Pfaff 2014). Female M. m. domesticus carry-

ing hybrid litters are potentially exposed to altered placental en-

docrine signaling due to deficits in spongiotrophoblast cells in

hybrid placentas (Zechner et al. 1996), and exhibit altered neural

gene expression at e17.5 (Arévalo and Campbell 2020) and re-

duced maternal behavior immediately postpartum (Gardner et al.

2019). These observations suggest that hybrid pregnancy disrupts

maternal homeostasis and, in this sense, is a physiological stres-

sor. Moreover, maternal immunotolerance of the conceptus is me-

diated by the placenta and maternal immune response to male

fetuses may be greater than that to female fetuses (Kahn and Bal-

timore 2010; Bogaert et al. 2018). Maternal immune response to

males could be elevated by heterospecific Y-linked gene expres-

sion in placenta in hybrid pregnancies.

We emphasize that none of the mechanisms proposed here to

explain Haldane’s rule in hybrid placenta are mutually exclusive.

For example, intrinsic negative effects of hybrid male sex chro-

mosome complement on autosomal gene expression, whether

epigenetic or genetic, could be amplified by male-biased sensi-

tivity to an adverse maternal environment and/or reduced ma-

ternal immunotolerance of hybrid male conceptuses (Fig. 4). Fi-

nally, it is noteworthy that 18 X-linked genes have effectively

hemizygous expression from the paternal (M. spretus) allele in

hybrid female placenta. Given the large contribution of the M.

spretus X chromosome to overgrowth phenotypes in the recipro-

cal cross (Zechner et al. 1996; Hemberger et al. 1999, Hemberger

et al. 2001), it is possible that one or more of these paternally ex-

pressed genes are involved in a growth-promoting DMI, resulting

in less extreme placental undergrowth in hybrid females relative

to males.

Conclusions
The results presented here provide new insight into the genetic

basis of hybrid developmental abnormalities and add to prior ev-

idence that placental IGs play a key role in growth dysplasia and

associated inviability in mammalian hybrids (Vrana et al. 2000;

Brekke et al. 2016). In particular, we find hypermethylation of the

Kcnq1 ICR2 in hybrid placenta, in conjunction with transgres-

sive expression of several maternally expressed IGs in this clus-

ter. Importantly, the direction of Phlda2 and Ascl2 misexpression,

and of placental growth phenotypes, parallels that in transgenic

mouse models for the same genes. This suggests that epigenetic

dysregulation of few IGs can have large negative effects on hy-

brid placental development. Whether misregulation of the Kcnq1

cluster contributes to the extreme overgrowth phenotypes in the

reciprocal direction of the cross remains to be determined.

Given that there is also a large X effect on placental ab-

normalities in the M. m. domesticus/M. spretus cross (Zechner

et al. 1996; Hemberger et al. 1999), it is tempting to infer a sim-

ple genetic architecture in which IGs are the autosomal interac-

tion partners in X-linked incompatibilities. However, transgres-

sive expression of Phlda2 and Ascl2 is likely a direct consequence

of excess methylation on the cluster’s imprinting control region.
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Whether this local epigenetic perturbation is a consequence of X-

linked or other genic incompatibilities, or a byproduct of epige-

netic instability in hybrid genomes, is currently unclear. Genome-

wide QTL and eQTL mapping in both directions of the M. m.

domesticus/M. spretus cross will be a critical first step in recon-

ciling the large role of the X, adherence to Haldane’s rule, and

the contribution of IGs to hybrid placental growth dysplasia.
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