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Understanding the genetic architecture of complex human traits and dis-
eases is one of the major aims of biomedical research. Genetic research,
such as genome-wide association studies (GWASs) of large-scale, well-
phenotyped cohorts, has identified tens of thousands of genomic variants
associated with human traits and diseases. The remaining challenge is
how to translate the statistical association of genomic loci to biological
mechanisms and clinical strategies. Knowledge of human and mammalian
evolution should help in the interpretation, modeling, and targeting of dis-
ease-relevant variants. The hypothesis is simple: more conserved genome
sequences are more likely to be of greater biological importance. Such
sequence conservation across species is defined as evolutionary
constraint.

Recently, a special issue of Science1 published a collection of studies
from the Zoonomia Project (https://zoonomiaproject.org/), which focused
on mammalian evolution. By comparing whole-genome sequences of the
240 placental mammals, researchers identified those genetic elements
most constrained along the phylogenic tree or those most rapidly changed
among certain evolutionary lineages, both of which are potential indicators
of functional importance.1 These large-scale genomes from hundreds of
species not only improve our understanding of evolutionary adaptation
and innovation but also contribute to our understanding of human dis-
eases and traits.
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SINGLE-BASE CONSTRAINT OF THE HUMAN GENOME
To investigate the evolutionary conservation patterns of the humangenome at

single-base resolution, Sullivan et al.2 calculated single-base constraint scores
across 240 mammalian genomes. Their analysis revealed that 3.3% of bases
in the human genome are constrained or conserved, among which 80.7% are
within noncoding regions and 19.3% are within coding sequences (CDSs). The
researchers observed that common variants are less likely to occur in con-
strained bases, with the constraint score found to be negatively correlated with
the allele count in human population. Using ClinVar and GWAS datasets, which
contain well-characterized disease-related variants, they further found that path-
ogenic variants show higher constraint scores than benign variants, suggesting
that constraint scores may improve causal variant identification. Leveraging the
large number of mammalian genomes, they also revealed that constraint scores
are base-pair specific, with resolution decreasing to 10–100 base pairs when us-
ing primate species only. Additionally, they observed a large-scale clustering
trend of constrained bases, indicating the existence of constraints at the gene
or element level.
As revealed by single-base analyses,2 57.6% of CDS bases are constrained,

supporting classical genome annotation of coding genes. Taking advantage of
the genomic alignment of hundreds of species, Kirilenko et al.3 developed the
genome annotation software TOGA (tools to infer orthologs from genome align-
ments) based on a machine learning classifier. They utilized TOGA to annotate
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 the coding features of 488 placental mammal reference genome assemblies,

providing a comprehensive comparative genomic resource for both model and
nonmodel animals. However, while TOGA is limited to the annotation of
conserved coding genes, the conservation and annotation of the major (80.7%)
conserved bases—the noncoding region—are also of great value.

EVOLUTIONARY CONSTRAINT OF REGULATORY ELEMENTS
Post-GWAS analyses have suggested that most complex disease-related var-

iants are located in noncoding regions, such as cis-regulatory elements (CREs;
e.g., enhancers and promoters) and transcriptional factor binding sites
(TFBSs). As determined from single-base constraint analyses,2 constraint scores
can provide information for both coding and noncoding regions. Building upon
similar methodologies, Andrews et al.4 observed that ENCODE (www.
encodeproject.org/) consortium-defined CREs and TFBSs tend to be conserved
in mammals. Among mammalian species, the most constrained CREs
(�439,000, 47.5% of all ENCODE CREs and 4% of the human genome) and
TFBSs (�2 million, 0.8% of the human genome) are presumed to regulate basic
biological functions, such as embryonic development. In addition, the less con-
strained primate-specific CREs, which constitute about 10% of human CREs,
appear to regulate genes involved in organismal interactions with the environ-
ment. Interestingly, almost all primate-specific TFBSs (20% of all TFBSs) overlap
with transposable elements (TEs), indicating the important roles of TEs in pri-
mate evolution and expression regulation. Furthermore, through the integration
of human GWAS variants (mostly noncoding), Andrews et al.4 reported that var-
iants in constrained regions tend to explain a greater proportion of heritability of
human traits, suggesting the importance of sequence conservation in noncoding
regions.

In addition to constraint score-based sequence conservation analysis, Kaplow
et al.5 developed TACIT (tissue-aware conservation inference toolkit), which uses
machine learning to assess activity conservation in noncoding regions of the
genome. Trained with tissue/cell type-specific enhancers identified in several
species, TACIT can predict enhancer activity for any tissue of any species by
considering phylogenetic relatedness. By identifying candidate enhancers asso-
ciated with traits such as brain size, Kaplow et al. showed that TACIT can be
applied to identify candidate enhancers or other CREs associated with various
phenotypes.

The sequencing of animal genomes across hundreds of species, such as the
Zoonomia Project, provides the opportunity tomore closely examine animal evo-
lution. With the integration of machine learning approaches, such as TACIT and
TOGA, andhigh-throughput functional genomicassays, comparative genomic re-
sources will undoubtably contribute to our understanding of human traits.
Furthermore, an evolutionary constraint-based understanding of coding and non-
coding regions is essential for modeling complex human diseases.

MODELING NONCODING ELEMENTS IN EXPERIMENTAL ANIMALS
Mimicking human traits and diseases in experimental animals is an important

step following mechanistic investigations. However, current animal models pre-
dominantly concentrate on targeting coding genes. This is attributed to the fact
that noncoding bases generally exhibit less conserved sequences, and their
conservation and functional consequences remain unclear. The availability of
multi-species genome alignments and annotation algorithms tailored for gene
annotation and CRE activity prediction provide promising tools for evaluating
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the conservation of disease-relevant genetic elements in animals of interest,
which is crucial for modeling. Although some animal models have been devel-
oped for noncoding elements, their scope is limited to noncoding RNAs and ro-
dents. Using Zoonomia data and tools, one can select the most suitable animal
for characterizing the function of certain disease-related genetic elements, espe-
cially for rarely characterized noncoding regulatory elements in less-studied an-
imals. For a given trait-related allele or element, determining its sequence and ac-
tivity conservation in specific specie is of practical importance. Therefore, the
generation of comparative functional genomic resources, especially for noncod-
ing regions with complex regulatory patterns, including gene co-regulation, gene-
gene interactions, and gene-environment interactions, is crucial for modeling
complex diseases.
Constructing an animalmodel for a disease variant that involves a constrained

coding allele or is situated in a conserved gene can be achieved through direct
gene editing of the chosen animal, e.g., knockinmousemodels that replicate hu-
manmutations (Figure 1). However, formodeling disease variants located in non-
coding regions like CREs, careful selection of the appropriate animal species and
modulation of the correct CRE sequence or activity are critical (Figure 1). In such
cases, several factors must be considered for the chosen animal and genetic
element, including the conservation of the noncoding allele at the single-base
level, the presence of constrained core sequences and regulatory activities in
the located CREs, the conservation of the regulatory pattern of target genes,
and the optimal animal species for the specific variant and element.
Taking comparative genomics as the starting point, and comprehensively as-

sessing sequence conservation and activity of single bases, functional elements,
three-dimensional chromatin structures, and transcriptional regulation, facilitates
the extension of traditional “transgenic” or knockout models to the “trans-
element” or “trans-epigenic” models in the functional genomic era (Figure 1).
Hopefully, additional resources like the Zoonomia Project will further expand
our understanding of the relationship between genotype and phenotype and
benefit themodeling and targeting of complex diseases and traits using animals.
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