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OrthReg: a tool to predict cis-regulatory elements
based on cross-species orthologous sequence

conservation

DEAR EDITOR,

Cis-regulatory elements play an important role in the
development of traits and disease in organisms (Ma et al.,
2020; Woolfe et al., 2005) and their annotation could facilitate
genetic studies. The Encyclopedia of DNA Elements
(ENCODE) (Davis et al., 2018) and Functional Annotation of
Animal Genomes (FAANG) (FAANG Consortium et al., 2015)
offer pioneering data on regulatory elements in several
species. Currently, however, regulatory element annotation
data remain limited for most organisms. In this study, we
developed a tool (OrthReg) for annotating conserved
orthologous cis-regulatory elements in targeted genomes
using an annotated reference genome. Cross-species
validation of this annotation tool using human and mouse
ENCODE data confirmed the robustness of this strategy. To
explore the efficiency of the tool, we annotated the pig
genome and identified more than 28 million regulatory
annotation records using the reference human ENCODE data.
With this regulatory annotation, some putative regulatory non-
coding variants were identified within domestication sweeps in
European and East Asian pigs. Thus, this tool can utilize data
produced by ENCODE, FAANG, and similar projects, and can
be easily extended to customized experimental data. The
extensive application of this tool will help to identify informative
single nucleotide polymorphisms (SNPs) in post-genome-wide
association studies and resequencing analysis of organisms
with limited regulatory annotation data.

In recent years, the application of next-generation
sequencing technologies has identified a vast number of
candidate variants related to different traits and diseases in
organisms (Axelsson et al., 2013; Ma et al., 2019; Rubin et al.,
2012; Visscher et al., 2017; Yang et al., 2018, 2019). More
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than 90% of these variants lie within non-coding sequences
and are enriched in various signals associated with
transcriptional regulation (Maurano et al., 2012). However, the
identification and annotation of these variants in regulatory
non-coding elements in genomes remain a challenging task.

To identify regulatory elements in genomes, the ENCODE
and FAANG projects were launched to annotate genomes in
several organisms. However, regulatory element annotation is
still very limited for other organisms (except for humans and
mice), which has hindered genetic studies from exploring the
role of regulatory variants in the development of diverse traits.
The “phylogenetic footprinting” of cis-regulatory elements
suggests that it may be possible to identify regulatory
sequences across species (Gumucio et al., 1992). Many
different types of non-coding regulatory elements are
conserved under strong evolutionary constraints in a variety of
organisms (Bejerano et al., 2004; Cooper et al., 2005; Drake
et al.,, 2006; Siepel et al., 2005), offering an opportunity to
identify putative regulatory elements in species by
comparative genomics.

In this study, we developed OrthReg for annotating
regulatory elements in targeted genomes based on
orthologous sequence conservation of regulatory elements in
reference genomes (see Supplementary Notes for details).
OrthReg can generate abundant regulatory element
annotation for targeted organisms by utilizing data provided by
ENCODE, FAANG, and similar projects.

We first assessed the reliability of OrthReg using annotation
information from the mouse and human genomes in
ENCODE. To estimate OrthReg performance, human
ENOCDE data were used as a reference to predict the
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regulatory elements in the mouse genome, with the predicted
results then validated by the mouse ENCODE data. To avoid
the influence of data from different experimental assays and
tissues, 64 matched datasets representing the same ChIP-seq
experiments and tissues were selected in both species,
resulting in a coverage of 12 tissues and 11 ChIP-seq assays
(Supplementary Table S1). Generally, OrthReg showed good
predictive performance for most ChIP-seq signals and tissue
types. On average, the precision of the predicted regulatory
elements for mice was 47.67% (sequence similarity >0.5)
(Figure 1A), consistent with earlier observations on promoter
sequence conservation between humans and rodents
(Dermitzakis & Clark, 2002). The highest precision was
90.85% for H3K4me3 in the lung and the lowest was 1.12%
for H3K9me3 in the lung (sequence similarity >0.5). The 64
matched datasets included five H3K9me3 datasets, which
were all found in the bottom seven predictions with lowest
precision (Figure 1A). H3K9me3 is enriched in repeat-rich
regions of constitutive heterochromatin (Nakayama et al.,
2001), and the low precision in our prediction may have
resulted from less functional conservation of such sequences
between humans and mice. In addition, reproductive- (testis
and placenta) and immune-related (thymus and spleen)
tissues showed relatively low precision of predictions
compared to the lung, liver, heart, and kidney (Supplementary
Figure S1A, C). If the H3K9me3 and reproductive/immune-
related tissues were excluded, the average precision (for 38
datasets) increased to 60.28%. Discovery ratio analysis also
revealed a weak prediction robustness in the H3K9me3 and
reproductive/immune-related tissues (Figure 1B and
Supplementary Figure S1B, D). Our results indicated that
OrthReg could provide considerably reliable predictions,
except for the reproductive and immune-related tissues and
H3K9me3 signals. In addition, we found that a higher level of
sequence identity resulted in higher precision and discovery
ratio (Figure 1A, B), consistent with higher functional
constraints on ultra-conserved non-coding sequences.

To demonstrate the efficiency of OrthReg, regulatory
annotation of the pig genome was conducted using the human
ENCODE data as a reference, as pigs show high levels of
sequence identity with humans. A total of 28 190 886 putative
regulatory annotations in the pig genome were obtained.
Classification of the putative regulatory elements and their
chromosomal  distribution  statistics are shown in
Supplementary Table S2. A density variation was observed
among chromosomes when the predicted regulatory
sequences were counted in 10 kb non-overlapping sliding
windows (Supplementary Figure S2). The chromosomes 8,
11, and X contained a lower density of regulatory elements,
whereas chromosome 12 had a higher density than the
genome-wide average. Further analysis showed that
clustering of putative regulatory elements was observed on
many chromosomes. An evident clustering of transcription
factor binding site (“TFBS”), transcription factor recognizing
motif ( “Motif’), and histone chemical modification site

472 www.zoores.ac.cn

(“Histone”) sequences were observed on pig chromosome 4,
spanning the region harboring the ZBTB7B gene. The
ZBTB7B gene encodes an important transcription factor, and
its genomic region in the human genome showed an
abundance of ENCODE regulatory sequences
(Supplementary Figure S3). Thus, data consistency indicated
a high level of accuracy in the mapping of the regulatory
sequences from the human to pig genomes.

Transcriptional activity verification of the predicted
regulatory elements was also performed to confirm the
reliability of OrthReg. Four predicted non-coding regulatory
elements in the pig genome were selected to test their
transcriptional activities with luciferase assays (Supplementary
Table S3). All four motifs contained a non-coding SNP in the
pig population. The luciferase assays demonstrated that all
predicted wild-type motifs (pGL3-Basic-Pro-Motif-WT) showed
statistically ~significant changes (P<0.05) in luciferase
expression when compared to the promoter vector (pGL3-
Basic-Pro) (Figure 1C-F). Three motifs showed transcriptional
activation and one showed transcriptional repression.
Furthermore, all mutant-type motifs (pGL3-Basic-Pro-Motif-
MT) showed statistically significant changes (P<0.05) in
luciferase expression when compared to the wild-type vector
(pGL3-Basic-Pro-Motif-WT) (Figure 1C—F). Thus, these results
imply that the four selected non-coding sequences were cis-
regulatory elements.

The predicted regulatory elements were used to identify
regulatory SNPs involved in the domestication of European
and East Asian pigs. Earlier research has indicated that
European and East Asian domestic pigs were domesticated
independently from local wild boars (Larson et al., 2005; Wu et
al., 2007). In total, 179 pigs (Supplementary Table S5) from
previous studies were downloaded for analysis. After variant
calling, genetic differentiation (Fst) was calculated for each
site between wild and domestic populations in Europe and
Asia, respectively. Two body-length-related sweeps harboring
the LCORL and PLAGT genes in European domestic pigs
established in previous research (Rubin et al., 2012) were
analyzed in this study. Screening of the LCORL sweep
(chromosome 8: 12.61-12.76 Mb, Supplementary Figure S4A)
identified a total of 657 SNPs. Among them, 24 SNPs with
high level differentiation (top 1%, Fs7120.72) were only located
in either intergenic or intronic sequences (Supplementary
Table S6). We found that the SNP with the highest Fgr (chr8:
12 755 647, A>G; Fg1=0.97) in LCORL intron 1 was covered
by many predictive regulatory sequences, including “TFBS” of
GATA3, DNase | hypersensitive sites, and diverse histone
chemical modifications (Supplementary Table S6). The
histone H3K4me1 and H3K79me2 modifications in this site
were observed in human osteoblasts and skeletal muscle
myoblasts, respectively (Davis et al., 2018). This site is likely
found within an enhancer sequence because H3K4me1 is
indicative of the presence of an enhancer (Heintzman & Ren,
2009). Furthermore, the nucleotide in this site was highly
conserved from hedgehogs to humans (Supplementary Figure
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Figure 1 Reliability of OrthReg and luciferase assays for four predicted transcription factor recognizing motifs in pig genome

A: Precision of predicted regulatory elements in mice. Black dotted line represents average precision (sequence similarity >0.5). B: Discovery ratio
of true regulatory elements in mice. Black dotted line represents average discovery ratio (sequence similarity >0.2). C—F: Transcription activity
assay of different alleles within predicted recognizing motifs for ZNF143 (C), NR3C1 (D), FOXA (E), and ELF (F). Motif-WT: Predicted motifs with
wild-type allele; Motif-MT: Predicted motifs with mutant allele. Two-tailed t-test was used for statistical assessment of transcription activity change.

S5A). In cross-population comparison, we found that
European domestic pigs showed homozygosity for the derived
allele (guanine), and that European wild boars and East Asian
wild and domestic pigs showed high frequencies of the
ancestral allele (Supplementary Figure S5B). For the PLAG1
sweep (chromosome 4: 82.56-82.71 Mb), a total of 226 SNPs
were identified (Supplementary Figure S4B). Among these
SNPs, 147 showed a high level of differentiation (top 1%, Fsr=
0.72) between European domestic pigs and wild boars. Of
these 147 SNPs, we identified several important regulatory
candidates (Supplementary Table S7). A candidate SNP
(chr4: 82,601,069, A>C, F51=0.97) located upstream of the
PLAG1 gene in a 54 bp intergenic DNA sequence with
predicted regulatory signals of histone H3K4me1, H3K4me2,
H3K4me3, H3k27ac, and H3k9ac chemical modifications was
evident in 10 cell lines, including osteoblasts and skeletal

muscle myoblasts (Supplementary Table S7). This site was
also highly conserved among species (Supplementary Figure
S5C). Population analysis showed that European domestic
pigs were homozygous for cytosine, whereas other
populations had high frequencies of adenine in this site
(Supplementary Figure S5D). In East Asian domestic pigs, we
focused on a sweep region (chromosome 1: 148.27—149.59
Mb) containing a total of 7 563 SNPs (Supplementary Figure
S4C). More than 1 762 SNPs showed a moderately high level
of differentiation (top 1%, Fs7=0.38) in East Asian domestic
pigs from wild boars (Supplementary Table S8). One SNP
(chr1: 148 429 411, C>A, Fs1=0.65), located 13 kb
downstream of the SPRED1 gene, was located inside a
predictive DNase | hypersensitive site and CEBPB and EZH2
binding sites (Supplementary Table S8). This SNP nucleotide
was conserved across different species (Supplementary
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Figure S6).

OrthReg offers a software package containing several tools
that can predict regulatory sequences and annotate SNPs
against the predicted regulatory dataset. With the increasing
availability of next-generation sequencing data, OrthReg could
help in the generation of genomic regulatory element
annotations and facilitate the screening of functional non-
coding variants. This could offer an opportunity to explore non-
coding SNPs in comparative genomic studies and advance
our understanding of regulatory SNPs in phenotypic
variations. OrthReg was developed to incorporate variant data
from whole genome resequencing projects and the source
code is freely available at https://github.com/haibing-
evo/OrthReg.

SUPPLEMENTARY DATA

Supplementary data to this article can be found online.
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