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Ruminants comprise a highly successful group of mammals with striking morphological innovations,
including the presence of a rumen. Many studies have shown that species-specific or lineage-specific
genes (referred to as new genes) play important roles in phenotypic evolution. In this study, we identified
1064 ruminant-specific genes based on the newly assembled high-quality genomes of representative
members of two ruminant families and other publically available high-quality genomes. Ruminant-
specific genes shared similar evolutionary and expression patterns with new genes found in other mam-
mals, such as primates and rodents. Most new genes were derived from gene duplication and tended to
be expressed in the testes or immune-related tissues, but were depleted in the adult brain. We also found
that most genes expressed in the rumen were genes predating sheep–sperm whale split (referred to as
old genes), but some new genes were also involved in the evolution of the rumen, and contributed more
during rumen development than in the adult rumen. Notably, expression levels of members of the
ruminant-specific PRD-SPRRII gene family, which are subject to positive selection, varied throughout
rumen development and may thus play important roles in the development of the keratin-rich surface
of the rumen. Overall, this study generated two novel ruminant genomes and also provided novel insights
into the evolution of new mammalian organs.

� 2022 Published by Elsevier B.V. on behalf of Science China Press.
1. Introduction

Newly evolved genes (or new genes) refer to genomic loci that
have originated relatively recently in the process of evolution [1–
3]. Because new genes only exist in certain species or evolutionary
lineages, they are also referred to as species- or lineage-specific
genes [1–3], and may play important roles in the evolution of spe-
cies [1–6]. New genes in mammals have mainly been studied in
primates and rodents, such as humans and mice. The major charac-
teristics of new genes in primates and rodents include: most new
genes were derived from gene duplication [7,8]; because of relax-
ation of functional constraints or positive selection, most of them
were not subject to significant natural selection [3,7]; new genes
had lower expression abundance and a narrower expression distri-
bution compared to ancient genes, possibly due to their subopti-
mal regulatory context [9–11], and they tend to be testis- or
male-biased under the action of multiple forces (e.g., faster-X
hypothesis), especially in the case of new X-linked genes [7,12].
The human genome encodes hundreds of primate-specific genes,
some of which are functionally related to the evolution of impor-
tant human traits and organs, including the human brain [10,13].
However, despite the importance of new genes, studies in other
mammals are currently sparse.
lution,
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Ruminants are terrestrial herbivores, including important live-
stock species such as cows, buffalo, yak, sheep, goats, and reindeer.
They are one of the most successful mammalian groups in the
world, and are both numerous and widely distributed throughout
diverse habitats. Ruminants have unique biological characteristics,
including a multi-chambered stomach that can return semi-
digested food to the mouth for further chewing and digestion.
The multi-chambered stomach includes an abomasum, rumen,
omasum, and reticulum, of which the rumen is the most important
evolutionary innovation in ruminants. Many studies have sug-
gested that the rumen, omasum, and reticulum may have origi-
nated from the esophagus [14,15].

We recently explored the genetic mechanism underlying speci-
fic traits in ruminants using comparative genomics, and identified
several new genes in ruminants [14,15]. However, these previous
studies relied largely on genomes assembled using second-
generation sequencing data, which may include many gaps.
High-quality genomic data with fewer gaps are therefore needed
to allow the reliable and comprehensive identification of new
genes [9]. Ruminants include six families: Tragulidae, Antilocapri-
dae, Giraffidae, Moschidae, Cervidae, and Bovidae, of which high-
quality third-generation sequencing genomes have so far been
released for Bovidae, Cervidae, and Giraffidae. We previously
showed that Antilocapridae and Giraffidae belong to a sister group,
representing the oldest branch of extant pecoran families [14]. The
Moschidae is the closest sister group to Bovidae, while the Tragul-
idae is the most basal ruminants [14]. High-quality genomes for
Tragulidae and Moschidae are thus important for identifying new
genes in ruminants. In addition, it is unknown if new genes in
ruminants follow a similar pattern to new genes in primates and
rodents, and whether these new genes contribute to the evolution
of new mammalian organs, such as the rumen. In this study, we
therefore analyzed the newly sequenced genomes for lesser
mouse-deer and forest musk deer, representing the Tragulidae
and Moschidae lineages, respectively, to identify ruminant-
specific new genes. We performed transcriptional and evolutionary
analyses of these genes to determine if they had similar patterns to
those identified in primates and rodents [3,7–12]. We also com-
pared the expression of the new genes in the developing compared
with the adult rumen. Finally, we investigated the functional role
of the PRD-SPRRII gene family in the function of the rumen.
2. Materials and methods

2.1. Genome sequencing, assembly, and annotation

Fibroblast cells from a lesser mouse-deer (Tragulus kanchil) and
blood from a forest musk deer (Moschus berezovskii) were collected
from the Kunming Cell Bank and Sichuan Institute of Musk Deer
Breeding, respectively, in accordance with the ethical guidelines
for Animal Care and Use of Northwestern Polytechnical University.
High-quality DNA was extracted from 5 � 107 lesser mouse-deer
cells and 20 mL of forest musk deer blood using a DNeasy Blood
& Tissue Kit (Qiagen, Valencia, USA) according to the manufac-
turer’s instructions. Some of this DNA was then used to construct
Nanopore libraries, which were sequenced using GridION X5
sequencers (Oxford Nanopore Technologies, Oxford, UK), and the
remainder of the DNA was used to construct second-generation
sequencing (NGS) libraries with an insert size of 400 bp, which
were sequenced using the Illumina NovaSeq platform (Illumina,
San Diego, USA). The same cell samples were used to construct
high-throughput chromosome conformation capture (Hi-C)
libraries, which were subsequently sequenced using the Illumina
NovaSeq platform (Illumina).
2

The Nanopore reads for lesser mouse-deer and forest musk deer
were first assembled into contigs using NextDenovo software
(v2.2-beta0, with seed cut-off parameter = 24,000) (https://
github.com/Nextomics/NextDenovo, last accessed June 2019). The
Nextpolish tool (v1.1.0, with task = best) in the NextDenovo suite
was then used to polish the contigs using all the Nanopore and
NGS Illumina reads. The Hi-C data were mapped to the polished
genomes using Juicer (v1.6) [16] and chromosomes were assem-
bled using 3D-DNA software (v180922 with default parameters)
[17]. The position and orientation of the contigs on the chromo-
somes were reviewed manually, refined, and corrected using Juice-
box Assembly Tools [18]. Finally, we annotated repetitive
sequences and gene models for the lesser mouse-deer and forest
musk deer genomes using the pipeline of Chen et al. [14].
2.2. Identification of new genes and inferred mechanisms of origin

We identified new genes in different branches of ruminants
using the newly assembled lesser mouse-deer and forest musk
deer genomes (Tragulidae and Moschidae, respectively), as well
as representative third-generation genome assemblies for three
other ruminant families: Giraffidae (giraffe, Giraffa camelopardalis)
[19], Cervidae (black muntjac, Muntiacus crinifrons) [20], and Bovi-
dae (sheep, Oar_rambouillet_v1.0, accession number
GCA_002742125.1, Baylor College of Medicine Human Genome
Sequencing Center, Sheep Genome Project). We also used high-
quality third-generation genome assemblies of six mammal spe-
cies as an outgroup: sperm whale (ASM283717v2) [21], pig (Sscro-
fa11.1) [22], horse (EquCab3.0) [23], cat (Felis_catus_9.0) [24],
human (GRCh38.p13), and Virginia opossum (Didelphis virginiana)
(www.dnazoo.org) [17,25]. We then identified ruminant-specific
genes according to the synteny-based pipeline (SBP) [7,9]. We used
the sheep genome as the focal reference to identify new genes and
adopted the stringent criterion that each new gene assigned to a
gene-age group did not have a corresponding syntenic locus in
any outgroup species. The SBP initially involved whole-genome
alignment of collected genomes with the reference genome using
Lastz (v1.04.03) [26], with different Lastz parameters set according
to the divergence time of the query species from sheep (Table S1
online). For the Lastz alignment output file, we generated the
reciprocal alignment results as described by Zhang et al. [7,9]
and http://genomewiki.ucsc.edu/index.php/Whole_genome_align-
ment_howto. The reciprocal alignment output axt format files
were used for subsequent gene-age annotation. The ages of all cod-
ing genes were inferred from the distribution of homologous
sequences on the phylogenetic tree (Fig. 1a). The age of each gene
was marked using branch numbers ranging from 0 (for genes
shared by all mammals) to 10 (for genes present only in sheep).
If multiple exons or transcripts of a gene had different ages, we
used the oldest exon or transcript to represent the age of that gene.
In addition, if 70% of the gene length aligned with repetitive
sequences, orthologous sequences were unevenly distributed in
the phylogenetic tree, or if genes were on an unanchored contig,
these genes were filtered out and were not included in subsequent
analyses. In addition, we used forest musk deer as the reference
species to identify new genes.

We then inferred the mechanism of origin for all the identified
new genes, as described previously [8,27]. There are three possible
types of origin mechanisms of ruminant-specific genes: DNA-
mediated duplication, RNA-mediated duplication (retrogenes),
and de novo birth. We further screened the results to obtain more
reliable de novo genes by extending the previously published pipe-
line [6]; i.e., we further ensured the absence of homologous pro-
teins in non-ruminant species in the NCBI NR database and of
annotated protein domains in the Pfam database [28].

https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
http://genomewiki.ucsc.edu/index.php/Whole_genome_alignment_howto
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Fig. 1. New genes identified in ruminants. (a) Distribution of new genes in the phylogenetic tree. Ruminants are indicated by red gradient blocks, with sheep as the reference
genome. Eleven distinct gene-age groups (branches 0–10) were specified in the SBP, based on the phylogenetic context. Genes postdating the sheep and sperm whale split
(branches 6–10) were regarded as ruminant-specific genes. Forest musk deer and lesser mouse-deer are marked in red in the phylogenetic tree. The six ruminant families are
marked on the branches of the corresponding representative species. Antilocapridae and Giraffidae belong to a sister group, and given that we did not have high-quality
sequences for Antilocapridae, indicated by a dotted line, we selected giraffes as a representative of Giraffidae for the identification of new genes. (b) Hi-C heatmaps for lesser
mouse-deer and forest musk deer generated by Juicebox Assembly Tools [18]. Each lesser mouse-deer or forest musk deer chromosome is framed in black box. Pie charts
represent the proportion of conserved BUSCO gene sets and repeat content. Contig N50 and assembled genome size are shown.
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2.3. Analysis of selection pressures on new genes

Most new genes originated via duplication and are relatively
young. We therefore examined the selection pressures on the iden-
tified new genes by comparing their sequences with their closest
3

paralogs and calculating the ratio of non-synonymous substitution
rate (Ka) to synonymous substitution rate (Ks) between the par-
alogs [29]. We first aligned the protein sequences of the new genes
and their paralogous copies using BLAST (bl2seq 2.2.26) [30], and
then transformed the results into codon-level alignment using
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the PAL2NAL tool [31]. We then calculated the Ka/Ks values and
performed the likelihood ratio test (LRT) with the assumption of
Ka/Ks = 0.5, using codeml in the PAML4.9 package [32]. We also
performed a branch model test using the codeml program with
the default parameters model = 0, NSsites = 0, and codon frequency
model F3X4. We then filtered out alignments with Ks values out-
side the 1.5-fold interquartile range, given that candidate paralogs
with outlier Ks values may not represent bona fide paralogous
genes.

We carried out three analyses to test if the de novo genes were
constrained by natural selection. We first calculated the Ka/Ks and
P values between the sheep de novo genes and their homologous
genes in the goat genome, and if these values were <1 and
P < 0.05, the genes were considered to be under selective pressure.
Second, we aligned the protein sequences of homologs of sheep de
novo genes in other ruminant species with the sheep de novo genes.
After removing low-quality alignment results, we calculated the
selective pressures on different evolutionary branches and also
conducted LRT analysis.
2.4. Estimation of rate of gene origin

Most new genes are generated by duplication. We therefore
estimated the rate of gene gain by accounting for the gene-loss
rate, following conventional practice [33]. We initially performed
an all-to-all self-alignment of all proteins in sheep using BLAST
[30], set the e-value to <10�10, and retained the best gene pairs.
We then used the codon-level alignments of each gene pair to esti-
mate the numbers of nucleotide substitutions per silent site (dS)
using the maximum-likelihood procedure in the PAML package.
We excluded gene pairs with a dS > 0.25, because these duplica-
tions could be too old. We then divided dS into 0.01 intervals
and counted the number of gene pairs in each interval. The natural
logarithms of gene pair number and dS were fitted linearly using
the ‘‘lm” method in the geom_smooth function of ggplot2 package.
According to the fitting result, we identified 116.7 duplicate genes
with a dS < 0.01 in sheep. We then estimated the rate of duplicate
gene origin assuming the molecular clock of sheep (2.1 � 10-9 per
site per year) [14].
2.5. Expression analysis of new genes

We collected a total of 64 transcriptome datasets for sheep [34],
derived from 13 adult tissues including the rumen, omasum, testes,
etc. We also retrieved rumen-development RNA-seq data, includ-
ing three samples from the rumens of 60-d-old embryos from
Pan et al. [15], and eight samples from newborn lambs prior to
feeding, and at 1 and 8 weeks after birth, from Clark et al. [34], cov-
ering different stages of rumen development. Adaptors and low-
quality bases were removed using Trimmomatic (v0.30) [35]. The
splice-aware mapper STAR (v2.4.0 k) [36] was used to align the
reads with the Oar_rambouillet_v1.0 sheep genome, guided by
the NCBI annotation. We then specified ‘‘quantMode” to provide
coordinate information on the transcripts in the alignment, which
served as the input for RSEM (v1.2.19) quantification software [37].
We employed the transcript per million (TPM) values generated by
RSEM in the subsequent analyses.

We checked the sex bias of the genes by comparing their
expression levels in the testis and ovary. We downloaded RNA-
seq data for sheep testis and ovary tissues from NCBI (PRJEB19199)
to align with the Oar_rambouillet_v1.0 sheep genome, guided by
the NCBI annotation, using STAR (v2.4.0 k) [36]. After calculating
the read counts using HTSeq [38], genes that were significantly dif-
ferentially expressed (P < 0.05) between testis and ovary tissues
were identified using the DESeq2 in R packages [39]. We classified
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genes with significantly higher expression in testis and ovary as
male- and female-biased genes, respectively.
2.6. Functional analysis of new genes

We calculated the graded tissue specificity index s [40] and
selected genes with s > 0.85 and rank �5 as tissue bias-
expressed genes. We analyzed the expression characteristics of
the ruminant-specific genes by conducting weighted gene co-
expression network analysis (WGCNA) [41] using RNA-seq data
for 13 adult tissues. We removed the batch effect using the remo-
veBatchEffect function in the R package limma [42], and then nor-
malized the expression using the normalizeQuantiles function in
limma. We also filtered out genes with a coefficient of variance
(CV) (variance/mean) <0.3, because these genes were regarded as
uninformative and are excluded in standardWGCNA practices [43].

We ran WGCNA using previously described parameters [44],
specifying a soft threshold of 12, as the smallest value resulting
in a scale-free R2 fit of 0.85. Modules were numbered in order of
decreasing number of gene members. Modules with a tissue Pear-
son’s correlation coefficient >0.6 and P-value <0.01 were consid-
ered as tissue-biased modules, which mainly contained tissue-
biased genes. For modules with an excess number of ruminant-
specific genes, we converted sheep genes to human genes by gene
name and performed Gene Ontology (GO) term enrichment analy-
sis with the Metascape server [45], and presented the top five GO
Biological Processes for these modules.

Regarding the analysis of RNA-seq data for rumen development,
we normalized the expression level of genes in these samples using
the R package limma and obtained the median expression levels of
each gene at each stage. We then filtered out genes with an average
expression level <0.5 and genes with little variation (variance/
mean ratio < 0.3) among the four developmental stages [9,41].
The remaining genes were grouped into four clusters using Mfuzz
[46], based on their expression levels during the developmental
stages. For genes in each cluster, we converted sheep genes to
human genes based on gene name, and then performed GO term
enrichment analysis with Metascape.
2.7. Analysis of PRD-SPRRII gene family

The PRD-SPRRII gene family plays important roles in rumen
development. To gain insights into the evolution of important
new genes, we therefore subjected members of this gene family
to further analysis. We determined the copy numbers of the gene
family in other species using the sheep PRD-SPRRII protein
sequence as the query, and obtained the corresponding protein
sequences from the genome sequences of other species, including
forest musk deer, black muntjac, lesser mouse-deer, giraffe, horse,
sperm whale, and pig, using exonerate [47]. For each search result,
we parsed the longest open reading frame that was not disturbed
by a stop codon or frameshift and with >90% coverage. We then
aligned the acquired protein sequences in Phylip format using
MAFFT (v7.305b) [48] in the G-INS-i model, and selected the best
maximum likelihood model using modeltest-ng [49]. We con-
structed a gene tree with raxml-ng [50] using the best model,
TIM3 + G4. We then translated the protein sequence alignment
to a codon sequence alignment using PAL2NAL (v14) [31]. Finally,
we ran codeml in the PAML 4.8 package [32] to calculate Ka/Ks for
the whole PRD-SPRRII and its parental SPRRII gene family [51]
branch, and performed LRT with the assumption of Ka/Ks = 1,
respectively. We also analyzed the mapping results of available
ATAC-seq data for rumen epithelial cells from sheep embryos at
60 days [15,52] to identify possible regulatory elements adjacent
to PRD-SPRRII and SPRRII.
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3. Results and discussion

3.1. Novel high-quality genome assemblies allowed identification of
ruminant-specific genes

We identified ruminant-specific genes using publically avail-
able data and our newly generated genomic data. Representative
high-quality and chromosome-level genomes derived from long-
read sequencing were previously only available for three of the
six Ruminantia families: Bovidae, Cervidae, and Giraffidae, and
high-quality genomic data for members of the Tragulidae and
Moschidae were still lacking. Moschidae (represented here by the
forest musk deer,M. berezovskii) is the closest sister group to sheep
and other bovids, while Tragulidae (represented here by the lesser
mouse-deer, T. kanchil) is the most basal ruminant taxons (Fig. 1a)
[14]. These phylogenetically representative genomes are thus
important for identifying ruminant-specific genes and helping to
resolve the timing of their origin. In this study, we acquired and
sequenced 185 Gb and 210 Gb Nanopore data for the lesser
mouse-deer and forest musk deer, respectively, to assemble con-
tigs. The contig N50 lengths of these draft genomes reached
�40 Mb (Fig. 1b), which were much longer than the contigs N50
of the preciously published short read-based ruminant genomes,
with an average value <1 Mb [14], indicating higher continuity.
Using the abundant Hi-C data (�100 folds), we improved the lesser
mouse-deer and forest musk deer draft genomes to chromosome
level (Fig. 1b and Fig. S1 online). Gene models were annotated
for both genomes and covered over 92% of the conserved Bench-
marking Universal Single-Copy Orthologs (BUSCO) gene sets
(Fig. 1b), suggesting high integrity of the genome assemblies. In
contrast, the average BUSCO score for previous ruminant genomes
was around 87% [14]. We also annotated 38% and 41% of the
respective genomic sequences in the two genomes as repeat
sequences, similar to the reported proportions in other ruminants
[19,22,23] (Fig. 1b). The chromosomal assemblies of lesser mouse-
deer (Tragulus kanchil) and forest musk deer (Moschus berezovskii)
were deposited in the US National Center for Biotechnology Infor-
mation (NCBI) database under the project accession number
PRJNA752261.

We use the sheep genome as the focal reference to identify new
genes during ruminant evolution for the following reasons: (1)
sheep represent a model species of ruminants, with high-quality
gene annotation (BUSCO score, 99.4%) among ruminant genomes
(Table S2 online); (2) relatively more functional genomic data (e.
g., transcriptome data) are available for sheep; and (3) bovid spe-
cies have high economic values. We first dated the emergence of
genes based on our previous pipelines [7,9], and performed
whole-genome synteny inference against ten outgroups, including
the aforementioned two newly assembled genomes (Materials and
methods). Among 20,464 protein-coding genes in sheep genomes,
our synteny-based analysis identified 1064 ruminant-specific
genes, which could be further divided into five age groups or phy-
lostrata (branches 6–10 in Fig. 1a, Table S3 online). In contrast,
2281 genes (branches 1–5) were shared by more placental mam-
mal groups, and 17,119 genes (branch 0) predated the split of pla-
cental mammals and opossums. Following conventional practice
[33], we estimated that the rate of duplicate gene origin in sheep
was 0.0012 per gene per million years (24.7 genes per million
years), which is within the range estimated for vertebrates
(�0.001–0.01 per gene per million years) [53]. In addition, we
identified 620 forest musk deer-specific genes (Table S4 online).
The number of Moschidae-specific genes was more or less the
same as that of sheep-specific genes.

The reference-based SBP would identify more new genes in the
reference genomes, especially species-specific new genes. In this
5

study, we chose sheep as the reference for the above reasons,
and dense representative species were not available for each fam-
ily. Although this would not have a major effect on the identifica-
tion of new genes in ancestral nodes of ruminants, this approach
may miss many other species-specific new genes in non-sheep,
especially non-bovid species. Future studies using genome data
from more species and sub-lineages (e.g., subfamilies and genera)
and new reference-free methods will allow us to reveal a more
comprehensive picture of the origin of new genes in Ruminantia.

3.2. Ruminant-specific genes showed similar evolutionary and
transcriptional patterns to primate- and rodent-specific genes

It is unknown if the evolutionary and transcriptional patterns of
new genes in primates and rodents apply to all mammals [3,7–12].
Notably, however, the current results indicated consistent patterns
in ruminants.

First, the ruminant-specific gene set included 912 (85.7%) DNA-
mediated duplicates, 129 (12.1%) RNA-mediated duplicates (retro-
genes), and 23 (2.2%) de novo genes (Fig. 2a). Alignment of these de
novo genes with homologous sequences showed disablers such as
frame-disrupting indels or premature termination codons (in
Fig. 2b and Fig. S2 online). Most of the ruminant new genes thus
originated from DNA-mediated duplications (85.7%), consistent
with the results for primates and rodents [27].

Second, only some (525/1041) of the duplicated new genes
were available for Ka/Ks analysis and for inferring the selection
force (Materials and methods). Among them, 51 (51/525 = 9.7%)
had been under significant purifying selection (Table S5 online),
which was within the same magnitude as primate-specific genes
(4%) [9]. Although both relaxation of functional constraints and
positive selection may explain this pattern, 81% (862/1064) of
ruminant-specific genes, including 81% (844/1041) of duplicate
new genes, were expressed in at least one tissue (TPM > 1,
Table S6 online), indicating that most duplicate genes may be
functional.

Third, using the RNA-seq data profiling for 13 adult sheep tis-
sues [34], we found that genes showed age-dependent expression
profiles, as for primate- and rodent-specific genes [9,10]. The
youngest genes, i.e., ruminant-specific genes (branches 6–10) were
thus transcribed with a median TPM value <1 in four tissues, while
the medium-age and oldest gene groups were transcribed at a
median TPM value > 1 in four tissues, and >100 in all 13 tissues,
respectively (Fig. 2c, d).

Fourth, comparison of the gene expression levels in testis and
ovary showed that a higher proportion of new genes had male-
biased expression on the X chromosome than genes on autosomes
(Fig. 2e, Table S7 online). These results supported the idea that new
genes on the X chromosome were more likely to be male-biased
[7], suggesting that young recessive male-benefit genes on
the X chromosome may have been fixed at an early stage of their
emergence in ruminants.

Overall, these results suggest that the evolution and expression
patterns of ruminant-specific genes are similar to those in other
mammals, such as primates and rodents. Although each of these
mammalian taxa has very specific phenotypes, the evolution of
new genes thus follows general rules, indicating that other mam-
mals may also have similar patterns of new gene evolution.

3.3. Roles of new genes in rumen evolution

The rumen is the most innovative organ in ruminants, and first
appeared in a ruminant ancestor about 35 million years ago
[14,54]. The relatively recent origin of the rumen and the availabil-
ity of high-quality genomes and expression data provide a unique
opportunity to understand the genetic basis of the evolution of



Fig. 2. Evolution and expression patterns of ruminant-specific genes. (a) Numbers and proportions of 1064 ruminant-specific genes originating from DNA-mediated
duplication, RNA-mediated duplication, and de novo birth, respectively. (b) Sequence alignment of candidate de novo gene LOC114110053 across mammals. Open reading
frame information was based on the sheep gene. Sites with identical sequences in all species are indicated in yellow. Premature termination codons and frame-disrupting
indels are labeled in red. Violin plots of expression profiles of ruminant-specific genes across gene-age groups, showing (c) log2-based median expression in 13 adult sheep
tissues and (d) numbers of tissues in which genes were expressed. Black bars indicate interquartile range, violin curve indicates the probability density of the data, and white
dot shows the median value. The genes were divided into three gene-age groups as defined in Fig. 1a. P-values between age groups according to Wilcoxon’s test are also
presented. (e) Proportion of genes with male-biased expression in each gene-age group. Blue and red lines indicate X chromosome and autosomes, respectively. The age
groups in (c), (d), and (e) were depicted based on the phylogenic relationship of extant species (Fig. 1a). Group 0 indicates the oldest genes shared by vertebrates. Groups 1–5
refer to genes that appeared predating sheep–sperm whale split. Groups 6–10 refer to ruminant-specific genes.
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new organs, and especially the role of new genes. The function of
the adult rumen has been shown to depend mainly on genes that
predate sheep–sperm whale split (referred to as old genes)
recruited from other organs [14,15]; however, information on the
roles of new genes in rumen evolution has been limited to studies
of just a few new genes [14]. We identified a comprehensive new
gene set using the most comprehensive high-quality ruminant
genome and transcriptome data (Fig. 1a). Although most
(14,585/14,968 = 97.4%) genes expressed in the adult rumen were
old genes (branches 0–5), new genes (383/14,968 = 2.6%) also
played roles in rumen evolution. The proportion of old genes
(306/317 = 96.5%) with rumen-biased expression was also much
higher than that of new genes (11/317 = 3.5%). We further revealed
the roles of new genes in the evolution of the rumen and ruminants
by co-expression network analysis [48] based on the above RNA-
seq dataset (Materials and methods), and inferred the potential
functions of these new genes according to their co-expression part-
ners. We identified a total of 24 co-expression modules (Fig. S3
online), of which five (ME1, 2, 7, 14, and 15) consisted mainly of
tissue-biased genes (Fig. 3a and Fig. S3 online; Materials and meth-
ods). These modules included cerebellum-biased ME1, testis-
biased ME2, and immune cell-biased ME15. GO term enrichment
analysis identified functions consistent with the expression biases
6

of these genes (Fig. 3a, Tables S8–S10 online). The distribution of
ruminant-specific genes echoed the situation in primates and
rodents: (1) new genes were enriched in the testis (Fig. 3a), male
reproduction [3,9], and immune response [9]; (2) new genes were
depleted in the adult brain [9]; and (3) most modules (14/23, 61%)
contained broadly expressed genes with fewer ruminant-specific
genes than the genome average, and this difference was significant
for five modules (ME9, 10, 16, 21, and 23) (Fig. 3a, Fig. S3 online),
which was also consistent with the known tendency of new genes
to be tissue-specific (Fig. 2b, c) [9,10]. We further investigated the
functional significance of new genes by checking the proportion of
transcription factors in each module in the WGCNA results, and
found that transcription factors were depleted in the new gene
enriched modules, such as ME2, 3, and 15. This result suggested
that new genes tended to have downstream functions (Fig. S4
online).

In addition to this general pattern, we considered how
ruminant-specific genes contributed to the function and develop-
ment of the rumen. The rumen and other tissues, such as the oma-
sum and esophagus, had similar expression patterns in
housekeeping gene modules, including ME5, 10, 13, and 16. These
tissues may share the same genetic elements, and therefore have
fewer new genes. This result was consistent with the previous



Fig. 3. Expression landscape of ruminant-specific genes in adult sheep tissues and rumen at different developmental stages. (a) Proportion of ruminant-specific genes within
each co-expression module defined using transcriptomic data for 13 adult sheep tissues. The genome-wide percentage of ruminant-specific genes (4.7%) is indicated by the
horizontal red line, and modules with significant increased or decreased expression (Bonferroni-corrected P < 0.05) of ruminant-specific genes are indicated by red and blue
blocks, respectively, and non-significant modules by the gray bar. Corresponding multi-testing adjusted P-values, which come from the comparison of the percentage of
ruminant-specific genes in each module with genome-wide percentage of ruminant-specific genes are shown above the boxes. The five tissue-biased modules are labeled
with corresponding tissue names. The top five significantly enriched GO terms for both testis and alveolar macrophage-biased modules are shown. (b) Developmental
expression profiles of genes found to be highly expressed in rumens from 60-d embryos, newborn lambs, and lambs 1 week and 8 weeks after birth (designated Clusters 1–4,
respectively; obtained from soft clustering analysis using Mfuzz). Light blue and green lines indicate expression profiles of genes with low membership values, and red and
dark blue lines indicate profiles of genes with high membership values. (c) Bar plots of ruminant-specific genes enriched in derived modules and associated functional
enrichment analysis in the four clusters. Vertical red line indicates the average percentage of ruminant-specific genes (3.5%), and the top five significantly enriched GO terms
in each cluster are shown. P-values come from the comparison of the percentage of ruminant-specific genes in each cluster with the average percentage of ruminant-specific
genes are shown above the boxes.
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report [15] indicating that the rumen was originated from the
esophagus. We further analyzed the transcriptomic data for four
rumen-developmental stages: 60-d-old embryos [15], neonatal
lambs at parturition euthanized immediately prior to first feed,
1-week-old lambs fed with milk, and 8-week-old lambs at the
stage when rumen function is established [34]. We clustered tran-
scriptomic data into four clusters using Mfuzz, and showed that
the new-gene expression patterns in each cluster differed among
the developmental stages (Fig. 3b). More new genes were
expressed in the developing rumen than in the mature rumen
(8 weeks after birth), although the difference was not significant
(Bonferroni-corrected P > 0.05) (Fig. 3c). This was consistent with
the depletion of new gene expression in the adult rumen
(Fig. 3a). This trend echoed the importance of new genes in the
development of human brains, compared with the adult brain
[9,55].

The current results present a more complete picture of the pat-
tern of new gene evolution in ruminants, compared with the pre-
vious sporadic discoveries of new ruminant genes [14], as well as
providing more evidence for the roles of new genes in the evolu-
tion of newmammalian organs. Our results also showed that genes
co-opted from other tissues may play more pervasive roles than
new genes in the evolution of new organs. Further regulatory stud-
ies are needed to reveal the comprehensive genetic basis underly-
ing phenotypic novelties, especially the roles of new regulatory
elements in addition to young genes. This comprehensive picture
will allow us to establish the general pattern and rules underlying
the origin and evolution of new mammalian organs. In addition,
more data and analyses are also needed to understand the evolu-
tion of other ruminant traits, such as the origin and evolution of
cervid antlers, as the only mammalian organ that can be fully
regenerated, and which is thus of great medical significance [56].

3.4. The ruminant-specific gene family PRD-SPRRII was preferentially
expressed in the rumen and was subject to adaptive radiation

We further analyzed the PRD-SPRRII gene family, because of the
emergence of many new duplicates during ruminant evolution and
their possible roles in the development of the keratin-rich surface
of the rumen [54]. Ruminant-specific PRD-SPRRII and PRD-SPRRII-
like genes are homologous to the SPRRII gene family [51], with
the major difference that the amino termini of PRD-SPRRII and
PRD-SPRRII-like genes are enriched in proline and histidine [57].
Among 13 adult sheep tissues, PRD-SPRRII genes were only
expressed in the rumen, reticulum, and omasum, with higher
expression in the rumen (Fig. 4a). However, information on the
evolution of this new gene family and its contribution to rumen
development remains limited.

We therefore conducted an in-depth analysis of this gene family
by analyzing the mechanism of gene origin and using the sheep
PRD-SPRRII protein sequence as a template to predict PRD-SPRRII-
like sequences in other ruminant genomes. We found four main
results. First, the PRD-SPRRII family originated by DNA-level dupli-
cation of an SPRRII gene followed by cumulative mutations in one
duplicate, leading to enrichment of proline and histidine at the N-
terminus of the encoded protein, with subsequent amplification in
ruminants (Fig. 4b), and the highest copy number in the sheep gen-
ome (Fig. 4c). The structure and function of the rumen continued to
evolve in different ruminant lineages. For example, bovid species
can digest hard forage and have the highest copy number of lyso-
zyme C genes [14], while cervids tend to eat soft leaves. Second,
members of the PRD-SPRRII and SPRRII gene families formed
respective clusters, indicating that the PRD-SPRRII gene family
has diverged from its parental genes at the sequence level
(Fig. 4d). In addition, the PRD-SPRRII and SPRRII gene families have
been subjected to different selection pressures, as revealed by
8

branch tests, with the former being subject to marginally signifi-
cant positive natural selection (P = 0.087, Fig. 4d) and the latter
to negative selection (P = 1.4 � 10�4, Fig. 4d), suggesting that the
PRD-SPRRII gene family may be amplified by adaptive radiation
[58]. We analyzed the available ATAC-seq data for rumen epithelial
cells from 60-d sheep embryos [15,52] to identify possible regula-
tory elements adjacent to PRD-SPRRII and SPRRII. We detected sev-
eral ATAC-seq peaks around the upstream 2 kb regions of these
new genes, which were absent from the equivalent regions of old
SPRRII genes (Table S11 online). More regulatory data are needed
to clarify the evolution of regulatory elements associated with
new genes. Third, members of this gene family showed divergent
expression during rumen development (Fig. 4e). Most PRD-SPRRII
copies retained the expression pattern of their parental genes at
different developmental stages of the rumen; for example, PRD-
SPRRII and PRD-SPRRII-like-1/3/4/6 were not expressed in the
rumen at the 60-d embryo stage, but their expression increased
at 1 and 8 weeks after birth, while PRD-SPRRII-like-5 showed dis-
tinctly different expression compared with other copies, being
expressed most strongly in the newborn stage.

The PRD-SPRRII family thus originated and was amplified during
ruminant evolution, possibly driven by functional divergence at
different developmental stages of the rumen. A new gene may
undergo two evolutionary scenarios, i.e., continuous positive selec-
tion after its origin, in the form of pervasive positive selection or
one-time, episodic positive selection. The PRD-SPRRII family seems
to fit the first scenario, with their radiation shaped by diversifying
positive selection. Most new genes are expected to initially evolve
neutrally, and then experience positive selection after the emer-
gence of a beneficial mutation [59], with many duplicate genes
becoming pseudogenes during this process.
4. Conclusions

We used new high-quality genome assembly data to obtain a
comprehensive and accurate ruminant-specific gene set using the
SBP [7,9]. We conducted evolutionary and expression analyses
and showed that ruminant-specific genes generally shared similar
patterns to those in other mammals, such as humans and mice. The
rumen is the hallmark innovative trait in ruminants. Our results
showed that the rumen mostly recruited old genes from other
organs/tissues, but new genes also contributed to its evolution,
especially during its development. Detailed analysis showed that
the rumen-specific PRD-SPRRII gene family has undergone signifi-
cant amplification in ruminants, and its members have been sub-
ject to functional differentiation during rumen development. To
the best of our knowledge, this is the first research on the roles
of new genes in the origin of a new mammalian organ. Overall,
the results provide a valuable data resource for studies of ruminant
biology, and also confirm the occurrence of similar new gene evo-
lution patterns among different mammalian taxa. The current find-
ings regarding the involvement of new genes in rumen
development and function also shed light on the origin of new
mammalian organs.
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