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Most autosomal genes in the placenta show a biallelic expression
pattern. However, some genes exhibit allele-specific transcription
depending on the parental origin of the chromosomes on which
the copy of the gene resides. Parentally expressed genes are in-
volved in the reciprocal interaction between maternal and pater-
nal genes, coordinating the allocation of resources between fetus
and mother. One of the main challenges of studying parental-
specific allelic expression (allele-specific expression [ASE]) in the
placenta is the maternal cellular remnant at the fetomaternal in-
terface. Horses (Equus caballus) have an epitheliochorial placenta
in which both the endometrial epithelium and the epithelium of
the chorionic villi are juxtaposed with minimal extension into the
uterine mucosa, yet there is no information available on the allelic
gene expression of equine chorioallantois (CA). In the current study,
we present a dataset of 1,336 genes showing ASE in the equine CA
(https://pouya-dini.github.io/equine-gene-db/) along with a work-
flow for analyzing ASE genes. We further identified 254 potentially
imprinted genes among the parentally expressed genes in the
equine CA and evaluated the expression pattern of these genes
throughout gestation. Our gene ontology analysis implies that
maternally expressed genes tend to decrease the length of gesta-
tion, while paternally expressed genes extend the length of ges-
tation. This study provides fundamental information regarding
parental gene expression during equine pregnancy, a species with
a negligible amount of maternal cellular remnant in its placenta.
This information will provide the basis for a better understanding
of the role of parental gene expression in the placenta during
gestation.

allele-specific expression | parental gene expression | monoallelic gene
expression | placenta | equine

The placenta is the fetomaternal interface, which is essential
for fetal growth and survival. In eutherian mammals, the

placenta plays a pivotal role in producing hormones, transporting
nutrients and byproducts between the fetal and maternal circu-
lation, and protecting the fetus from the maternal immune system
(1, 2). A prerequisite for the efficient function of the placenta is
dynamic gene expression throughout gestation, mediating the rapid
physiological changes in this tissue during pregnancy (3, 4). Efforts
toward assigning a parent of origin to the genes critically involved
in this process has remained an active research topic during the
last decade.
In mammalian cells, biallelic expression of autosomal genes

constitutes the most common form of gene expression, by which
both alleles (paternally and maternally derived) are simulta-
neously transcribed and therefore equally contribute to the gene
expression profile. In contrast, there are groups of genes that
exhibit monoallelic expression where allele-specific transcrip-
tion is dependent on the parental origin of the chromosomes
(5–7). Interestingly, this parent-specific transcription significantly

contributes to the placental development and function (8). It has
been shown that genes with parental bias in their expression are
critical for normal embryonic growth, including the development
of organs, the modulation of placental surface area, and vascular
branching density, among numerous other functions (9–13).
Consequently, alterations in the expression of parentally expressed
genes have been linked to several developmental disorders of the
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The placenta is the fetomaternal interface, which is essential for
fetal growth and survival, playing a central role in the health of
both the fetus and its mother. The dynamic gene expression
during pregnancy dramatically contributes to the correct func-
tionality of this temporary tissue. The epitheliochorial placenta of
the horse is a valuable resource to understand parent-of-origin
expression due to minimal bias associated with remnants of ma-
ternal tissue compared to other eutherian mammals. Here, we
identified genes whose transcription is biased to either the pa-
ternal or maternal chromosome in the equine placenta. Overall,
this study contributes to a better understanding of regulatory
processes in placental function, evolution, and disease, using
horses as a model for eutherian mammals’ placenta.
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placenta, miscarriage, preeclampsia, and intrauterine growth re-
striction in women, mice, and domestic animals (14–22).
It has been suggested that parental gene expression, including

imprinted genes, arose during the course of mammalian evo-
lution to facilitate the interaction between parent and fetus
(23, 24). The reciprocal interaction between maternal and
paternal gene expression coordinates the allocation of re-
sources between the fetus and the mother (25, 26). Overall, it
has been proposed that the paternally expressed genes tend to
maximize the resources that are received by the offspring
(enhancer of fetal growth), whereas the maternally expressed
genes tend to reduce the distribution of these resources to the
offspring in an attempt to modulate the maternal energy supply
during pregnancy, a phenomenon known as parental conflict
theory (9, 16, 25–27). It is noteworthy that parental genes are
not limited to protein-coding genes since the expression of specific
noncoding RNAs (ncRNAs) can also be parentally expressed
(26). Several functions have been allocated to ncRNAs through
their RNA–RNA interactions in many cell types (28–34). The
majority of these ncRNAs are either located in yet unannotated
regions of the genome or are located within the opposite strand
of the expressed protein-coding gene (35). Recently, it has been
revealed that this type of antisense transcription is common in
mammals and other eukaryotes, where the antisense transcript
regulates the expression of the gene located on the sense strand
either transcriptionally or at the posttranscriptional level (30,
36–45).
Advances in high-throughput sequencing technologies have

provided a unique opportunity to identify the parentally expressed
loci, including imprinted genes, in the murine and human pla-
centa (46–49). However, one of the challenges of studying these
genes is associated with their hemochorial placentation and as-
sociated mixed maternal and fetal cellular components at the
fetomaternal interface (50). This results in the overestimation of
maternally expressed genes in the placenta (49). This obstacle
can be overcome by studying parental expression of genes in the
placenta of species with epitheliochorial and a minimally invasive
type of placentation, such as the equine placenta. The horse has
an epitheliochorial placenta in which both the endometrial epi-
thelium and the epithelium of the chorionic villi are juxtaposed
with minimal extension into the uterine mucosa. Therefore, the
fetal placenta (chorioallantoic membrane) can be separated
from the endometrium with negligible cellular mixture from
maternal components (51). Currently, there is no information
available for the allele-specific gene expression in the equine
placenta except the study by Wang et al., in which the authors
identified parental gene expression in the equine chorionic
girdle collected from horse–donkey hybrids (52). Although this
was a well-executed study, the functions and the characteristics
of the chorionic girdle and chorioallantoic membranes are
significantly different. The chorionic girdle is a transient cir-
cular band with a distinctly high paternal influence that invades
the endometrium and forms the endometrial cups during the
first trimester of equine pregnancy (53–55). Currently, there is
no information available on the parental gene expression of
equine chorioallantois (CA). We hypothesized that there are
several transcripts (protein-coding and nonprotein coding) with
parental bias in their expression in equine CA. Therefore, the
aim of our study was to identify loci with parental bias in their
expression in equine CA during mid-gestation and to provide a
dataset of these genes along with their expression pattern
throughout gestation.

Results
Identification of Allele-Specific Expressed Genes in Equine CA by
High-Throughput Sequencing. To identify allele-specific expression
(ASE) loci in equine placenta, we performed RNA-sequencing
(RNA-seq) (stranded and paired-end; see Materials and Methods

and SI Appendix, Fig. S1A) on CA (n = 6) in conjunction with
genomic whole genome shotgun sequencing (WGS, mean ± SD
coverage of 28X ± 3X) on CA, along with both the dam and sire,
generating six sets of parent–offspring trios (parent–placenta tri-
os). RNA-seq reads from each CA sample were phased according
to the strand of the transcribed RNA [forward and reverse strands
(45)], and expressed alleles at each location were compared to the
respective sire and dam genomic DNA (gDNA). Using the RNA-
seq data, we identified single-nucleotide polymorphisms (SNPs) to
distinguish the parent of origin of the transcripts. The expressed
alleles (carrying SNPs at heterozygous sites) which could only
originate from one of the parents (both parent and offspring ho-
mozygous at the respective site) were considered informative and
selected for further analysis. From a total of 2,853,000 SNPs de-
tected, 570,334 (∼19%) informative SNPs (excluding mitochon-
drial SNPs) were identified in the RNA-seq data from the CA. To
confirm that the detected alleles were not due to artifacts from the
sequencing, the presence of each informative SNP was confirmed
in the gDNA of the corresponding CA (via WGS). Out of 570,334
informative SNPs detected in the RNA-seq, 549,593 (96%) SNPs
were confirmed via WGS of the CA (SI Appendix, Table S1). The
resulting SNP density was similar among the CA samples, with a
mean ± SD of 0.08 ± 0.01 informative SNPs/kb [Equus caballus
genome size of ∼2.6 × 106 (56, 57)].
Initially, informative SNPs from all the parent–placenta trios

that were located on annotated regions of genome were com-
bined (based on the transcribed RNA strand; forward and re-
verse) to obtain gene-level representation. A total of 435,157
informative SNPs were identified in the annotated loci, corre-
sponding to 18,446 genes out of 33,460 annotated genes (∼55%)
existing in the Equus caballus reference transcriptome (EquCab
3.0, National Center for Biotechnology Information [NCBI])
(Dataset S1). We set an arbitrary threshold of a minimum of six
SNPs per gene, thus removing genes which had less than six in-
formative SNPs (a total of 4,993 genes were removed). On aver-
age, 32.1 ± 38.9 (mean ± SD) SNPs were included per gene
(combining all samples). Next, the distribution of paternal and
maternal SNPs per gene was calculated. Several cutoff points have
been used in previous studies to distinguish between allele-specific
and biallelic-expressed genes; the cutoff values vary from 60%
paternal or maternal expression to as restrictive as 100% expres-
sion originating from one of the parents (52, 58–61). In the pre-
sent study, we used the cutoff of maternal expression (Mat) ≥75%
and paternal expression (Pat) ≤25% for maternally expressed
candidates and Mat ≤25% and Pat ≥75% for paternally expressed
genes, respectively (Fig. 1A), to identify the significant allele-
specific expressed genes (ASEGs) (8). Out of 13,453 genes with
informative SNPs, 2,022 (∼15%) exhibited an ASE pattern [≥75%
paternal or maternal, false discovery rate (FDR) < 0.05, P value =
0.01], with 57% (1,157 genes) being maternally expressed and 43%
(865 genes) paternally expressed. In order to increase the confi-
dence level, we further separated these ASEGs into four groups
based on the parental bias in their expression: Group A, 100%
(n = 269 Mat and 163 Pat genes); Group B, 100 > to > 90% (n =
277 Mat and 139 Pat genes); Group C, 90 ≥ to > 80% (n = 393
Mat and 340 Pat genes); and Group D, 80 ≥ to ≥ 75% (n = 218
Mat and 223 Pat genes) (Fig. 1B and Dataset S2).

Confirmation of Parental Bias in the Expression of ASEGs for Each
Individual Parent–Offspring Trio. As the initial approach of sum-
ming up the information (informative SNPs) from all the trios
might have masked and biased the results in identifying the
ASEGs, we analyzed the predicted ASEGs in each individual
trio. To maintain their ASEGs status, these needed to demon-
strate the same parental bias in their expression within each trio.
Subsequently, the list of ASEGs was narrowed to the genes that
show parental bias in their expression in at least three parent–
placenta trios. A total of 190 genes (out of 2,022) were removed
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from the initial list of ASEGs (SI Appendix, Table S2). Genes that
were not sufficiently expressed (average expression of fragments
per kilobase of transcript per million fragments mapped [FPKM] <
1 among the six CA samples) were also removed from the list of
ASEGs (n = 497 genes were removed). Fig. 2A represents the
number of ASEGs across the different trios. A total of 37 genes
(out of 202 genes in Group A) had informative SNPs in at least five
of the trios and had 100% bias in their SNPs toward one of the
parents, providing the highest confidence in the prediction of their
allelic expression (Table 1). Among the 1,336 ASEGs, 1,111
expressed genes were autosomal, and 225 genes were located on
the X chromosome (Dataset S3). The male and female CA were
treated as a biological replicate in this study; therefore, we removed
the chromosome X from the downstream analysis. The distribution

of ASEGs (526 Mat and 585 Pat genes) across the equine chro-
mosomes is presented in Fig. 2B.
Among the 1,336 ASEGs, 1,291 were coding and 45 were

noncoding genes (Dataset S3). Lastly, we performed functional
annotations for the protein-coding ASEGs. Gene ontology (GO)
analysis of maternally and paternally expressed genes demonstrated
that paternally expressed genes were mainly involved in metabolic
and biosynthesis processes of proteins, macromolecules, and or-
ganic compounds, while maternally expressed genes were involved
in localization, macromolecule and protein modifications, positive
regulation of cell death, and apoptotic process (Dataset S4 and
Fig. 3).
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Fig. 1. (A) The number of informative SNPs in parentally expressed and
biallelic expressed genes (each dot represents a gene). A binomial test was
used to detect statistically significant deviations between number of ma-
ternal and paternal SNPs for each gene. Multiple testing-corrected P values
were calculated by the false discovery rate method (Benjamini and Hochberg
FDR < 0.05). To identify the significant ASEGs, we used a cutoff of maternal
expression (Mat) >75% and paternal expression (Pat) <25% for maternally
expressed candidates (red dots) and Mat <25% and Pat >75% for paternally
expressed ones (blue dots). Black dots represent the biallelically expressed
genes. The scatter plot of the ASEGs was generated using Package “tau-
charts” in R. The log (number of SNPs + 1) is represented in the x- and y-axes.
Gene names can be found in the interactive scatter plot at https://rpubs.com/
pouyadini/545723. (B) Groups of ASEGs based on four different cutoff points
for detection of parental bias (each dot represents a gene). ASEGs were
grouped and presented in four groups based on the parental bias in their
expression (Group A: 100% [n = 269 Mat and 163 Pat genes]; Group B: 100 >
to ≥ 90% [n = 277 Mat and 139 Pat genes]; Group C: 90 > to ≥ 80% [n = 393
Mat and 340 Pat genes]; and Group D: 80 > to ≥ 75% [n = 218 Mat and 233
Pat]). Gene names can be found in the interactive scatter plot at https://
rpubs.com/pouyadini/545721. Dots are colored by grouping rather than by
parent of origin.

Fig. 2. (A) ASEGs in the individual parent–placenta trios. Combining the
informative SNPs from all the trios may bias the results in identifying the
ASEGs. Therefore, we analyzed the predicted ASEGs in each individual trio.
The number of ASEGs in the parent–placenta trios are classified based on the
number of trios that showed the informative SNPs. Red and blue bars indi-
cate maternally and paternally expressed genes, respectively. (B) The distri-
bution of ASEGs across equine chromosomes (Top). A total of 1,111 genes
were located on autosomal chromosomes. ECA1 had the largest number of
ASEGs among the autosomal chromosomes followed by ECA10, ECA3, and
ECA7. A binomial test showed that there were biases in the proportion of
maternal and paternal genes (toward one of the parents) in chromosomes
on ECA3 and ECA10. (Bottom) Ideogram with the genomic map of the
ASEGs. Distribution of paternally and maternally expressed genes are dem-
onstrated based on the strand of their transcription. The ideogram was
generated using Package “ChromoMap” in R (62). Gene names can be found
in the interactive ideogram at https://rpubs.com/pouyadini/594229.
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Mitochondrial SNPs with Maternal Origin. To further validate our
methodology for detection of ASEGs, parental expression bias of
informative SNPs in mitochondrial RNA was analyzed. A total of
930 SNPs were detected in the mitochondrial RNA with 342 SNPs
considered as informative (following the previously described
methodology). Out of these 342 informative SNPs, three SNPs
showed paternal origin and 339 were of maternal origin, as expec-
ted, since mitochondrial DNA is inherited exclusively from the
mother (Dataset S5). A total of 327 informative SNPs were further
confirmed in theWGS dataset, eliminating the three paternal SNPs.
The three nonconfirmed SNPs were all detected in the same trio.

Methylation Status of ASEGs in the Equine Placenta. To investigate
the origin of the allelic expression of the identified ASEGs, DNA
methylation of these genes was analyzed in the CA samples (n =
6) using reduced representation bisulfite sequencing (RRBS).
After mapping the obtained reads, the methylation level for each
methylated cytosine was calculated using a binomial distribution
(see Materials and Methods). Methylated cytosines with a sequencing
depth ≥5 and a corrected P value from the binomial test ≤0.01 were
used for further analysis (64, 65). In total, 64,627 significantly meth-
ylated cytosines were identified in the placenta samples (Dataset S6).
These methylated cytosines were annotated to the equine reference
transcriptome, corresponding to 2,894 autosomal genes (Fig. 4A).
Next, the list of autosomal ASEGs (n = 1,111) was compared to the
list of the genes with identified methylated cytosines. A total of 254

genes, including IGF1R, IGF2, IGF2R, RTL1, DLK1, and INSR,
exhibited both allele-specific expression and significant methylated
sites, suggesting they could potentially be imprinted (Fig. 4 A and B
and Dataset S7). A total of 21 genes belonged to Group A (7 Mat
and 14 Pat; Fig. 4C), 28 to Group B (11Mat and 17 Pat; Fig. 4C), 118
to Group C (65 Mat and 53 Pat), and 87 to Group D (46 Mat and 41
Pat; Dataset S7).
We compared the list of previously reported imprinted genes

in chorionic girdle of equine hybrids (52) to our potentially
imprinted gene list. Out of 24 reported imprinted genes, 4
(IGF2, IGF2R, DLK1, and INSR) were identified in our list (SI
Appendix, Table S3). Other imprinted genes such as H19,
PHLDA2, MEST, NDN, and LY6G6C were excluded from our
list due to a low number of SNPs (SI Appendix, Table S3). Other
genes (PEG10, PEG3, NAP1L4, and SNRPN, among others)
were identified as ASEGs in our dataset; however, we were not
able to demonstrate significant methylated sites in these genes.
We detected no discrepancy between the parental expression of
the SNPs in the two datasets. Wang et al. (52) reported DIRAS3
as a paternally imprinted gene based on one significant SNP
from their RNA-seq data. In our dataset, we found three pa-
ternally expressed SNPs in the sense and four SNPs (two ma-
ternally and two paternally expressed SNPs) in the antisense
strand. However, since the dataset used by Wang et al. (52) was
unstranded, it is unclear which strand of DNA was the origin of
the paternal SNP identified by them. Additionally, some of the

Table 1. ASEGs with informative SNPs in at least five out of the six studied trios and 100% bias in the SNPs toward one of the parents

Gene name Chromosome Number of SNPs Number of trios Parental expression Binomial distribution FDR Transcription direction

SLC16A12 Chr1 11 5 Maternal 0.005 Reverse
ANKRD1 Chr1 10 6 Maternal 0.009 Reverse
SNRPN Chr1 47 5 Paternal <0.001 Reverse
COQ9 Chr3 10 5 Paternal 0.009 Reverse
PLAC8 Chr3 7 5 Maternal 0.039 Reverse
MON1B Chr3 8 5 Maternal 0.024 Reverse
FKBP14 Chr4 8 5 Maternal 0.025 Forward
DGKA Chr6 9 5 Paternal 0.015 Reverse
STK25 Chr6 9 5 Paternal 0.015 Forward
RAB38 Chr7 7 5 Paternal 0.039 Reverse
IL10RA Chr7 13 5 Maternal 0.002 Reverse
HIP1R Chr8 14 5 Maternal 0.001 Reverse
VPS37B Chr8 11 6 Maternal 0.005 Forward
DCAF13 Chr9 12 5 Paternal 0.003 Reverse
LOC111775242 Chr10 15 5 Paternal 0.001 Forward
ZNF544 Chr10 7 5 Paternal 0.039 Reverse
ALOXE3 Chr11 11 5 Maternal 0.005 Forward
B4GALNT2 Chr11 15 6 Maternal 0.001 Reverse
FGF19 Chr12 9 5 Paternal 0.015 Forward
RNF145 Chr14 12 5 Paternal 0.003 Reverse
CLK1 Chr18 8 5 Maternal 0.025 Forward
PLCXD2 Chr19 16 5 Maternal <0.001 Forward
EIF2B5 Chr19 12 5 Paternal 0.003 Reverse
FITM2 Chr22 10 5 Maternal 0.009 Forward
LOC111770146 Chr23 8 5 Paternal 0.024 Reverse
LOC102149687 Chr23 9 5 Paternal 0.015 Forward
NDUFB1 Chr24 10 5 Paternal 0.009 Forward
DRAM1 Chr28 16 5 Paternal <0.001 Reverse
NLGN4X ChrX 139 6 Maternal <0.001 Forward
USP9X ChrX 33 5 Maternal <0.001 Forward
WDR45 ChrX 22 5 Maternal <0.001 Forward
TMEM185A ChrX 23 5 Maternal <0.001 Forward
ARHGEF9 ChrX 13 5 Maternal 0.002 Forward
SLC9A7 ChrX 34 5 Maternal <0.001 Forward
RLIM ChrX 7 5 Maternal 0.04 Forward
LAS1L ChrX 17 6 Maternal <0.001 Forward
CUL4B ChrX 27 5 Maternal <0.001 Forward
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imprinted genes in the chorionic girdle, such as INS, PAR-SN,
and D7ERTD715E (52), were not expressed in CA. This again
reflects the differences between the nature of chorionic girdle
and CA.
GO analysis of maternally and paternally expressed genes with

significant methylated sites suggested that biological pathways
involved in positive regulation of cell death, positive regulation
of programmed cell death, and positive regulation of apoptotic
process are enriched in maternally expressed genes (Fig. 4D and
Dataset S8). On the other hand, pathways related to the negative
regulation of cell cycle checkpoints, negative regulation on DNA
damage checkpoint, establishment of microtubule cytoskeleton
polarity, and regulation of protein kinase B signaling were
enriched in paternally expressed genes (Fig. 4D and Dataset S8).

Expression Patterns of Potentially Imprinted Genes throughout the
Equine Gestation.We evaluated the expression patterns of the genes
we identified as potentially being imprinted genes throughout the
equine pregnancy (45 d, 4 mo, 6 mo, and 10 mo; n = 4 for each time
point) using a previously generated paired-end, RNA-seq dataset
from CA (Fig. 5 and Dataset S9) (66). To evaluate the kinetics of
these potentially imprinted genes throughout gestation, differen-
tially expressed genes (DEGs) during the pregnancy were identified
(FDR < 0.05). A total of 51 maternally and 58 paternally expressed
genes showed differential expression across gestational time points
(Fig. 6 and Dataset S10). We further classified the GO of DEGs.
Maternal DEGs were involved in transmembrane transporter ac-
tivity, cyclic guanosine monophosphate-dependent protein kinase
(cGMP-PKG) signaling, semaphoring-plexin signaling, and fluid
shear stress. Paternal DEGs were involved in insulin-related sig-
naling, negative regulation of DNA damage checkpoint, negative
regulation of cell cycle checkpoint, catalytic activity, and trans-
membrane transport (Dataset S11).
Next, we grouped the DEGs into three clusters using the

k-means clustering method (Fig. 6). The expression of two
clusters consisting of 24 maternally expressed genes increased
during pregnancy. There was also a cluster of maternally
expressed genes in which the genes had higher expression at the
beginning of the pregnancy and then declined toward the end of

pregnancy. Within the paternally expressed genes, there was one
cluster (n = 25 genes) which showed an increasing trend, and two
clusters (n = 32 genes) showed a decrease in their expression
toward the end of the gestation. The biological processes enriched
in genes found in the maternal cluster that had an increasing ex-
pression pattern throughout the gestation were localization, trans-
membrane transport, regulation of smooth muscle cell migration,
and positive regulation of cell morphogenesis (Dataset S12). The
biological processes of the paternally expressed genes that had an
increasing expression pattern throughout the gestation were mac-
romolecule glycosylation, positive regulation of protein kinase B
signaling, carbohydrate derivative metabolic process, and response
to insulin. Maternal genes with expression that decreased throughout
the gestation were predicted to be involved in proteolysis, the protein
catabolic process, and the macromolecule catabolic process, while
the paternal genes were involved in glucose transmembrane
transport, telomere organization, telomere maintenance, regula-
tion of DNA damage checkpoint, regulation of cell cycle check-
point, and positive regulation of cell cycle.

Reciprocal Paternal and Maternal Gene Interaction. To further in-
vestigate the RNA–RNA interaction and functions of ASEGs,
we compared them with the available Romiloski ligand-receptor
pairs dataset that includes 2,557 ligand-receptor combinations
(67). In total, 273 genes from the Romiloski dataset were detected in
our dataset, including 19 genes we defined as being potentially
imprinted (Dataset S13). We identified five putative interactions
between the paternal and maternal genes and six ligand-receptor
interactions which were transcribed from the same parents
(Table 2). The expression patterns of these ligand-receptor genes
were evaluated throughout gestation. Three reciprocal, parental
ligand-receptor interactions showed a significant correlation in their
expression pattern during pregnancy (Fig. 7). Maternally expressed
CALM2 showed an inverse correlation with the paternally expressed
INSR, while CALM2 and IGF2R (maternally expressed) showed a
positive correlation with paternally expressed ABCA1 and IGF2,
respectively. Moreover, expression of four paternally expressed
ligand-receptors (IGF1:INSR, IGF2:INSR, IGF1:IGF1R, and
DLK1:NOTCH4) were positively correlated during pregnancy.

Fig. 3. Hierarchical clustering tree of predicted GO of paternally and maternally expressed genes. The size of the nodes corresponds to the number of genes
involved in each process (63).
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Since our RNA-seq reads were stranded, we were able to
evaluate ASEGs, which are transcribed from an overlapping locus
of another parentally expressed gene (opposite DNA strand).
Overlapping loci were defined as with bidirectional gene expression
within annotated genes (45). This definition allowed for the analysis
of overlapping expression in allele-specific expressed loci. A total of
23 bidirectional ASEGs were identified, including six imprinted loci

(Fig. 8A). We analyzed the correlation in the expression pattern of
these overlapping loci throughout gestation (correlation between
the expression of the sense and antisense strands). There were
positive and negative correlations in the expression patterns of these
overlapping loci (Table 3), with three overlapping loci showing
transcription from opposite parent of origin (i.e., sense strand pa-
ternally and antisense strand maternally expressed). In the next step,

A B

C

D

Fig. 4. (A) A circos plot of data
curation to identify potentially
imprinted genes. The list of
genes with significant methyl-
ated cytosines, corresponding
to 2,894 autosomal genes, was
compared to the list of the
ASEGs (n = 1,111). A total of
254 genes were both paren-
tally expressed and have sig-
nificant methylation site. Gene
names can be found in the in-
teractive circos plot at https://
rpubs.com/pouyadini/568876.
(B) An ideogram showing dis-
tribution of potentially imprinted
genes on equine chromosomes.
Gene names can be found in the
interactive ideogram at https://
rpubs.com/pouyadini/568783.
The ideogram was generated
using Package “ChromoMap” in
R (62). (C) Presentation of pa-
rental bias in the expression
of potentially imprinted genes
(Groups A and B) within parent–
placenta trios. (D) Hierarchical
clustering tree of predicted GO
of potentially imprinted genes.
The size of the bullet points is
associated with the number of
genes involved in each process.
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the position of each of these genes was visualized in the NCBI
database for human and horse (human: GRCh38; horse: EquCab
3.0) to check the available data on the existence of overlapping loci.
In the human and equine genome, there is evidence of overlapping
expression for LOC100051903 and RTL1. Based on the human and
equine reference genomes, there were no signs of overlapping in
FAM184B; however, we observed clear evidence of bidirectional
expression in all these loci (Fig. 8B).

Discussion
ASEGs play an important role in placental and fetal develop-
ment, making them interesting candidates for understanding
maternal–fetal interactions and placental pathologies (47). Here,
we described a workflow for analyzing ASE in the equine pla-
cental transcriptome and provided a list of genes with specific

parent-of-origin expression.We identified 1,336 ASEGs (protein-coding
and ncRNA), accounting for ∼4% of the current assembled
genes in the equine genome. In the literature, the number of
ASEGs may vary mainly based on defining cutoff points for
maternal/paternal ratios. As mentioned in the results, different
thresholds (from 60 to 100% bias toward one of the parents)
have been used to determine the skew in the allelic expression
(toward one of the parents). Also, there is currently no consensus
over the number of SNPs per gene that is required to confirm sig-
nificant paternal or maternal expression bias, with a percentage of
monoallelic expressed (MAE) genes ranging from 2.4 to 10% be-
tween different studies in humans and mice using arbitrarily set
thresholds (5, 69–72). In the current study, with a threshold of 75%
expression bias toward one of the parents, the percentage of MAE
genes was ∼4% (1,336 ASEGs out of 33,460 assembled genes in the
equine genome), whereas ∼0.6% of the genes were identified as
ASEGs when the threshold was set at 100% bias toward one of the
parents (Group A, n = 202, including chrX; Dataset S3).
In the present dataset, we grouped the ASEGs based on the

direction of the parental expression bias (Group A: 100%; Group B:
100 > to ≥ 90%; Group C: 90 > to ≥ 80%; and Group D: 80 > to ≥
75%). We also determined the parental status of each gene within
the individual trios. This approach allowed us to have a higher con-
fidence for identifying a gene as an ASEG when it is expressed in all
the trios with 100% skew to one of the parents (Group A). However,
the other groups (B, C, and D) can also provide useful information
when we take the number of SNPs in the gene (higher number of
SNPs provides more confidence) and the parent of origin of the gene
in each individual trio into consideration. Thus, information in this
dataset can be interpreted with different levels of confidence and
applied to diverse questions seeking to understand their dynamics in
expression throughout placental development.
We also evaluated the distribution of ASEGs in the equine

chromosomes. Surprisingly, ECA10 had a high number of

Fig. 5. Expression patterns of potentially imprinted genes during equine
gestation. A total of 129 maternally (Right) and 125 paternally (Left)
expressed genes were expressed during gestation. The heatmap was con-
structed using log(FPKM+1) values.

Fig. 6. (A) Differential expression of imprinted genes across gestation. Horizontal bars indicate the number of DEGs per comparison. Vertical bars indicate
the number of DEGs shared across time points as indicated by black dots; connections indicate two or more conserved time points per transcript. No DEG was
found between 4 and 6 mo. (B) Clustering of DEG based on their expression patterns during gestation. DEGs were clustered into three clusters using k-means
clustering. The optimal number of clusters was evaluated with “mclust” package in R. The expression of two clusters consisting of 24 maternally expressed
genes increased during pregnancy. There was also a cluster of maternally expressed genes in which the genes had higher expression at the beginning of the
pregnancy and then declined toward the end of pregnancy. Within the paternally expressed genes, there was one cluster (n = 25 genes) which showed an
increasing trend, and there were two clusters (n = 32 genes) that showed decreases in their expression toward the end of the gestation.
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paternally expressed genes (52 paternally expressed [10 poten-
tially imprinted] versus 8 maternally expressed [2 potentially
imprinted]), and ECA3 had a high number of maternally expressed
genes (63 maternally expressed [13 potentially imprinted] versus 14
paternally expressed [2 potentially imprinted]). ECA10 is the horse
ortholog to human chromosomes 6 and 19, while ECA3 is the horse
ortholog to human chromosomes 16 and 4 (73). Several imprinted
coding and noncoding genes have been characterized on these
human chromosomes (74–77). Interestingly, in humans, both cod-
ing and noncoding imprinted genes in these chromosomes have a
substantial effect on the development and function of the placenta
(74, 77, 78). In the present study, we propose a list of ASEGs and
their chromosomal location; however, the function of these ASEGs
in equine pregnancy needs to be further elucidated in future
studies.

Imprinted genes are the best described class of ASEGs (5, 79).
In addition, many of the known human imprinted genes are
expressed in the placenta (80–82). The definite identification of
imprinted genes in the equine placenta requires a more thorough
assessment of the genome-wide methylation status of the par-
ents and their placentae. Here, we performed RRBS on the
CA samples and compared the list of ASEGs with the list of
genes that have evidenced a significant increase in methylated
cytosines. This approach led us to identify a set of potentially
imprinted genes (n = 254) in the equine CA. Many of the already
described imprinted genes were also identified in our dataset,
including IGF2, IGF2R, DLK1, and INSR. The role of these
genes in the development of the placenta has been extensively
studied (9, 10, 83–85). It is worth considering that the absence of
some of the known imprinted genes in our list could be due to
the lack of expression of these genes in the equine placenta

Table 2. Predicted ligand-receptor interactions among ASEGs

Ligand Chromosome Parental expression Strand Imprinted Receptor Chromosome Parental expression Strand Imprinted Correlation (FDR)

ADAM9 Chr27 Maternal Forward No ITGA6 Chr18 Paternal Forward No 0.11 (>0.05)
CALM2 Chr15 Maternal Reverse Yes ABCA1 Chr25 Paternal Forward Yes 0.62 (0.01)
CALM2 Chr15 Maternal Reverse Yes INSR Chr7 Paternal Forward Yes −0.75 (<0.001)
DLK1 Chr24 Paternal Reverse Yes NOTCH4 Chr20 Paternal Forward No 0.63 (0.009)
HGF Chr4 Maternal Forward No ST14 Chr7 Maternal Reverse Yes 0.28 (>0.05)
IGF2 Chr12 Paternal Forward Yes IGF2R Chr31 Maternal Forward Yes 0.92 (0.0001)
IGF1 Chr28 Paternal Reverse No IGF1R Chr1 Paternal Forward Yes 0.66 (0.006)
IGF1 Chr28 Paternal Reverse Yes INSR Chr7 Paternal Forward Yes 0.76 (0.0007)
IGF2 Chr12 Paternal Forward No IGF1R Chr1 Paternal Forward Yes 0.48 (>0.05)
IGF2 Chr12 Paternal Forward Yes INSR Chr7 Paternal Forward Yes 0.69 (0.0094)
SEMA6D Chr1 Maternal Reverse No PLXNA1 Chr16 Maternal Reverse Yes 0.06 (>0.05)

Fig. 7. The expression pattern of ligand-receptors throughout equine gestation. Seven ligand-receptor interactions showed significant correlation in their
expression patterns throughout gestation. Three ligand-receptor interactions had a different parent of origin (A, i, CALM2:ABCA1; ii, CALM2:INSR; iii, IGF2R:IGF2) and
four interactions were paternally expressed (B, i, DLK1:NOTCH4; ii, IGF1:IGF1R; iii, IGF1:INSR; iv, IGF2:INSR). The blue line indicates paternally expressed genes, and the
red line indicates maternally expressed genes. The solid and dashed blue lines represent paternally expressed, ligand-receptor interactions.
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(e.g., INS) or due to the absence of a sufficient number of in-
formative SNPs in these genes (e.g., H19, PHLDA2, and
LY6G6C). Exclusion of these genes reflects the strict criteria used
to detect ASE in this study. However, we provided the data, and it
can be reanalyzed with fewer restrictions. In addition, we used
RRBS as a method for detecting methylated sites since it provides
sufficient information on the methylome landscape of the samples.
However, RRBS does not capture all CpG islands or promoters
(86, 87). This could be seen on previously known imprinted genes,
such as PEG10 and SNRPN. These genes, among others, were
identified as ASEGs, yet we were not able to confirm their
methylation status in our dataset. It is important to mention that
there was no discrepancy between the parent of origin in the
previously known imprinted genes and ASEGs in our dataset.
Additionally, the advantage of the current study is the separation
of RNA-seq data based on their strand. Recently, a similar study
showed a maternal bias in the expression of a well-known pater-
nally expressed gene, RTL1 (88). This discrepancy could be due to
the presence of SNPs in the maternally expressed region, over-
lapping the RTL1 gene (45). Since the RNA-seq data were not
phased based on the strand, this sort of bias is expected. The in-
formation provided here adds to a growing body of knowledge in
parental bias in placental gene expression.
In general, one of the accepted functions for ASE of genes in

placenta is to provide a balance between the two opposing pa-
rental interests, leading to the development of a normal healthy
pregnancy. In general, it is believed that there is a conflict

between paternal and maternal genes over the level of maternal
investment during pregnancy, a phenomenon known as parental
conflict theory (16). The paternal genes expressed in the pla-
centa promote the fetus to uptake more nutrients from the
mother, while the maternal expressed genes attempt to save re-
sources for the dam and maintain a balance in allocation of these
resources (25–27). The interaction between ligands and recep-
tors is one of the possible ways to achieve this balance. In the
present study, we found three ligand-receptor combinations with
different parent of origin, including IGF2 and IGF2R. It is
known that paternally expressed IGF2 allocates maternal re-
sources for the fetal benefit, and maternally expressed IGF2R
binds and targets paternal IGF2 for lysosomal degradation,
thereby reducing its bioavailability (16, 27). Several studies have
shown that alterations in the expression of IGF2 and IGF2R are
associated with placental and growth abnormalities (10, 89, 90).
Analysis of the expression patterns of IGF2 and IGF2R
throughout gestation showed a positive correlation in the expression of
these genes, suggesting an interaction between the paternal and ma-
ternal genes. There was also a significant correlation between mater-
nally expressed CALM2 and paternally expressed ABCA1 and INSR.
It is known that INSR binds to insulin, stimulates glucose uptake, and
promotes fetal growth (91). However, there is no information about
the role of CALM2:INSR and CALM2:ABCA1 in the placenta, and
the possible function of these interactions needs further investigation.
The other possible interaction between maternally and pa-

ternally expressed genes can be through sense and antisense

Fig. 8. (A) The location of overlapping loci throughout the equine genome. Each chromosome is indicated at the bottom. Overlapping loci were defined as
bidirectionally expressed genes within annotated genes. A total of 50 ASE loci were identified with a bidirectional pattern of expression. Each dot represents
a gene, and the horizontal bars indicate overlapping genes (red is maternally expressed, and blue is paternally expressed). The boxes indicate overlapping
genes originated from different parents (n = 3). The ideogram was generated using Package “ChromoMap” in R (62). (B) The position of overlapping genes
expressed from different parents of origin was visualized using the Integrative Genomics Viewer (68). Forward and reverse RNA-seq reads from trios were
merged and converted to wig format. For each gene, the first plot represents the forward direction and the second plot (Bottom) represents the reverse
direction. Blue indicates paternally expressed reads and red indicates maternally expressed.
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transcription. It has been shown that antisense transcripts tran-
scribed from the opposite strand of a particular gene locus can
regulate their sense gene expression (41, 42). In this study, we
found 23 overlapping loci through the equine genome which
showed parental expression patterns. These sense–antisense
transcriptions originate from a bidirectional expression of the
genome (36–38, 40, 92–94). The majority of the overlapping loci
in this study showed a positive correlation in their expression
patterns. Most of these overlapping loci originated from one of
the parents, except three of them, in which each strand origi-
nated from the opposite parent. One of the reciprocal paternal
and maternal sense–antisense interactions in our dataset was
RTL1 and RTL1_antisense. It has been shown that the deletion of
the paternal RTL1 gene decreases the size of the murine placenta,
while deletion of the maternal RTL1_antisense gene increases the
size of the placenta (95, 96). It is proposed that these microRNAs
located at the RTL1_antisense locus regulate the expression of
RTL1 in the mouse placenta (95, 97). We also found that impaired
expression of RTL1 is associated with insufficient function of the
equine placenta (98). There is no information about the possible
interaction of the other overlapping regions with reciprocal pa-
rental expression. The two other overlapping genes present in this
study, which are expressed from opposite parent of origin, might
be interesting candidates to evaluate their parental interaction for
placental development during gestation.
The GO analysis of ASEGs and the potentially imprinted

genes in this study further demonstrated potential interactions
between maternally and paternally expressed genes in the pla-
centa during the course of gestation. Our paternally expressed
genes were predicted to be involved in metabolism and biosynthesis

of protein and macromolecules, while maternally expressed
genes were involved in localization and modification of these
molecules. Moreover, maternally expressed genes were predicted
to induce cell death and apoptosis in the placenta, a process that
increases with placental growth and advancing gestation (99).
This might suggest that the dam regulates the length of gestation
by the expression of these genes. Similarly, several studies in
humans also suggested that there is maternal control over the
length of gestation; however, the exact mechanism has not been
elucidated (100–102). In contrast to maternally expressed genes,
we predicted that paternally expressed genes extend the length of
gestation by delaying progression through the cell cycle and di-
vision until damaged DNA is repaired (103, 104). Overall, our
data suggests that maternally expressed genes attempt to reduce
the length of gestation, while paternally expressed genes attempt
to extend it. Future studies to evaluate the contribution of
ASEGs on the dynamic of placental development and its pathologies
are warranted.
In conclusion, we have presented a dataset of ASEGs (publicly

available at https://pouya-dini.github.io/equine-gene-db/) that
includes 1,111 autosomal genes in the equine CA along with a
workflow for analyzing allelic gene expression. We further
identified 254 genes exhibiting ASE with significant methylated
sites, thus being candidates of imprinted genes among these
ASEGs. We predicted several reciprocal paternal and maternal
interactions in gene expression in the equine CA. Lastly, we
evaluated the expression pattern of the imprinted genes
throughout gestation. Thus, this study provides fundamental in-
formation regarding parental gene expression during equine
pregnancy, a species with a negligible amount of maternal con-
tamination in its placenta. This information will aid further un-
derstanding of the role of parental bias in gene expression during
gestation. Furthermore, these results may shed light on the gene
regulatory processes underlying placental function, evolution,
and disease. Future studies to understand the function of these
genes and the reciprocal paternal and maternal interactions
during placental development are warranted.

Materials and Methods
Detailed methodology is outlined in SI Appendix, Supplementary Materials
and Methods.

Sample Collection, RNA and DNA Isolation, Whole Genome Sequencing, RNA-Seq,
and RRBS of Parent–Offspring Trios. All animal procedures were prospectively
approved by and completed in accordance with the Institutional Animal Care
andUse Committee of the University of Kentucky (protocol numbers 2014-1341
and 2014-1215). Chorioallantoic samples were collected from pregnant mares
at 4 mo (n = 3 [two females and one male]) and 6 mo (n = 3 [two males and
one female]) of gestation. Paired whole blood was also collected form the sire
and dam, respectively. RNA-seq (for CA), WGS (for CA and parental DNA), and
RRBS (for CA) were performed on a HiSEq. 4000 (Illumina), generating six sets
of parent–offspring trios.

SequencingData Processing and Bioinformatic Analysis.All the scripts for the analyses
and their detaileddescriptions canbe found in theGitHub repository (https://github.
com/P-Dini/PNAS-Dini2020). For the RNA-seq analysis, trimmed RNA reads were
mapped to the reference horse genome (EquCab3.0) using STAR v2.5.2b (105) with
a maximum of five mismatches allowed (–outFilterMismatchNmax 5). The mapped
RNA reads were then phased based on the strand of transcription using the biwise
FLAG in SAMtools v1.3.1 (F1R2 [Forward] and F2R1 [Reverse]) (106). For the WGS
analysis, trimmed reads were aligned to reference genome (EquCab 3.0) using
the Burrows–Wheeler algorithm (107). Variant calling on the mapped reads was
performed using Genome Analysis ToolKit (GATK) in all samples (CA, dam, and
sire) (106, 108). Generated variant call format (VCF) files of each trio were scanned
to identify the genotype at each position in each trio and properly assign the
parental origin of each variant found in the CA samples (script found in https://
github.com/P-Dini/PNAS-Dini2020). SNPs at heterozygous sites which could clearly
be assigned to one of the parents were considered informative and used for fur-
ther analysis (SI Appendix, Fig. S1). These informative SNPs were matched to the
corresponding gDNA sample (CA) to corroborate the correct assignment of each
SNP (script found in https://github.com/P-Dini/PNAS-Dini2020). Finally, informative

Table 3. Correlation analysis of the expression pattern between
sense and antisense strands of overlapping ASEGs loci
throughout gestation

Gene
Correlation

(r) FDR Status Imprinted

ALPK2 0.7319 0.0013 Overlapped Yes
ATP7B 0.5548 0.0257 Overlapped No
BRCA2 0.8287 0.0001 Overlapped No
CELF2 0.3193 0.228 Overlapped No
CPT1C 0.3517 0.1816 Overlapped No
ELF2 0.3184 0.2294 Overlapped Yes
EZH2 0.4954 0.051 Overlapped No
FAM184B −0.2891 0.1776 Overlapped from

different parents
of origin

No

LOC100051903 0.6288 0.0091 Overlapped from
different parents

of origin

No

LOC100063291 0.9925 0.0001 Overlapped No
LOC100629324 0.543 0.0297 Overlapped No
LOC100629730 0.4734 0.064 Overlapped Yes
LOC106783107 0.9051 0.0001 Overlapped No
MTREX 0.2491 0.3522 Overlapped No
MYSM1 0.484 0.0575 Overlapped Yes
NAP1L4 −0.3952 0.1298 Overlapped No
NFE2L2 −0.8047 0.0131 Overlapped No
PLPP1 0.9509 0.0001 Overlapped No
PPFIA3 0.2245 0.4032 Overlapped No
RASEF 0.8775 0.0001 Overlapped No
RECQL5 −0.0634 0.8155 Overlapped No
RTL1 −0.782 0.03998 Overlapped from

different parents of
origin

Yes

SLC29A4 0.9985 0.0001 Overlapped Yes
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SNPs were annotated using the reference equine transcriptome (EquCab3.0 GFF)
by obtaining the overlapping genes for each variant according to the genomic
coordinates (script found in https://github.com/P-Dini/PNAS-Dini2020). For the
methylation analysis, RRBS raw reads were trimmed and mapped to the reference
genome (EquCab3.0) using Bismark (109). The significant filtered methylated sites
were annotated to the EquCab 3.0 reference transcriptome and grouped for each
gene (script can be found in https://github.com/P-Dini/PNAS-Dini2020). DNA
methylation was considered to be associated to a specific gene when found 1 kb
upstream or downstream of the gene’s transcription start site (TSS) or the tran-
scription termination site (TTS), respectively (110, 111).

Identifying ASEGs. During the mapping of the RNA-seq and WGS reads to the
reference genome (EquCab3.0), we used a Phred quality score of Q > 30
(base call with base call accuracy of 99.9%) and set six as the minimum
number of SNPs per gene to be used for further analyses, which gives a
probability of an incorrect call of 1 × 10−15. In the variant calling process with
GATK, we used a minimum confidence score threshold of Q30 with default
parameters to define SNPs. Additionally, we removed SNPs with read depth
below 10. A two-tailed binomial test was used to detect statistically signif-
icant deviations between the number of maternal and paternal SNPs for
each gene under the assumption that parental alleles are expressed at equal
levels (Pat = Mat = 0.5). Multiple testing-corrected P values were calculated
by the false discovery rate (Benjamini and Hochberg—FDR < 0.05) method to
control for false-positive results. To identify the significant ASEGs, we used a
cutoff of maternal expression (Mat) > 75% and paternal expression (Pat) < 25%
for maternally expressed candidates, and Mat < 25% and Pat > 75% for pa-
ternally expressed genes (8). Therefore, a gene required a minimum of 75% of
the SNPs clearly assigned to a parent and an FDR < 0.05 to be considered as
exhibiting allelic-specific expression. In addition to our analysis, we used the
SNP-free RNA-editing identification toolkit (SPRINT) (112) to assess if our

identified SNPs were located in regions prone to suffer RNA editing, using
previously generated RNA-seq reads from CA (n = 16, GSE108279) (66) and the
genome reference EquCab 3.0. Only 16 SNPs (0.004% of the total SNPs) were
located in regions potentially affected by RNA editing. A total of 12 of these
SNPs were located in 12 different genes (LOC111772506, MAPKBP1, SCPEP1,
KCNQ1, HDAC3, LOC100052533, ECE1, SCOC, SH3GLB2, COL18A1, FAM180A,
and STAG2), and 4 SNPs did not map to a gene. Importantly, the removal of
these SNPs did not alter our subsequent analyses in the identification of ASEGs.
Lastly, we investigated if our identified SNPs could exhibit a mappability bias, in
which certain alleles have a better mapping rate than the alternative allele. For
this purpose, we followed the WASP pipeline (113), which uses RNA-seq data
(GSE108279) and removes reads unable to map to the exact same genomic
location due to a change in the genotype of the SNP. In total, ∼97%of the SNPs
retained the same read depth or had five reads or less discarded. Further
analysis using the same filters as previously described (including minimum read
depth and number of SNPs per gene) determined no systematic mappability
issue and no alteration to our subsequent analyses.

Data Availability. DNA sequencing and RRBS data have been deposited in
Sequence Read Archive (PRJNA541840). The RNA-seq data from this study
were deposited in the Gene Expression Omnibus (NCBI, NIH) database under
the accession number GSE108279. All other study data are included in the
article and/or supporting information.
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