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Abstract 

Because of their relatively short lifespan (<4 years), rats have become the second most used model 
organism to study health and diseases in humans who may live for up to 120 years. First-, second- and 
third-generation sequencing technologies and platforms have produced increasingly greater sequencing 
depth and accurate reads, leading to significant advancements in the rat genome assembly during the last 
20 years. In fact, whole genome sequencing (WGS) of 47 strains have been completed. This has led to the 
discovery of genome variants in rats, which have been widely used to detect quantitative trait loci 
underlying complex phenotypes based on gene, haplotype, and sweep association analyses. DNA variants 
can also reveal strain, chromosome and gene functional evolutions. In parallel, phenome programs have 
advanced significantly in rats during the last 15 years and more than 10 databases host genome and/or 
phenome information. In order to discover the bridges between genome and phenome, systems genetics 
and integrative genomics approaches have been developed. On the other hand, multiple level information 
transfers from genome to phenome are executed by differential usage of alternative transcriptional start 
(ATS) and polyadenylation (APA) sites per gene. We used our own experiments to demonstrate how 
alternative transcriptome analysis can lead to enrichment of phenome-related causal pathways in rats. 
Development of advanced genome-to-phenome assays will certainly enhance rats as models for human 
biomedical research. 
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Introduction 
The year of the rat started January 25th 2020, and 

it will end February 11th 2021, based on the lunar 
calendar. This means Earth recently entered a new 
repeating 12-year cycle according to the systems of the 
moon. Nobody knows for certain why the first 
Chinese emperor assigned the rat as the first sign in 
the Chinese zodiac, but evidence clearly shows that 
the species originated in central Asia, including 
northern China or southwestern China [1]. Some of 
the oldest rat remains can still be found in the border 
area between Sichuan and Guizhou provinces of 
China [2]. Despite this evidence, the species was 
mistakenly named Rattus norvegicus, as it was thought 

to have originated in Norway [3]. It was, however, the 
European rat that became the first laboratory animal 
domesticated for scientific research, the second most 
used model organism for biomedical purposes and 
the third mammalian species to have its whole 
genome sequenced and assembled [3-4]. 

Rats have been widely used to understand many 
biological questions in physical, physiological, 
pathological and psychological sciences for over 150 
years [1,3-4]. Generally speaking, the animals are used 
to model many conditions and diseases in humans 
and mammals, including but not limited to 
adjuvant-induced arthritis, aging, allergic respiratory 
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disease, behavior, carcinogenesis, carcinogenicity, 
cardiovascular defects, drug addiction, estrogen- 
induced pituitary growth, experimental allergic 
encephalomyelitis, heart failure, hypertension, 
immunology, induced rheumatoid arthritis, leukemia, 
longevity, memory, metabolism, motor skills, 
neoplasia, nephrology, nephropathy, renal 
degeneration, neurobiology, neurology, nutrition, 
obesity, insulin resistance, oncology, osteoarthritis, 
reproduction, reproductive senescence, salt-sensitive 
hypertension, stroke, teratology, toxicology, 
transplantation, transplant immunology, vision, 
hearing, and ophthalmology [5-10]. Rats have a 
relatively short lifespan (usually less than 4 years), 
making them an ideal model organism to study the 
many physiological events that humans experience 
during lifetimes that span up to 120 years. 

Traditional approaches, such as divergent 
selection, crossbreeding and inbreeding as well as 
modern approaches, including mutagenesis and 
transgenesis have led to the development of more 
than 3,000 rat strains worldwide [9]. Although a 
first-generation sequencing method [11] remains in 
use, next and third generation sequencing 
technologies have revolutionized genomics and, thus, 
rat genome analysis [12-13]. In parallel, the rat 
phenome program started more than 15 years ago 
[14-18]. In recent years, transcriptomics, metabolomics 
and lipidomics have been assimilated into systems 
biology and other integrated areas, thus advancing 
our understanding of the complexity of genetic 
impacts on phenomes [19-25]. Certainly, our 
understanding and appreciation of the complexity 
behind genetic impacts on phenomes has grown. 
Here, we review the history, milestones and resources 
about genome and phenome sciences in rats and 
discuss approaches, strategies and perspectives in 
development of genome-to-phenome programs to 
further promote the rat model in biomedical research. 

Genome Sequencing in Rats 
Strain selection 

As shown in Table S1, genome sequencing has 
been completed on 47 rat strains thus far. The Brown 
Norway (BN) rat, substrain BN/SsNHsd, was the first 
strain sequenced based on its broad distribution, 
popular use and wide availability as well as parenting 
many inbred strains. Therefore, the BN/SsNHsd rat 
strain represents the reference genome for the species 
[3]. Interest in genome sequencing and/or re- 
sequencing of rats then shifted to so-called “founder” 
strains. For instance, the spontaneously hypertensive 
rat, SHR/Ola and the Brown Norway derived rat with 
polydactyly-luxate syndrome, BN-Lx served as the 

founders to form the rat HXB/BXH recombinant 
inbred (RI) panel [26]. The SHR/OlaIpcv strain (an 
inbred strain derived from SHR/Ola) and the BN-Lx 
rat were sequenced by two teams [27-28] and the eight 
founders of the outbred heterogeneous stock (HS) rat- 
ACI/N, BN/SsN, BUF/N, F334/N, M520/N, MR/N, 
WKY/N and WN/N- have been sequenced twice, but 
analyzed three times [26, 29-30]. 

The ultimate goal of rat genome sequencing is to 
model genetic complexity of complex disease 
phenotypes relevant to humans. Therefore, 29 rat 
stains, including ACI/EurMcwi, BBDP/Wor, 
F344/NCrl, FHH/EurMcwi, FHL/EurMcwi, GK/Ox, 
LE/Stm, LEW/Crl, LEW/NCrl, LH/MavRrrc, 
LL/MavRrrc, LN/MavRrrc, MHS/Gib, MNS/Gib, 
SBH/Ygl, SBN/Ygl, SHR/NHsd, SHRSP/Gla, SR/Jr, 
SS/Jr, SS/JrHsdMcwi, WAG/Rij, WKY/Gla, 
WKY/NCrl, WKY/NHsd, BN-Lx/CubPrin, 
SHR/NCrlPrin, SHR/OlaIpcvPrin and SUO_F344 
were sequenced to screen the artificial selective 
sweeps associated with cardiovascular and metabolic 
phenotypes [26,31]. In addition, WGS was also 
performed on 7 strains: DA/BklArbNsi, F344/NHsd, 
DA/hanKini, DA/OlaHsd, E3/han, PVG/1AV1.Kini 
and HSRA to understand the differences in 
susceptibilities to arthritis, autoimmunity, 
inflammation, cancer and congenital abnormalities of 
the kidney and urogenital tracts [32-34]. 

Sequencing and processing 
As illustrated in Figure 1, 45 of 47 rat strains had 

whole genomes sequenced from 2010 – 2015, making 
this the most prolific period in rat genome sequencing 
history. Among these 47 rat strains, only the BN/ 
SsNHsd rats were sequenced using the Sanger 
method [11], while the remaining 46 rat strains were 
sequenced on either SOLiD [28-29, 33] or Illumina 
platforms [26-27, 30-32, 34]. In terms of sequencing 
depth, the lowest genome coverage was 7× for the 
BN/SsNHsd rat, followed by ~10× for BBDP/Wor 
and ~12× for WKY/NHsd. Most of the rat strains 
were sequenced with 18-33× coverage. The most 
recently sequenced strain, HSRA, had more than 47x 
genome coverage (Table S1). 

The Atlas software package was specifically 
designed to assemble the initial sequences of the rat 
genome [35]. It used DNA sequence reads derived 
from both BACs and whole genome shotgun libraries 
and gradually improved the sequence maps using 
BAC fingerprinting maps, physical and linkage maps, 
and comparative maps with other species. The initial 
assembly of rat genome was named Rnor3.1 [3]. 
Mapping next generation sequencing (NGS) short 
reads to the reference genome has been primarily 
completed using MAQ (mapping and assembly with 
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quality [36]), SOAP (short oligonucleotide alignment 
program [37]) and BWA (Burrows-Wheeler 
Alignment Tool [38]). Additionally, SAMtools 
(Sequence Alignment/Map format tool [39]) and 
GTAK (Genome Analysis Toolkit [40]) have been 
popular tools to call genome-wide variants in rats 
(Table S1). 

Improvement and characterization 
The first draft genome of the rat was 2.75 Gb in 

length, 60% of which came from whole genome 
shotgun sequencing and 40% from BACs [3]. In 2013, 
both DA (Dark Agouti) and F344 (Fischer) rats were 
sequenced with an average depth of 32× for whole 
genome assembly [32]. The authors created a new 
strategy combining de novo assembly with reference- 
aided assembly, which generated 2,616,053,766 bp for 
the former strain and 2,615,410,193 bp for the latter 
strain. The new genome drafts generated by their 

approach added ~50 million base pairs of novel 
sequences to the BN/SsNHsd genome and closed 
more than 400,000 gaps. Despite this improvement, 
the early version of the rat genome assembly 
remained incomplete. After aligning WGS data from 
33 rat strains to the Rnor5.0 reference genome, for 
example, van der Weide et al [41] found that the 
unmapped reads ranged from 2 million to 150 million 
bp per strain. 

Fortunately, 10× long-reads generated by the 
PacBio sequencer improved the rat genome assembly 
and led to the release of Rnor6.0 (2,782.07 Mb in 
length) [42]. Overall, the rat genome is 306.27 Mb 
shorter than the human genome (3,088.3 Mb, 
GRCh38.p13 release 109), but is 56.51 Mb longer than 
the mouse genome (2725.52 Mb, GRCm38.p6 release 
108) (Table 1). These updates further confirm the 
initial claim released in 2004 that genome size order 
among these three species is: human (2.9 Gb) > rat 

 
Figure 1. Genome sequencing and applications in rats. A: Forty-seven rat strains were used to pursue whole genome sequencing or re-sequencing by ten teams. B: 
Genome sequences have been used to complete genome assemblies and detect the DNA variants for various applications. 
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(2.75 Gb) > mouse (2.6 Gb) [3]. The same order is also 
true for the large segmental duplications with human 
(5 – 6%) > rat (3%) > mouse (1 – 2%). In contrast, the 
order is reversed for the median GC content in these 
three species: mouse (42.4891%) > rat (42.3423%) > 
human (40.9%) (Table 1). 

The nuclear genome has 23, 20 and 21 pairs of 
chromosomes in humans, mice and rats, respectively 
(Table 1). Chromosome-wide painting of sequences 
using the orthologous genes as landmarks can reveal 
the synteny blocks between a pair of species. The 
BAC-based analysis, for instance, showed that there 
are 146 synteny blocks between the rat and mouse, 
while there are 295 blocks between human and rat, 
and 299 blocks between human and mouse [43]. An 
early study also showed that there are more than 
5,000 ultraconserved 100-bp elements with identical 
sequences among human, rat and mouse [44]. After 
investigation of DNA methylation patterns in blood, 
brain and sperm samples in all three species, Zhou 
and co-workers [45] discovered that 88% and 57% of 
the rat tissue-specific differentially methylated 
regions have orthologous counterparts in mouse and 
human, respectively. Based on the gene information 
released so far, however, we argue that the structural 
and functional annotations of the rat genome are 
inferior to both human and mouse annotations (Table 
1). 

 

Table 1. Genome characteristics of human, rat and mouse 

Parameter Human Rat Mouse 
Chromosome (pairs) 23 21 20 
Size (Mb), first release ~2,900 ~2,750 ~2,600 
Size (Mb), current release 3,088.3 2,782.03 2,725.52 
Large segmental duplication 5-6%  3% 1-2% 
GC% (median) 40.90 42.34 42.49 
rRNA 29 5 62 
tRNA 414 160 403 
Other RNA 48,307 4,608 37,176 
Gene 54,123 12,227 49,638 
Pseudogene 16,186 2,570 10,441 

 

Genome Biology in Rats 

Genome variation 
Of the 47 rat strains with whole genome 

sequences (Table S1), the BN/SsNHsd strain was 
considered too pure to produce large amounts of 
genome variation, even when assembled with over 36 
million sequence reads [3]. Because the BN/SsNHsd 
strain has been used to produce the rat reference 
genome, sequencing of closely related strains, such as 
BN/SsN, BN-Lx/CubPrin and BN-Lx/Cub revealed 
no more than 150,000 SNVs (single nucleotide 
variants), 700,000 INDELs (insertions/deletions) and 
15,000 SVs (structural variants) from sequencing data 

reported from 2012 to 2015. However, other datasets 
published during the same timeframe revealed that 
the genomes of more divergent rat strains possess 
2,664,124–3,819,860 SNVs, 151,099–1,725,868 INDELs 
and 2,301–58,877 SVs in reference to the BN/SsNHsd 
genome. These variations may provide evidence that 
the current bioinformatics pipelines can call SNVs or 
SNPs (single nucleotide polymorphisms) more 
accurately than INDELs and SVs, because re-analysis 
of the same datasets produced dramatic differences in 
numbers of the latter two genome variants (Table S1). 
In addition, laboratories can affect variant 
identification. Eight rat strains: ACI/N, BN/SsN, 
BUF/N, F334/N, M520/N, MR/N, WKY/N and 
WN/N, for example, were sequenced twice and re- 
analyzed three times. Baud et al. [29] and Hermsen et 
al. [26] detected 71,038 and 59,402 SNVs in the 
BN/SsN rat strain, respectively, compared to 
2,364,508 CNVs detected by Ramdas et al. [30]. For the 
remaining seven strains, 2,664,124 – 3,213,913 SNVs 
were reported by the first two laboratories, while 
7,107,048 to 7,518,136 SNVs were collected by the 
third laboratory (Table S1). 

Using only a few animals per strain in WGS or 
re-sequencing experiments may result in limited 
information about genome variation in rats. In cases 
such as this, the false-negative rate will be much 
higher than the false-positive rate. When SOLiD and 
capillary variant calls were compared, for instance, 
Baud and colleagues [29] found that the false positive 
rate was 2.7% for SNVs, 2.2% for INDELs and 16.7% 
for SVs, but the false negative rate increased to 17.2%, 
41.4% and 65% for the same types of variants, 
respectively. In addition, WGS of only a few rats per 
strain makes it difficult to detect heterozygous loci so 
that the ratio between homozygous and heterozygous 
variants is extremely high. Among 2,964,158 SNVs in 
DA/BklArbNsi and 2,973,513 in F344/NHsd, 95% 
(2,816,017 and 2,816,677, respectively) are 
homozygous SNVs [32]. After examining 9,665,340 
SNVs across 27 rat strains, Atanur et al [31] found that 
98.3% of the SNVs were homozygous. Furthermore, 
the definitions for INDELs and SVs are too simple and 
arbitrary. Atanur and co-workers [27] defined 
insertions or deletions ≤ 15 bp as INDELs, but > 50 bp 
as SVs. It is unclear how the authors handled the 
INDELs between 15 bp and 50 bp in length. As shown 
in Table 2, almost 99% of SNVs are located in 
intergenic (including upstream and downstream 
regions) and intronic regions, while only 1% are 
expressed SNVs in rats. 

DNA variants, specifically SNVs or SNPs, can be 
placed on high-throughput genotyping platforms, 
such as Illumina BeadLab station and Affymetrix 
genotyping arrays. For example, seven 1,536-plex 
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assays with a total of 10,752 SNPs on the Illumina 
BeadLab station and a 10K (9,691 SNPs) rat Targeted 
Genotyping panel on an Affymetrix platform were 
designed by Saar and colleagues [46]. A high density 
Affmetrix genotyping array called RATDIV with a 
total of 803,485 SNPs was also developed by Baud and 
colleagues [29]. These novel tools enable genotyping 
of multiple strains and/or individuals to complete 
phylogenetic trees, genome-wide haplotype 
structures and genetic linkage maps [29,46]. These 
tools significantly advanced QTL (quantitative trait 
loci) mapping in rats. 

 

Table 2. Characterization of genome-wide SNVs in rats 

Genome location Atanur et al., 2010 Guo et al., 2013 Hermsen et al., 2015 
Intergenic region 2,251,679 1,150,467 6,509,332 
Intron 1,064,314 837,376 2,991,180 
Downstream 122,556 123,030 430,875 
Upstream 143,546 119,219 427,613 
3′ UTR 6,211 6,955 27,145 
5′ UTR 2,571 1,061 4,357 
Exon 31,781 20,963 74,151 
Total 3,622,658 2,259,071 10,464,653 

 

QTL mapping 
QTL mapping is the most popular approach to 

detect genetic information flows from genome to 
phenome [33,46-47]. Combining WGS with QTL 
mapping has become more detailed, accurate, and 
inclusive, leading to more discoveries of genes and 
loci related to diseases and other phenotypes of 
interest [47]. Because rats are one of the most studied 
model organisms, many QTLs have been discovered 
in the species [31,46]. For example, Bäckdahl and 
colleagues [33] identified specific causal genetic 
mutations detailing how they disrupted gene function 
such as non-synonymous mutations, additions or 
deletions of stop codons, and higher instances of 
SNVs in splicing sites and UTRs (untranslated 
regions). 

Haplotype structure has also been explored in 
rat QTL mapping. Baud and colleagues [29] used the 
haplotype association in both mixed models and 
resampling methods and thus mapped 355 QTLs 
linked to 122 phenotypes (an average of 2.9 QTLs per 
phenotype) by genotyping and phenotyping 1,407 HS 
rats. Of these QTLs, 22 had effect sizes larger than 
15%, making large effect QTLs rare (6%) and small 
effect size QTLs common (average effect size of 6.5%, 
median effect size of 5%). Very small effect QTLs were 
also rare (7.8%), as only 28 had effect sizes less than 
2.5%. The average heritable phenotypic variance 
explained by the QTLs was 42%. In particular, the 
team observed that 38% of QTLs (131 QTLs) contained 
one or more candidate genetic variants. 

Linking these so-called putative artificial 
selective sweep (PASS) regions to previously 
identified QTLs presents another unique approach to 
discover genetic variants underlying complex 
phenotypes among founder rat strains [31]. Some 
PASS regions were unique to one rat strain, while 
others were shared among the strains of a disease 
model. There were 15,859 PASS regions (20 kb to 2.9 
Mb in length) that were positively selected during the 
derivation of disease model strains, as they contained 
significantly higher levels of LD (linkage 
disequilibrium) and non-synonymous SNVs than 
non-PASS regions of the genome. Furthermore, these 
PASS regions likely contain genes and gene clusters 
responsible for the phenotypic differences between rat 
strains with and without the region(s) and most PASS 
regions either contained QTLs or were near (less than 
10 Mb) QTLs. This is an excellent example of QTL 
utility because it provides a better description of the 
differences between strain phenomes from a genomic 
standpoint and, in some cases, specific candidate 
genes were identified through the PASS region x QTL 
comparisons. Thus, by juxtaposing QTLs to PASS 
regions, which are essentially specialized haplotype 
blocks, identifying shorter causal genomic regions 
and genes is more feasible. 

In addition to these advanced QTL mapping 
strategies developed in rats, RI and HS strains have 
also contributed to quantitative genetic studies. These 
rat strains have been used to detect QTLs [48-61] for 1) 
cardiovascular conditions, such as blood pressure, 
electrocardiographic parameters, basal mean arterial 
pressure (MAP), delta MAP and delta heart rate, left 
ventricular hypertrophy and heart size; 2) metabolic 
complexity, such as alcohol consumption and 
propensity for alcohol-induced organ damage, 
glucose oxidation and its incorporation into brown 
adipose tissue lipids, insulin resistance, dyslipidemia 
and glucose handling; 3) behavioral traits, such as 
shuttle box, automated novel cage activity and 
elevated zero maze, startle motor response and 
habituation, anxiety and locomotion traits associated 
with elevated plus maze, and conditioned taste 
aversion; 4) physiologic and hormonal quantitative 
traits, such as serum adiponectin and thyroid 
stimulating hormone activity, dopamine beta- 
hydroxylase enzyme activity, catecholamine bio-
synthesis and catecholamine secretion; 5) bone 
fragility, bone mineral density, bone structure and 
bone strength; 6) hematology, such as full blood 
count; 7) immunology, such as FACScan analysis of 
white blood cells; 8) neuroinflammation, such as 
myelin oligodendrocyte glycoprotein induced 
experimental autoimmune encephalomyelitis and 
TNF alpha in serum; and 9) tissue weight, such as 
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adrenal glands, bone, blood, brain, ears, heart, kidney, 
liver, spinal cord, spleen, and thymus. In addition, 
Szpirer [62] recently reviewed the use of rats for 
knockout investigations of QTLs and gene functions. 

Broad application of genetic markers 
DNA variants can serve as genetic markers to 

reveal the origins or evolutionary relationships 
among rat strains. Hermsen and colleagues [26] 
delineated 41 rat strains into 9 population clusters and 
one multiple-origin cluster, while Atanur and 
colleagues [31] clustered 27 of those strains using 
phylogenetic analysis. As shown in Figure 2, the 
structure clusters 1, 6 and m (part of the multiple- 

origin group) contributed to a phylogenetic cluster 
whose founder was a Wistar strain derived in Japan. 
The structure cluster 9 was split into three 
phylogenetic clusters: Sabra rat colony, Wistar- 
derived rat strains in Italy and Wistar-derived rat 
strains in the US. The remaining clusters matched 
between the two studies (Figure 2). These results 
indicate that both analyses were highly correlated, 
demonstrating that comparing genetic variants 
between strains is a successful and reliable method of 
determining the phylogenetic relationships of inbred 
rat strains. 

 

 
Figure 2. Evolutionary relationships among rat strains. Population clusters were constructed through the genetic profiling of 9,183,702 SNVs in a Bayesian model [26]. 
Each cluster was assigned a number, with cluster m denoting (mixed) rat strains that inherited genetics from multiple other clusters. Phylogenetic clusters were constructed using 
9.6 million SNVs and the FitchMargoliash method [31]. 
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Haplotype blocks are regions of the chromosome 
that display low levels of recombination and can 
therefore be defined by a limited number of alleles or 
instances of genetic variation. Therefore, haplotype 
blocks identify regions of the genome with low rates 
of LD and a shared genetic background (i.e. conserved 
ancestral portions of the genome) between 
individuals or strains. Usually, detection of stable and 
detailed haplotype blocks requires a relatively large 
sample size – several hundreds to thousands of 
samples yield the most dependable results [63-64]. In 
2008, Saar and colleagues [46] completed the 
construction of 837 haplotype blocks (411 kb average 
block size), covering 12% of the rat genome and 
including 19% of total SNPs. With this information, 
the team concluded that the laboratory rat founder 
population contained more genetic variation, thus 
causing difficulties in phylogenetically mapping 
inbred rat strains. Furthermore, 939 inter- 
chromosomal SNP pairs were classified as being in 
full LD, which were also related to specific sections of 
the rat phylogenetic tree. In short, these SNPs and 
haplotype blocks were able to produce a more 
detailed history of the genetic divergence between 
inbred rat strains. 

There are several interesting features about 
genome variants and their effects on gene expression 
in rats. When genes gain stop codons, lose start and 
stop codons or change splicing donor or acceptor 
sites, they are rarely expressed [26]. This phenomenon 
is also confirmed by Simonis and colleagues [28] who 
found that only 4% of the differentially expressed 
genes between BN-Lx and SHR contain a stop variant. 
If a gene is fully deleted, causing the structure 
variation, it would not be expressed. However, gene 
duplication can result in significant changes in 
expression. Among seven fully duplicated genes, for 
example, five were differentially expressed in the liver 
between BN-Lx and SHR rats [28]. The variant density 
in the 5 kb upstream of the transcriptional start site 
seems to affect gene expression because the 
differentially expressed genes contain, on average, 8.1 
SNVs and 2.0 INDELs in the region in comparison to 
non- differentially expressed genes that possess 6.6 
SNVs and 1.7 INDELs on average (two tailed t-test, 
P-value 0.0003 and 0.005 for SNVs and INDELs, 
respectively) [28]. 

Phenome Collection in Rats 

Rat phenome project initiatives 
More than 15 years ago, the genome community 

initiated the rat phenome projects to further 
coordinate genome resources and their applications to 
improve the value of this model organism [14-16]. The 
goals of the rat phenome projects are to systematically 

characterize various rat strains with standardized 
quantitative and qualitative parameters, thus 
promoting laboratory rats as biomedical models to 
study physiology, phycology, pathology and 
pharmacology relevant to human health. The 
phenome datasets collected from diverse rat strains 
allow development of phenotypic ranking systems 
that can be easily used to visualize the normal ranges 
of phenotypes, determine the parameters of 
disease-based phenotypes, simultaneously compare 
phenotypic values among many strains and improve 
experimental designs in terms of reliability and 
reproducibility [14]. Understanding the phenotypic 
differences between strains will also help researchers 
identify which strains to select for future QTL 
analyses [14]. Other factors, such as sex and age are 
included to characterize the phenotypes. No doubt, 
these phenome projects have and will continue to 
provide resources and reagents to build links between 
genomes and phenomes [16]. 

The U.S. rat phenome program 
The Medical College of Wisconsin pioneered 

development of the US rat phenome resources [15]. 
The rat genome database (RGB) is a phenome-related 
website that harbors information on genetic models, 
PhenoMiner, expected ranges of phenotypes, Pheno-
Miner term comparisons, phenotypes of rats and 
other animal models (https://rgd.mcw.edu/wg/ 
physiology/). For genetic models, the website lists 396 
gene-specific rat models, including approximately 50 
strains with phenotype information. PhenoMiner is a 
search engine for retrieving data on rat strains, 
experimental conditions, clinical measurements and 
measurement methods (Figure 3). Expected ranges of 
quantitative phenotypes are categorized into blood 
homeostasis, body mass and body temperature, 
circulatory system morphology, circulatory system 
physiology, connective tissue morphology, gland 
morphology, grooming behavior, hemolymphoid 
system morphology, hepatobiliary system 
morphology, immune system morphology, 
kinesthetic behavior, molecule homeostasis, nervous 
system morphology, reproductive system 
morphology, respiratory system morphology, 
respiratory system physiology and urinary system 
morphology traits, respectively (Table S2). With many 
independent phenotyping studies and projects, 
phenotypical data for the rat became plentiful in the 
early 2000s, but most of it was not standardized [65]. 
In an effort to solve this issue and catalog data in a 
way that allowed for cross-strain comparisons, Zhao 
and colleagues [65] created the Expected Ranges tool 
available at the RGD website. In addition to 
presenting the normal ranges of the phenotypes for 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

126 

strains to researchers, the Expected Ranges tool also 
predicts the ranges of these phenotypes given specific 
experimental conditions. In this way, researchers have 
access to phenotypical estimates tailored for not only 
the rat strains, but also laboratory conditions to 
determine which strains are the most appropriate for 
their research protocols. 

The Japanese rat phenome program 
The National Bio Resource Project for the Rat 

(NBRP-Rat), a subdivision of the National Bio 
Resource Project of Japan, is a repository and 
distributer of over 250 inbred rat strains (http:// 
www.anim.med.kyoto-u.ac.jp/nbr) [14]. Established 
in 2002, the project has collected over 109 measures of 
phenotypic data to fit the following seven categories: 
anatomy, behavioral studies, biochemical blood tests, 
blood pressure, hematology, neurobehavior, and 
urology (Table S3). The NBRP-Rat also houses 370 
SNPs collected from over 50 rat strains to further 
integrate genotypic and phenotypic data. Their goal is 
to screen 200 rat strains for SNPs as well as 
phenotypic markers to increase the value of the rat as 
a model organism and identify valuable phenotypic 
differences between inbred strains. In this way, 
normal and abnormal phenotypes can be identified 
and distinguished between inbred rat strains. For 
example, in 2005, the data mined from NBRP-Rat 
showed that SHR strains have the heaviest heart 
weights, while the hypertensive ZI rat strain have a 
normal heart weight and size [14], demonstrating that 

hypertensive ZI rats develop high blood pressure 
differently than SHR rats. 

Phenome collection on the BN rat 
Kwitek and colleagues [16] were the first to 

complete a large-scale phenotyping project on the BN 
rat. They compared 281 phenotypic trait 
measurements (focusing on renal, pulmonary, and 
cardiovascular traits) collected from the BN rat to 10 
other inbred and outbred strains (CDF, CD®IGS, 
FHH, GH, LE, LEW, SD, SHR, SS, and WKY) and 
found that no one strain serves as a representative 
control. Instead, they found that the normal ranges of 
phenotypes are relative and vary between strains. The 
disparity in phenotypes between genders also varied 
between strains. In response, Kwitek and colleagues 
[16] combined the collected data from all strains into a 
‘population’ dataset and determined normal ranges of 
the phenotypes that all strains can be compared 
against. Their data can be found on the Rat Genome 
Database (RGD) website (https://rgd.mcw.edu/wg/ 
phenotype-data13/). Of the traits measured, 39% 
were significantly different in the BN rat as opposed 
to the ‘population’ mean and 46% of the respiratory 
and lung traits were determined to be significantly 
different, supporting the notion that the BN rat is 
sensitive to inflammatory lung diseases, such as 
asthma, and should be utilized in respiratory 
research. In comparison, only 15% of renal-related 
phenotypes were significantly different from the 
population mean, suggesting BN rats could also serve 

 
Figure 3. The PhenoMiner search engine created by the US phenome program. This tool can search for methods, experimental conditions and clinical 
measurements collected for each rat strain. 
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as a control strain in renal function studies, further 
demonstrating that selection of a rat strain for 
research is dependent on the focus of the study. 

Phenome collection for QTL mapping 
Baud and colleagues [29] collected a total of 160 

phenotypes for their work. The phenotypes were 
grouped into anxiety, arterial elastic lamina ruptures, 
body weight, bone morphology, cardiovascular 
function, coat color, glucose tolerance, hematology, 
immunology, induced neuroinflammation, renal 
agenesis, serum biochemistry and wound healing 
(Table S4). Depending on the trait, various covariates 
were included in the QTL analysis. A genome-wide 
association study (GWAS) was performed using the 
mixed models and resampling methods. The number 
of animals varied from 185 to 1407 rats, including both 
sexes. In combination with WGS, the team revealed 
355 QTLs for 122 complex phenotypes and identified 
35 causal genes for 31 phenotypes. As such, this work 
presents one of the most successful QTL mappings in 
rats. 

Phenome collection for drug abuse and addiction 
research 

Drug abuse and addiction significantly burden 
society in terms of health care costs, loss of 
productivity, crime and mortality [66-67]. Thus, 
research on how to best prevent and treat these 
psychological disorders is valuable. The rat has been 
widely used to not only discover phenotypes 
associated with various substance use disorders 
(SUDs) but has also been used to understand the 
molecular mechanisms and genes associated with 
SUDs (Table S5). Recently, the validity of rat and 
other animals as models for SUDs have been has been 
questioned; however, behavioral and physiological 
data suggests that rats are not only appropriate, but 
quite excellent models of SUDs in humans [66-67]. 
Rats are capable of modeling many psychological and 
physiological aspects of SUDs including drug seeking 
behaviors, the reinforcing effects of various drugs, 
factors affecting susceptibility to drug addiction 
(environmental and genetic), withdrawal symptoms, 
causal molecular pathways of addiction, epigenetic 
changes in the brain and other tissues in response to 
drugs, and the feasibility of novel treatment strategies 
[66-67] (Table S5). Amongst these factors, differences 
in gender, age, and drug type have all been 
successfully identified [66,68-70]. For instance, while 
all drugs impact the dopamine signaling of 
dopaminergic neurons in the brain to cause addiction 
– these neurons comprise the regions of the brain 
responsible for reward seeking behaviors and 
motivation (the reward system) – some impact 

dopamine signaling directly, while others affect the 
system indirectly [67]. 

Public databases for genome and phenome resources 
in rats 

Many databases pertaining to the rat are 
available; however, each one is unique in that not all 
of them present the same information and resources. 
In general, databases store anatomical or 
physiological data, genetic and genomic data, catalog 
rat strains, or catalog laboratories that develop and 
maintain rat strains (Figure 4). Beyond this, each 
database has its own niche, with specific data that 
may be more valuable to some research interests than 
others. The US has established at least six genome, 
phenome and/or GWAS databases, including 1) Rat 
Genome Database at the Medical College of 
Wisconsin (http://rgd.mcw.edu/), 2) Rat Genome 
Resources at National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov/ 
genome/guide/rat/index.html), 3) Rat Genome 
Project at the Baylor College of Medicine (http:// 
www.hgsc.bcm.edu/other-mammals/rat-genome-pr
oject), 4) Rat Genome Browser at UC Santa Cruz 
(https://genome.ucsc.edu/cgi-bin/hgGateway), 5) 
Rat Atlas at University of Southern California 
(https://loni.usc.edu/research/atlases) and 6) Genes 
and Addiction – NIDA Center for GWAS in Outbred 
Rats at UC San Diego (https://ratgenes.org/). Other 
databases include 1) Ensemble at the European 
Molecular Biology Laboratory’s European 
Bioinformatics Institute (http://uswest.ensembl.org/ 
Rattus_norvegicus/Info/Index), 2) European large- 
scale functional genomics in the rat for translational 
research (http://www.euratrans.eu/), 3) National 
BioResource Project for the Rat in Japan 
(http://www.anim.med.kyoto-u.ac.jp/nbr/), 4) 
Riken Bioresource Center (https://dna.brc.riken.jp/ 
en/gene_expressionen/hoststrainen), 5) University of 
New South Wales (UNSW) Embryology (http:// 
embryology.med.unsw.edu.au/embryology/index. 
php/Rat_Development), and 6) Norecopa (https:// 
norecopa.no/films-and-slide-shows). 

Genomes to Phenomes: What are the Bridges? 

Progress in bridging the gaps 
As discussed above, QTL mapping has been 

widely used to relate variants in the genome to 
variations in phenomes. However, this approach has 
two major limitations. First, the associations between 
genomes and phenomes established by QTL mapping 
cannot discern the molecular processes of cells and 
tissues that are disrupted, meaning they cannot be 
directly applied to development of new therapeutics 
[61]. Second, a phenotype is usually controlled by 
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multiple genes. As such, detection of associations 
between a single causal DNA variant and a complex 
phenotype can be misleading. For example, Baud and 
colleagues [29] observed that 44% of the analyzed 
QTLs in rats are due to the multiple gene effects, 
rather than single gene variants. Therefore, 
recognition of these insufficiencies coupled with the 
beginning of the ‘omics’ era resulted in the evolution 
of systems genetics, one of the best available methods 
for understanding the molecular pathways that link 
genomes to phenomes (Figure 5). 

The first step towards systems genetics was 
extending QTL mapping to expression QTL (eQTL) 
analysis, which studies the associations between DNA 
loci and gene expression levels. Specifically, trans- 
eQTLs are eQTLs that are affected by genetic variants 
far away from the gene of interest, while causal 
genetic variants located close to or within the gene of 
interest are known as cis-eQTLs [27,47]. Thus, eQTLs 
are more specific in describing how the genome is 
impacted to produce phenotypic changes based on 
gene expression. With respect to the rat, Atanur and 
colleagues [27] have identified genetic variations 
contained by cis-eQTLs affecting genes related to 
hypertension. The team observed that there was a 
significant enrichment (p < 10-10) of SNPs, large 
deletions, and INDELs in cis-eQTL gene regions as 
opposed to non-cis-eQTL gene regions as well as a 
significant enrichment (p < 2.2 × 10-16) of SNPs in the 

promoter region of cis-eQTLs compared to non-cis- 
eQTLs. Due to the success of eQTL mapping, QTL 
mapping has been further explored in DNA 
methylation (mQTLs), alternative splicing (sQTLs), 
chromatin accessibility (caQTLs), protein expression 
(pQTLs), cell metabolism (metaQTLs), ribosome 
occupancy (riboQTLs), histone (hQTLs), microRNA 
QTLs (miQTLs), and variance analysis (vQTL) [61-73]. 

Two important aspects are not addressed by 
these methods: 1) gene-gene interactions, gene- 
molecule interactions, and molecular pathways and 2) 
interactions between the genome and the 
environment. Thus, integrative genomics was piloted 
and soon became common due to technological 
advancements. With the goal of combining data from 
multiple different ‘omics’ focuses, integrative 
genomics used in situ analyses to discover the effects 
of certain genetic variants on one specific cellular trait 
such as RNA and protein expression levels (Figure 5) 
[71, 74-75]. The large difference between integrative 
genomics and systems genetics is that systems 
genetics focuses on identifying the causal genetic 
variations behind complex disease phenotypes 
through computational modeling and observation of 
biological systems. While still focusing on 
cellular-level traits, systems genetics yields more 
comprehensive data because complex diseases 
usually affect multiple cellular traits that should be 
considered to fully understand the disease [71].

 

 
Figure 4. Worldwide rat genome and phenome databases. 
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Figure 5. Advancements in rat genome-to-phenome research. 

 
Thus, integrative genomics and systems genetics 

can account for gene × environment interactions as 
they document molecular reactions during cell or 
tissue analyses (Figure 5). They can determine gene 
regulation, co-expression and downstream gene 
regulation, epigenetic regulations, protein structure or 
expression changes, changes to mRNA and other 
RNAs that change their function, expression, stability 
or translation efficiency; and effects on co-regulated 
or downstream molecular pathways, depending on 
the research focuses and identified causal or 
contributing genetic variations/loci. To accomplish 
these approaches, molecular profiling is required and 
usually consists of gene expression analysis (RNA 
sequencing or RNA-seq), protein analysis 
(mass-spectrometry), and metabolite measure levels 
(nuclear magnetic resonance) [71, 76-79]. Systems 
genetics then applies these data to known molecular 
interactions and pathways of cells and tissues, all of 
which describe genetic links to certain cellular traits 
that can be related to specific molecular pathways. For 
more information, Zheng and colleagues [72] created 
QTLbase, a database cataloguing cataloged QTLs 
based on their category, cell or tissue specificity, and 
known or speculated impacts on molecular pathways 
(see http://mulinlab.org/qtlbase). 

Transcriptome diversity and dynamics 
Several decades ago, genome-to-phenome events 

were simply described as “DNA makes RNA makes 
protein” by Francis Crick [80]. However, many factors 
can dramatically complicate the processes. First, 
genome-to-phenome information transfer would not 
happen unless transcriptomes, proteomes and 

metabolomes are present to rapidly regulate 
epigenetic expression profiles in cells [81-83]. Second, 
RNAs include not only coding (mRNAs, messenger 
RNAs), but also non-coding, such as tRNAs (transfer 
RNAs), rRNAs (ribosomal RNAs), snRNAs (small 
nuclear RNAs), snoRNAs (small nucleolar RNAs) and 
miRNAs (microRNAs) to execute diverse functions 
[84]. Another category of RNAs is called long non- 
coding RNAs (lncRNAs) and their functions remain 
largely uncharacterized [85]. Lastly, use of alternative 
promoters, isoforms and polyadenylation (polyA) 
sites dramatically amplify transcriptomes from a 
limited number of genes in genomes. In fact, timely 
use of transcript variants is essential to maintain 
differentiation and development and respond 
appropriately to environmental challenges, while the 
misuse of alternative transcripts often causes defects, 
diseases and disorders that affect nearly every system 
of the body [86]. 

Interestingly, a recent report revealed that 
transcriptome diversity is largely due to usage of 
alternative transcription start (ATS) and 
polyadenylation (APA) sites, rather than to 
alternative splicing [87]. In humans, for example, 
roughly 200,000 ATS sites and 450,000 APA sites have 
been discovered [19,88]. Two methods, whole 
transcriptome start and termini site sequencing 
(WTSS-seq and WTTS-seq) were specifically designed 
to profile either ATS or APA sites [89-91]. Both 
methods are relatively simple and straightforward. In 
short, rRNA is either depleted or avoided, followed 
by enrichment of RNA targets, completion of first- 
and second-strand cDNA synthesis, and library 
sequencing. Overall, these processes make the 
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protocols more accessible, easier to reproduce, and 
reduces the chances of technical error by reducing the 
instances in which errors or biases can occur. 

To date, ATS sites in rats have been collected 
using the traditional CAGE (Cap analysis gene 
expression) method [19,92]. The team used one 
universal RNA tissue sample, 6 aortic smooth muscle 
cell, 3 hepatocyte and 3 mesenchymal stem cell 
samples to perform the analysis. They obtained 28,497 
‘robust’ and 92,031 ‘permissive’ promoters for rat. 
Among 28,497 robust ATS sites, almost 98% were 
located in promoter (16,625 sites), intergenic regions 
(3,013), CpG islands (2,770), exons (1,937), introns 
(1,561), 5’UTRs (1,054), 3’UTRs (474) and TTSs 
(transcription termination sites, 403) [19]. Derti and 
colleagues [20] discovered 52,128 known and 148,485 
novel APA sites in rat brain and testis samples. 
Overall, relatively few studies on alternative 
transcripts have been performed in rats compared to 
humans and mice. 

Using alternative transcriptomes to bridge the 
genome and phenome 

Here we use our studies to show how alternative 
transcriptome analysis can provide evidence for 
phenome-related causal pathways in rats. The WTTS- 
seq method [89] for example, has at least five 
advantages over the traditional RNA-seq (RNA- 
sequencing) method. First, more than 99.9% of the 
reads produced by WTTS-seq are derived from polyA 
sites. Second, the diversity and dynamics of APA 
patterns across different time points/stages are 
clearly revealed by WTTS-seq, but are not detected by 
RNA-seq. Third, WTTS-seq authentically measures 
short transcript abundance, whereas RNA-seq reads 
are biased against both 5’ and 3’-ends, making it 
difficult to accurately detect short transcripts [23]. 
Fourth, when genes overlap, only WTTS-seq reads 
can be clearly assigned to corresponding genes 
because they are strand-specific. Lastly, intronic APAs 
can be revealed by WTTS-seq and evidenced by RNA- 
seq data. However, these sites are often missed if 
RNA-seq data are processed alone. 

Using our WTTS-seq method, we recently 
examined how binge feeding a high fat diet (HFD) 
alters APA usage in the hypothalamus of male rats 
relative to control rodents fed a standard chow [21]. In 
this study, 763 of the 89,022 APA sites revealed in the 
species were differentially expressed (DE-APA sites). 
Of these, 274 were down-, while 489 were up- 
regulated (P≤0.01), in rats fed the HFD compared to 
rats fed the control chow. Based on the differentially 
expressed genes (DEGs) assigned to these DE-APA 
sites, we observed that affected functional pathways 
were primarily related to neuron projection 

development and synapse organization. Pheno-
typically, HFD-exposed male rats showed 
characteristic hyperphagic feeding behavior by 
consuming significantly more calories than the 
controls in the early stage of the experiments, thus 
gaining an obese body weight relative to the controls 
in the later stage of the experiments. This implies that 
APA profiles can explain information flows from 
genome to phenome induced by an obesogenic 
environment. 

The same WTTS-seq method was also used to 
detect how APA usages coordinate brain functions in 
response to cannabis exposure in rats [22]. The study 
revealed that among 309 differentially expressed APA 
sites (p < 0.01), 243 sites were down-regulated while 
66 were up-regulated in treated male rats in reference 
to the control animals. Pathway analysis showed that 
behavioral response and synaptic function are two 
main pathway clusters induced by marijuana 
exposure as compared to the air controls. 
Furthermore, the pathways in which APAs were 
differentially expressed between HFD and cannabis 
exposure were largely unshared, demonstrating the 
situational specificity of APA diversity and usage as 
well as the utility and informative value of 
transcriptome analysis. Therefore, alternative 
transcriptomes not only aid in understanding of 
complex gene functions, but also their reactions to the 
environment. As such, one of the most informative 
and common steps in associating genetic variations 
with disease or adverse phenotypes are transcriptome 
analysis (Figure 5). This cell-level phenotype is the 
first step in a cascade of molecular changes that result 
in disease phenotypes as opposed to their homeostatic 
counterparts. 

Conclusion and Prospects 
Throughout this review we discussed the large 

WGS events and phenotype projects completed in the 
rat, resources where this information is available to 
the public, and the newest advancements in 
understanding of the genome-to-phenome events 
underlying complex traits. At the genome level, 
several ongoing sequencing projects will provide 
short- or long-reads that will minimize gaps and 
misplaced sequences, allowing the community to 
develop and fine-tune the rat pan-genome assembly. 
The significantly improved rat reference genome with 
its augmented structural accuracy and contiguity is 
evolving to full annotation with collection and 
characterization of genome-wide DNA variants for 
genetic analysis with health and disease phenotypes. 
Technically, proper sample sizes are required to 
represent the sequenced strain(s) and complete 
detection and characterization of polymorphic loci. In 
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addition, the community needs to clearly define both 
INDELs and SVs in order to understand the published 
data and determine how to utilize them. For the 
phenotyping projects, both males and females need to 
be included as phenotypic disparities between sexes 
are common and significant. Characterization of the 
differences would enable researchers to 
advantageously exploit sex-specific characteristics, 
rather than treat them as confounding factors. No 
doubt, phenotyping both sexes is required to maintain 
the scientific premise and research vigor when human 
subjects and model organisms (including rats) are 
used in experiments. Sampling at different 
developmental and/or growth stages should be 
considered for phenotyping, because the time-serial 
datasets will help determine how multi-levels of 
intermediate phenotypes contribute to a higher-level 
phenotype. The comprehensive phenome datasets 
will also provide foundations for the rat research 
community to pursue phenome-wide association 
studies and thus unravel the pleiotropic effects that 
can link various phenotypes physiologically. No 
doubt, alternative transcriptome profiling is key to 
understanding the genome-phenome relationships 
because they transform the finite genome into the 
infinite phenome. The alternative transcriptome is 
situationally specific, and its dynamics are dependent 
on both the external and internal environment of the 
specifically analyzed cells. While systems genetics 
analyzes the transcriptome among other molecules 
(proteome and metabolome), the methodologies 
employed are sorely in need of improvements. 
However, methods such as WTSS-seq and WTTS-seq 
are currently being refined, improving both accuracy 
and sensitivity of detecting and mapping alternative 
transcripts. Thus, we recommend broad utilization of 
these types of methods in the future and that further 
methodological innovations of transcriptome analysis 
are considered. 

Supplementary Material  
Supplementary table S1-S5.  
http://www.ijbs.com/v17p0119s1.zip  

Acknowledgements 
This work was supported by the Eunice 

Kennedy Shriver National Institute of Child Health & 
Human Development of the National Institutes of 
Health under Award Number R21HD076845, by the 
National Institute of Food and Agriculture, United 
States Department of Agriculture under Award 
Numbers 2016-67015-24470/2018-67015-27500 (sub- 
contract)/2020-67015-31733 and by funds provided 
for medical and biological research by the State of 
Washington Initiative Measure No. 171 and the 

Washington State University Agricultural Experiment 
Station (Hatch funds 1014918) received from the 
National Institutes for Food and Agriculture, United 
States Department of Agriculture to ZJ. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Smith JR, Bolton ER, Dwinell MR. The Rat: A Model Used in Biomedical 

Research. Methods Mol Biol. 2019;2018:1-41. 
2. Musser GG, Carlton MD. Superfamily Muroidea. In: Wilson DE, Reeder DM 

(Eds). Mammal Species of the World: A Taxonomic and Geographic Reference. 
JHU Press. 2005; 

3. Gibbs RA, Weinstock GM, Metzker ML, et al. Genome sequence of the Brown 
Norway rat yields insights into mammalian evolution. Nature. 
2004;428(6982):493-521. 

4. Modlinska K, Pisula W. The Norway rat, from an obnoxious pest to a 
laboratory pet. Elife. 2020;9(pii:e): 50651. 

5. Carter CS, Richardson A, Huffman DM, Austad S. Bring Back the Rat! J 
Gerontol A Biol Sci Med Sci. 2020;pii:glz298. 

6. Doulberis M, Papaefthymiou A, Polyzos SA, et al. Rodent models of obesity 
[published online ahead of print, 2019 Nov 13]. Minerva Endocrinol. 
2019;10.23736/S0391-1977.19.03058-X. 

7. Escabi CD, Frye MD, Trevino M, Lobarinas E. The rat animal model for noise- 
induced hearing loss. J Acoust Soc Am. 2019;146(5):3692. 

8. Ren Y, Palmer AA. Behavioral Genetic Studies in Rats. Methods Mol Biol. 
2019;2018:319-326. 

9. Shimoyama M, Smith JR, Bryda E, et al. Rat Genome and Model Resources. 
ILAR J. 2017;58(1):42-58. 

10. Weber B, Lackner I, Haffner-Luntzer M, et al. Modeling trauma in rats: 
similarities to humans and potential pitfalls to consider. J Transl Med. 
2019;17(1):305. 

11. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating 
inhibitors. Proc Natl Acad Sci U S A. 1977;74(12):5463-7. 

12. Levy SE, Myers RM. Advancements in Next-Generation Sequencing. Annu 
Rev Genomics Hum Genet. 2016;17:95-115. 

13. van Dijk EL, Jaszczyszyn Y, Naquin D, Thermes C. The Third Revolution in 
Sequencing Technology. Trends Genet. 2018;34(9):666-681. 

14. Mashimo T, Voigt B, Kuramoto T, Serikawa T. Rat Phenome Project: the 
untapped potential of existing rat strains. J Appl Physiol (1985). 
2005;98(1):371-9. 

15. de la Cruz N, Bromberg S, Pasko D, Shimoyama M, et al. The Rat Genome 
Database (RGD): developments towards a phenome database. Nucleic Acids 
Res. 2005;33:D485-91. 

16. Kwitek AE, Jacob HJ, Baker JE, et al. BN phenome: detailed characterization of 
the cardiovascular, renal, and pulmonary systems of the sequenced rat. 
Physiol Genomics. 2006;25(2):303-13. 

17. Timiras PS, Yaghmaie F, Saeed O, Thung E, Chinn G. The ageing phenome: 
caloric restriction and hormones promote neural cell survival, growth, and 
de-differentiation. Mech Ageing Dev. 2005;126(1):3-9. 

18. Serikawa T, Mashimo T, Takizawa A, et al. National BioResource Project-Rat 
and related activities. Exp Anim. 2009;58(4):333-41. 

19. Lizio M, Abugessaisa I, Noguchi S, et al. Update of the FANTOM web 
resource: expansion to provide additional transcriptome atlases. Nucleic Acids 
Res. 2019;47(D1):D752-D758. 

20. Derti A, Garrett-Engele P, Macisaac KD, et al. A quantitative atlas of 
polyadenylation in five mammals. Genome Res. 2012; 22(6):1173-83. 

21. Brutman JN, Zhou X, Zhang Y, et al. Mapping diet-induced alternative 
polyadenylation of hypothalamic transcripts in the obese rat. Physiol Behav. 
2018;188:173-180. 

22. Brutman JN, Zhang S, Choi P, et al. Vapor Cannabis Exposure Promotes 
Genetic Plasticity in the Rat Hypothalamus. Sci Rep. 2019;9(1):16866. 

23. Wang R, Nambiar R, Zheng D, Tian B. PolyA_DB 3 catalogs cleavage and 
polyadenylation sites identified by deep sequencing in multiple genomes. 
Nucleic Acids Res. 2018;46(D1):D315-D319. 

24. Thompson JW, Adams KJ, Adamski J, et al. International Ring Trial of a High 
Resolution Targeted Metabolomics and Lipidomics Platform for Serum and 
Plasma Analysis. Anal Chem. 2019;91(22):14407-14416. 

25. Guo NL, Poh TY, Pirela S, et al. Integrated Transcriptomics, Metabolomics, 
and Lipidomics Profiling in Rat Lung, Blood, and Serum for Assessment of 
Laser Printer-Emitted Nanoparticle Inhalation Exposure-Induced Disease 
Risks. Int J Mol Sci. 2019; 20(24pii):E6348. 

26. Hermsen R, de Ligt J, Spee W, et al. Genomic landscape of rat strain and 
substrain variation. BMC Genomics. 2015; 16:357. 

27. Atanur S S, Birol I, Guryev V, et al. The genome sequence of the spontaneously 
hypertensive rat: analysis and functional significance. Genome Res. 2010; 
20:791-803. 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

132 

28. Simonis M, Atanur SS, Linsen S, et al. Genetic basis of transcriptome 
differences between the founder strains of the rat HXB/BXH recombinant 
inbred panel. Genome Biology. 2012;13:r13. 

29. Baud A, Hermsen R, Guryev V, et al. Combined sequence-based and genetic 
mapping analysis of complex traits in outbred rats. Nature Genetics. 
2013;45:767-775. 

30. Ramdas S, Ozel AB, Treutelaar MK, et al. Extended regions of suspected 
mis-assembly in the rat reference genome. Sci Data. 2019;6(1):39. 

31. Atanur SS, Diaz AG, Maratou K, et al. Genome sequencing reveals loci under 
artificial selection that underlie disease phenotypes in the laboratory rat. Cell. 
2013;154:691-703.  

32. Guo X, Brenner M, Zhang X, et al. Whole-Genome Sequences of DA and F344 
Rats with Different Susceptibilities to Arthritis, Autoimmunity, Inflammation 
and Cancer. Genetics. 2013;194:1017-1028. 

33. Bäckdahl L, Ekman D, Jagodic M, et al. Identification of candidate risk gene 
variations by whole-genome sequence analysis of four rat strains commonly 
used in inflammation research. BMC Genomics. 2014;15:391.  

34. Showmaker KC, Cobb MB, Johnson AC, Yang W, Garrett MR. Whole genome 
sequencing and novel candidate genes for CAKUT and altered nephrogenesis 
in the HSRA rat. Physiol. Genomics. 2020;52(1):56-70. 

35. Havlak P, Chen R, Durbin KJ, et al. The Atlas genome assembly system. 
Genome Res. 2004;14(4):721-32. 

36. Li H, Ruan J, Durbin R. Mapping short DNA sequencing reads and calling 
variants using mapping quality scores. Genome Res. 2008;18(11):1851-8. 

37. Li R, Li Y, Kristiansen K, Wang J. SOAP: short oligonucleotide alignment 
program. Bioinformatics. 2008;24(5):713-4. 

38. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics. 2009;25(14):1754-60. 

39. Li H, Handsaker B, Wysoker A, et al. The Sequence Alignment/Map format 
and SAMtools. Bioinformatics. 2009;25(16):2078-9. 

40. McKenna A, Hanna M, Banks E, et al. The Genome Analysis Toolkit: a 
MapReduce framework for analyzing next-generation DNA sequencing data. 
Genome Res. 2010;20(9):1297-303. 

41. van der Weide RH, Simonis M, Hermsen R, et al. The Genomic Scrapheap 
Challenge; Extracting Relevant Data from Unmapped Whole Genome 
Sequencing Reads, Including Strain Specific Genomic Segments, in Rats. PLoS 
One. 2016;11(8): e0160036. 

42. Tutaj M, Smith JR, Bolton ER. Rat Genome Assemblies, Annotation, and 
Variant Repository. Methods Mol Biol. 2019;2018:43-70. 

43. Zhao S, Shetty J, Hou L, et al. Human, mouse, and rat genome large-scale 
rearrangements: stability versus speciation. Genome Res. 2004;14(10A): 
1851-60. 

44. Bejerano G, Pheasant M, Makunin I, et al. Ultraconserved elements in the 
human genome. Science. 2004;304(5675):1321-5. 

45. Zhou J, Sears RL, Xing X, et al. Tissue-specific DNA methylation is conserved 
across human, mouse, and rat, and driven by primary sequence conservation. 
BMC Genomics. 2017;18(1):724. 

46. STAR Consortium, Saar K, Beck A, Bihoreau MT, et al. SNP and haplotype 
mapping for genetic analysis in the rat. Nat Genet. 2008;40(5):560-6. 

47. Miles CM, Wayne M. Quantitative trait locus (QTL) analysis. Nature 
Education. 2008;1(1):208. 

48. Printz MP, Jirout M, Jaworski R, Alemayehu A, Kren V. Genetic Models in 
Applied Physiology. HXB/BXH rat recombinant inbred strain platform: a 
newly enhanced tool for cardiovascular, behavioral, and developmental 
genetics and genomics. J Appl Physiol (1985). 2003;94(6):2510-22. 

49. Adriaens ME, Lodder EM, Moreno-Moral A, et al. Systems Genetics 
Approaches in Rat Identify Novel Genes and Gene Networks Associated With 
Cardiac Conduction. J Am Heart Assoc. 2018;7(21):e009243. 

50. Bielavská E, Kren V, Musilová A, Zídek V, Pravenec M. Genome scanning of 
the HXB/BXH sets of recombinant inbred strains of the rat for quantitative 
trait loci associated with conditioned taste aversion. Behav Genet. 
2002;32(1):51-6. 

51. Hoffman PL, Saba LM, Vanderlinden LA, Tabakoff B. Voluntary exposure to a 
toxin: the genetic influence on ethanol consumption. Mamm Genome. 
2018;29(1-2):128-140. 

52. Jirout ML, Friese RS, Mahapatra NR, et al. Genetic regulation of catecholamine 
synthesis, storage and secretion in the spontaneously hypertensive rat. Hum 
Mol Genet. 2010;19(13):2567-80. 

53. Jaworski RL, Jirout M, Closson S, et al. Heart rate and blood pressure 
quantitative trait loci for the airpuff startle reaction. Hypertension. 2002;39(2 
Pt 2):348-52. 

54. Pravenec M, Zídek V, Landa V, et al. Mutant Wars2 gene in spontaneously 
hypertensive rats impairs brown adipose tissue function and predisposes to 
visceral obesity. Physiol Res. 2017;66(6):917-924. 

55. Johannesson M, Lopez-Aumatell R, Stridh P, et al. A resource for the 
simultaneous high-resolution mapping of multiple quantitative trait loci in 
rats: the NIH heterogeneous stock. Genome Res. 2009;19(1):150-8. 

56. Solberg Woods LC, Holl K, Tschannen M, Valdar W. Fine-mapping a locus for 
glucose tolerance using heterogeneous stock rats. Physiol Genomics. 
2010;41(1):102-8. 

57. Alam I, Koller DL, Sun Q, et al. Heterogeneous stock rat: a unique animal 
model for mapping genes influencing bone fragility. Bone. 2011;48(5):1169-77. 

58. Solberg Woods LC, Holl KL, Oreper D, et al. Fine-mapping diabetes-related 
traits, including insulin resistance, in heterogeneous stock rats. Physiol 
Genomics. 2012;44(21):1013-26. 

59. Alam I, Koller DL, Cañete T, et al. High-resolution genome screen for bone 
mineral density in heterogeneous stock rat. J Bone Miner Res. 
2014;29(7):1619-26. 

60. Alam I, Koller DL, Cañete T, et al. Fine mapping of bone structure and 
strength QTLs in heterogeneous stock rat. Bone. 2015;81:417-426. 

61. Keele GR, Prokop JW, He H, et al. Genetic Fine-Mapping and Identification of 
Candidate Genes and Variants for Adiposity Traits in Outbred Rats. Obesity 
(Silver Spring). 2018;26(1):213-222. 

62. Szpirer C. Rat models of human diseases and related phenotypes: a systematic 
inventory of the causative genes. J Biomed Sci. 2020;27(1):84.  

63. Sun X, Stephens JC, Zhao H. The impact of sample size and marker selection 
on the study of haplotype structures. Human Genomics. 2004;1(3):179-193. 

64. Osabe D, Tanahashi T, Nomura K, et al. Evaluation of sample size effect on the 
identification of haplotype blocks. BMC Bioinformatics. 2007;8:200. 

65. Zhao Y, Smith JR, Wang SJ, Dwinell MR, Shimoyama M. Quantitative 
phenotype analysis to identify, validate and compare rat disease models. 
Database. 2019;2019:1-14. 

66. Spanagel R. Animal models of addiction. Dialogues Clin Neurosci. 
2017;19(3):247-258. 

67. Lynch WJ, Piehl KB, Acosta G, Peterson AB, Hemby SE. Aerobic exercise 
attenuates reinstatement of cocaine-seeking behavior and associated 
neuroadaptations in the prefrontal cortex. Biol Psychiatry. 2010;68(8):774-7. 

68. Renard J, Rosen LG, Loureiro M, et al. Adolescent Cannabinoid Exposure 
Induces a Persistent Sub-Cortical Hyper-Dopaminergic State and Associated 
Molecular Adaptations in the Prefrontal Cortex. Cerebral Cortex. 
2017;27(2):1297-1310. 

69. Rodriguez J, Jacques-Berg W, Patel AJ. Differential regulation of cerebellar 
granule neurons by two types of quisqualate receptors. Neuroreport. 
1991;2(9):517-20. 

70. Truitt WA, Hauser SR, Deehan GA Jr, et al. Ethanol and nicotine interaction 
within the posterior ventral tegmental area in male and female alcohol- 
preferring rats: evidence of synergy and differential gene activation in the 
nucleus accumbens shell. Psychopharmacology (Berl). 2015;232(3):639-49. 

71. Moreno-Moral A, Petretto E. From integrative genomics to systems genetics in 
the rat to link genotypes to phenotypes. Disease Models & Mechanisms. 
2016;9:1097-1110. 

72. Zheng Z, Huang D, Wang J, et al. QTLbase: an integrative resource for 
quantitative trait loci across multiple human molecular phenotypes. Nucleic 
Acids Research. 2020;48(D1):D983-D991. 

73. Corty RW, Valdar W. vqtl: An R Package for Mean-Variance QTL Mapping. 
G3 (Bethesda). 2018;8(12):3757-3766. 

74. Giallourakis C, Henson C, Reich M, Xie X, Mootha V K. Disease gene 
discovery through integrative genomics. Annu. Rev. Genomics Hum. Genet. 
2005;6: 381-406. 

75. Ware JS, Petretto E, Cook SA. Integrative genomics in cardiovascular 
medicine. Cardiovascular Research. 2012;97:623-630. 

76. Rotival M, Petretto E. Leveraging gene co-expression networks to pinpoint the 
regulation of complex traits and disease, with a focus on cardiovascular traits. 
Brief. Functional Genomics. 2014;13:66-78. 

77. Yang C, Li C, Wang Q, Chung D, Zhao H. Implications of pleiotropy: 
challenges and opportunities for mining Big Data in biomedicine. Front. 
Genetics. 2015;6:229. 

78. Boersema PJ, Kahraman A, Picotti P. Proteomics beyond large-scale protein 
expression analysis. Curr. Opin. Biotechnol. 2015;34C:162-170. 

79. Fuhrer T, Zamboni N. High-throughput discovery metabolomics. Curr. Opin. 
Biotechnol. 2015;31:73-78. 

80. Crick F. Central dogma of molecular biology. Nature. 1970;227(5258):561-3. 
81. Jafari M, Ansari-Pour N, Azimzadeh S, Mirzaie M. A logic-based dynamic 

modeling approach to explicate the evolution of the central dogma of 
molecular biology. PLoS One. 2017;12:e0189922. 

82. Yung PYK, Elsässer SJ. Evolution of epigenetic chromatin states. Curr Opin 
Chem Biol. 2017;41:36-42. 

83. Chen J, Coppola G. Bioinformatics and genomic databases. Handb Clin 
Neurol. 2018;147:75-92. 

84. Morris KV, Mattick JS. The rise of regulatory RNA. Nat Rev Genet. 
2014;15:423-437. 

85. Jarroux J, Morillon A, Pinskaya M. History, Discovery, and Classification of 
lncRNAs. Adv Exp Med Biol. 2017;1008:1-46. 

86. Martínez-Montiel N, Anaya-Ruiz M, Pérez-Santos M, Martínez-Contreras RD. 
Alternative Splicing in Breast Cancer and the Potential Development of 
Therapeutic Tools. Genes (Basel). 2017; 8(10 pii):E217. 

87. Reyes A, Huber W. Alternative start and termination sites of transcription 
drive most transcript isoform differences across human tissues. Nucleic Acids 
Res. 2018;46: 582-592. 

88. Harrison BJ, Park JW, Gomes C, et al. Detection of Differentially Expressed 
Cleavage Site Intervals Within 3' Untranslated Regions Using CSI-UTR 
Reveals Regulated Interaction Motifs. Front Genet. 2019;10:182. 

89. Zhou X, Li R, Michal JJ, et al. Accurate Profiling of Gene Expression and 
Alternative Polyadenylation with Whole Transcriptome Termini Site 
Sequencing (WTTS-Seq). Genetics. 2016;203(2):683-697. 

90. Zhang S, Zhang Y, Zhou X, et al. Alternative polyadenylation drives genome- 
to-phenome information detours in the AMPKα1 and AMPKα2 knockout 
mice. Scientific Reports. 2018;8:6462. 



Int. J. Biol. Sci. 2021, Vol. 17 
 

 
http://www.ijbs.com 

133 

91. Zhou X, Zhang Y, Michal JJ, et al. Alternative polyadenylation coordinates 
embryonic development, sexual dimorphism and longitudinal growth in 
Xenopus tropicalis. Cellular and Molecular Life Sciences. 2019;76: 2185-2198. 

92. Lizio M, Mukarram AK, Ohno M, et al. Monitoring transcription initiation 
activities in rat and dog. Sci Data. 2017;4:170173. 


