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Abstract

Background: We report the creation and evaluation of a de novo assembly of the genome of the
spontaneously hypertensive rat, the most widely used model of human cardiovascular disease.

Methods: The genome is assembled from long read sequencing (PacBio HiFi and CLR) and
scaffolded with long range structural information obtained from Bionano optical maps and Hi-C
proximity analysis of the genome. The genome assembly was polished with Illumina short reads.
Completeness of the assembly was investigated using BUSCO analysis. The genome assembly
was also evaluated with the rat reference gene set using NCBI automated protocols. We also
generated orthogonal single molecule transcript sequence reads (Iso-Seq) from 8 tissues and used
them to validate the coding assembly, to annotate the assembly with RNA transcripts representing
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unique full length transcript isoforms for each gene and to determine whether divergences between
RefSeq sequences and the assembly were attributable to assembly errors or polymorphisms.

Results: The assembly analysis indicates that this assembly is comparable in contiguity and
completeness to the current rat reference assembly while the use of HiFi sequencing yields an
assembly that is more correct at the single base level. Synteny analysis was performed to uncover
the extent of synteny and the presence and distribution of chromosomal rearrangements between
the reference and this assembly.

Conclusions: The resulting genome assembly is reference quality and captures significant
structural variation.
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Background

During 2001-2003 the National Human Genome Research Institute of NIH awarded nearly
$60M to support the creation of the first draft assembly of the genome of the brown

rat (Rattus norvegicus) using DNA obtained from the inbred Brown-Norway strain (BN/
SsNHsd/Mcwi substrain). After human and mouse genome assemblies, this was the third
mammalian genome assembly NIH had supported and the first to be limited to draft, rather
than finished quality. In a landmark 2004 Nature paper, the Rat Genome Sequencing Project
Consortium reported that an assembly of ~2.75 billion bases had been produced as a result
of a hybrid approach combining whole genome shotgun sequencing with bacterial artificial
chromosome (BAC) clone sequencing, employing a novel assembly software to integrate the
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resulting “bactigs” with longer distance genome information to generate the assembly which
was named Rnor3.1 [1]. This resulted in 128,000 contigs of ~38kb N50 length that were
linked into 738 superbactigs (N50 = 5.4Mb) which could eventually be conjoined to form
~300 larger assembly subunits. Subsequent revision included Y chromosome sequencing
from a male SHR/AKr rat to supplement the two female rats used as the DNA source for
Rnor3.1. This genome assembly has been progressively improved through the introduction
of both additional assembly methods and sequence data with a notable change being the
inclusion of single molecule, real-time (SMRT) sequencing of continuous long read (CLR)
data (Pacific Biosciences) to enhance assembly of regions with structural variation in the
2014 release of Rnor_6 release. A brief summary of the properties of these assemblies is
provided in Table 1.

During the last 4-5 years, important technology developments have taken place that have
had a major impact on whole genome sequencing and genome assembly. These have
centered on methods that provide increased long-range sequence and genome structure
information that provide a means to increase contiguity of the genome assembly. One such
method is the use of optical genome mapping and assembly [2]. Use of high molecular
weight genomic DNA allows single DNA molecules to be analyzed that often exceed 300kb
in length. Optical map coverage depth of 100-200-fold is easily accomplished and the
resulting molecules can provide a low resolution, but large scale sequence imaging of the
genome that can be assembled across long distances. This optical map can be combined
with long range scaffolding using data obtained by chromosome conformation capture and
analysis via proximity ligation sequencing (Hi-C) [3]. This method extracts the long-range
orientation of genomic DNA sequence that derives from the predictable and consistent
spatial relationships between proximal and distant regions of a chromosome. The result

is another long-range scaffold providing orthogonal information that can further assess
and correct sequence-based assemblies. These two technologies can also complement one
another by running them serially to improve contiguity in addition to correcting mis-joins.

These scaffolds provide frameworks that must be filled with accurate, nucleotide-resolved
whole genome sequencing information, which itself is made up of correctly oriented and
assembled sequence contigs. Sanger sequencing and subsequently short-read next generation
sequencing had been the bedrock of genome assembly, but the inability to extend contigs
through repeat elements impedes their generation and extension. This limitation has been
reduced by the introduction of long-read sequencing methods. Commercial implementations
of long-read genome sequencing methods have tackled the problem of high error rates
associated with long reads so that now accurate, highly contiguous assemblies are possible.
The most recent rat reference genome, mRatBN7.2, was produced by combining the optical
and Hi-C scaffolding methods described above with long-read genome sequencing using the
CLR approach [4]. Although CLR reads are noisy, the unique advantage they provide is the
generation of contiguous sequence data ranging in length from 10s to 100s of kilobases,
which is long enough to span many repetitive sequence elements. As the cost to generate
these data continues to decrease, sufficient read coverage can be used to reduce base level
errors in the final consensus sequence. Each of the scaffolding and sequencing methods
depends on suitable software and computing capabilities to extract, process and utilize

the information they provide. Remarkably, the cost of implementing these assembly and
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computation methods continues to decline so that a contemporary reference quality de novo
assembly of a mammalian genome can be achieved for less than 1/1000th the cost of the
original rat draft genome assembly.

This reduction in cost has posed a new dilemma in the exploitation of inbred rodent

models in genetic and genomic studies: is the optimal approach to rely on common short-
read WGS data (Illumina) derived from a multitude of rat strains and crosses in order

to draw conclusions by comparison to a reference genome; o, is a new era emerging

when phenotypes divergent in contrasting strains can be better investigated through the
generation of accurate ge novo genome assemblies of each individual strain? The former
approach has dominated, but creates an important limitation, referred to as reference bias,
that arises when sequence variation present in the subject (SHR) genome is not recognized
because reads representing it do not align to the reference. In order to begin to provide a
feasibility analysis of the latter approach we have generated a de novo genome assembly

of the widely used inbred rat strain, the spontaneously hypertensive rat. There are nearly
25,000 PubMed citations to this model which describe a wide range of interesting heritable
cardiovascular and other phenotypes. In spite of many years of active investigation, most of
these phenotypes remain unresolved at the sequence level. We created our assembly using
optical mapping, chromosomal conformation capture, standard short-read whole genome
shotgun sequence data, long-read CLR data, and the recently introduced SMRT sequencing-
derived highly accurate (“HiFi”) reads. Here we report on the methods and results of this
assembly and compare this assembly to the CLR-based current rat reference assembly,
mRatBN7.2.

All primary data have been made publicly available at the Ntional Center for
Biotechnology Information and can be accessed via https://www.ncbi.nlm.nih.gov/
bioproject?LinkName=biosample_bioproject&from_uid=24538170.

An Extended Methods section is available as a supplementary file, a brief outline of
technical aspects of the assembly is provided below.

Whole genome sequencing and assembly

Pacific Biosciences (PacBio) methods were used to generate HiFi and CLR reads from
genomic DNA following the manufacturer’s protocol. Short-read sequences (150 base paired
end) with ~50X coverage depth (TruSeq, IHlumina HiSegX), were obtained from an animal
of the same strain to polish the final assembly using Pilon software [11]. HiFi reads were
assembled into contigs with HiCanu software (version 2.1.1), We used Arima Hi-C methods
to generate chromosome conformation data [13]. The resulting Hi-C library was sequenced
on the Illumina Novaseq 6000 platform and contigs were scaffolded using the resulting
contact data and SALSA?2 software [3]. Optical mapping data was obtained using the
Bionano methods and materials and a de novo assembly was created that was integrated with
the Hi-C scaffolds used Bionano Saphyr Solve software (v3.3) to generate hybrid scaffolds.
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Chromosome builds, gap filling and polishing

We evaluated and corrected scaffolds and integrated sub-chromosomal scaffolds into

full length chromosome builds using RagTag v2.1.0 software (https://github.com/malonge/
RagTag) [14] using the existing rat reference assembly mRatBN7.2 (NCBI ID:
GCF_015227675.2) [4] to template chromosome level scaffolding. Polishing was performed
with Pilon version 1.24 [11].

Assembly Annotation and Evaluation

An annotation of the assembly was produced by NCBI using automated methods after
masking of repetitive sequences in the genome [18]. The best alignment for each transcript
was selected based on identity and coverage. Completeness of the assembly was assessed
using BUSCO (Benchmarking Universal Single Copy Orthologs, version 5.2.2 with the
MetaEuk predictor [20]. Structural variation was assessed using Sniffles2 software [21]
followed by SURVIVOR software to compare structural variants across samples [22].

We also analysized synteny and structural rearrangements between the two completed
assemblies using SyRI software [23,24].

Alignment of full length SHRSP gene transcripts to the assembly

Samples were collected from 8 tissues of an18 week old SHRSP male animal. RNA was
sequenced using PacBio Iso-Seq protocols and analysis pipelines. To investigate specific
genes, transcript reads were /n sifico translated and the resulting coding analyzed using
NCBI Blastp. We examined the 1so-Seq reads to assess whether they differed from the
genome assembly. This allowed orthogonal evaluation of coding sequence correctness.

Released Assembly

Results

The finished assembly and underlying data are available from NCBI at https://
www.nchi.nlm.nih.gov/assembly/GCA_021556685.1 and https://www.ncbi.nlm.nih.gov/
bioproject/793432. Iso-Seq data can be accessed via the bioproject link.

Contig assembly

Genomic DNA was sequenced with ~36X HiFi read coverage. These HiFi reads were
assembled using HiCanu software to generate contigs. Output statistics for HiCanu contig
formation are provided in Table S1.

Assembly completeness, accuracy and annotation.

Comparison of the assembly structure to that of the current rat reference assembly was
made using assembly-stats software [25] and is presented in Figure 1. BUSCO analysis is
summarized in Table 2 and compares the SHRSP genome assembly scores with those of
the current rat reference genome, mRatBN7.2. Analysis was performed using conserved
ortholog lineage databases for the class mammalia and the clade glires.
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We used short-read sequencing of the SHRSP genome to estimate accuracy of the HiFi-

derived assembly. Variant call rate between these reads and the assembly was 1 variant per
20,833 assembly bases. This call rate combines errors in both the HiFi and short reads but
still represents a base call concordance greater than 99.99%, representing a Q score of 43.

The automated NCBI annotation QC pipeline was used to evaluate the SHRSP assembly
and to compare the results with the same analysis of the mRatBN7.2 reference assembly.
The results of this analysis are summarized in Table 3. The reference mRatBN7.2 assembly
has 200 frame-shifted gene coding sequences, while the SHRSP assembly has less than
half this number. This may reflect an impact of the improved base level accuracy obtained
by HiFi sequencing methods used for SHRSP compared to the CLR sequencing used in

the mRatBN7.2 assembly [26]. Among the 91 frameshifted genes in the SHRSP assembly,
8 were also frame-shifted in the mRatBN7.2 assembly (possibly indicating errors in the
curated RefSeq transcript sequence) and 43 were in genes encoding the highly duplicated
odorant receptor (olfactory receptor and vomeronasal organ receptor) gene families.

We have investigated these problem genes to assess whether they reflect assembly errors
using the orthogonal Iso-Seq data obtained from 8 unique tissues from an SHRSP animal.
This SHRSP Iso-Seq data allows expressed full-length transcripts to be aligned directly to
the SHRSP genome. The presence of one or more transcripts that correctly align across any
flagged problem in a given gene corroborates that the flagged region is correctly assembled.
In SHRSP a total of 272 unique RefSeq genes were flagged during annotation as containing
a possible problem. The same analysis flagged 287 genes in mRatBN7.2. “Problem” genes
fall into several categories: 1) missing from assembly, 2) split alignments, 3) low coverage
genes, 4) frameshifted genes, 5) start-stop changes, and 6) dropped genes. Table S2 provides
a definition of these changes, identifies the affected genes in both strains and summarizes
the results of 1so-Seq evaluation. There were 80 genes that were flagged in both SHRSP
and mRatBN7.2 assemblies (Table S2), suggesting possible problems associated with the
RefSeq transcript sequence. Odorant receptor (OR) genes represent a highly duplicated and
diverse family of genes and the majority of the RefSeq OR genes were identified from

the BN-derived rat reference genome by computational analysis. Thus, high divergence
between these genes can be expected. Likewise, BN and SHRSP belong to different major
histocompatibility (MHC) groups so divergence in rat RT-1 genes is expected [27]. In
SHRSP, 80 of the flagged genes were odorant receptor or MHC genes. This leaves 112
genes flagged uniquely in SHRSP that were not odorant receptor or MHC genes and not
shared in common with mRatBN7.2. Although Iso-Seq data from only 8 tissues provides
limited coverage of the complete set of rat RefSeq genes, some of the remaining 112
flagged genes could be investigated by analysis of aligned Iso-Seq transcripts. We identified
51 of 112 genes with SHRSP full length transcripts that aligned to the SHRSP genome
assembly. Among the 14 problem genes with transcripts and identified as having divergent
stop or start codons, transcript alignment verified 13 of these are accurately described in our
assembly. Among 37 other problem genes (principally frameshifts) with 1so-Seq transcripts,
9 were found to have transcripts fully aligned to the SHRSP assembly that encoded full
length proteins identical to the NCBI reference protein. We found no evidence that genes
with Iso-Seq transcripts had assembled genomic sequences that were incongruent with
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the Iso-Seq transcript. Thus, all 51 of the flagged genes with full length transcripts were
correctly represented in our assembly.

Structural variation and synteny analysis—Structural variation was detecting using
Sniffles2 software [21] by direct analysis of SHRSP PacBio genomic HiFi reads with the
mRatBN7.2 assembly and generating a variant call file (File S1). The structural variations
between the assemblies were compared using SURVIVOR software (https://github.com/
fritzsedlazeck/SURVIVOR) and a summary of variant types and affected genome lengths
was generated (Table S3). Synteny analysis of the two assemblies was performed with

SyRI software [23,24] and indicated that 96.0% of the mRatBN7.2 was syntenous to
SHRSP, while 91.7% of the SHRSP was syntenous to the mRatBN7.2 assembly (Table

4). This difference in estimated synteny across the bi-directional comparisons reflects the
fact that the SHRSP assembly is ~0.2Gb larger than the mRatBN7.2 primary assembly,

thus a smaller fraction of the SHRSP assembly is syntenous to the mRatBN7.2 assembly
because SHRSP contains regions likely not incorporated into the mRatBN7.2 assembly. The
mRatBN7.2 assembly had much less sequence that was duplicated in the SHRSP assembly
(~6Mb in 359 duplications) compared to ~57Mb of SHRSP, which duplicated in 4247
duplications in mRatBN7.2. This difference may arise from the assembly pipeline used for
mRatBN7.2 which anticipated distinct maternal and paternal haplotypes and in which some
sequence duplications were computationally purged from the primary assembly [4]. There
were nearly 5 million single nucleotide polymorphisms (SNPs) across the two assemblies,
indicating a genome-wide base level divergence of 0.18%. In addition SyRI identified

~1.66 million indels. Files S1-11 provide complete information regarding variation between
SHRSP and the mRatBN7.2 genome including a variant call file and tables identifying
single nucleotide polymorphisms, structural variations, inversions, duplications, inverted
duplications, translocations, inverted translocations, cross-chromosomal events and syntenic/
non-syntenic (unaligned) regions [23]. Figure 2 provides a visualization of synteny

between SHRSP’s genome and the mRatBN7.2 reference generated from the synteny and
rearrangement analysis performed using SyRI software [23] and visualized with plotsr
software [28].

Discussion.

Rattus norvegicus, the brown rat, is a relatively recent invasive species that evolved in

east Asia and, during the last two millennia, entered and rapidly spread throughout the
western hemisphere. While multiple routes of colonization to the western hemisphere
occurred, the degree of genetic diversity in the rat suggests some impact of genetic founder
effects, which are especially apparent in the rat strains that have been developed for use

as research model organisms [29]. The current rat reference genome was derived from
wild-caught (Northeastern US) rats that were inbred in the laboratory setting and thus may
be considered to be a representative of the species that was free from human selection forces
arising from domestication and breeding of rats for sporting activities, for generating fancy
breeds maintained as pets, and for laboratory research. However, genome-wide analysis

of genetic markers indicate that BN and the numerous inbred laboratory rat strains do in
fact represent a cluster of genomes more closely related to each other than to globally
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dispersed representatives of the species. Within this cluster, the Brown Norway reference
strain is somewhat less closely related to the other studied strains which show greater
similarity to each other [29]. Thus, the development of a de novo genome assembly for

the Wistar-derived spontaneously hypertensive rat (SHRSP) provides an additional resource
that, by virtue of its proximity to other research strains and its value as a highly utilized
research model of cardiovascular disease, adds to the capacity to define the genetic basis of
phenotypes that diverge across inbred strains.

The use of multiple orthogonal contemporary genome assembly methods has resulted in

a genome assembly that is at least equal to the current rat reference in measures such as
contiguity, completeness, and correctness. Indeed, the mBN7.2 reference assembly included
somewhat less accurate CLR sequencing and utilized an assembler that anticipated an
outbred genome with divergent paternal and maternal haplotypes [4]. Because BN is, in
fact, fully inbred [9,30], this may have resulted in the mis-assembly of gene duplications,
as such assemblers anticipate that a divergent sequence region represents parental alleles
at the same locus and removes one of the haplotypes from the primary assembly into

an alternative haplotype. When such divergent sequences are the result of authentic gene
duplication events with subsequent evolution of the duplicated regions, these “purged”
primary assemblies can be reduced in their representation of authentic duplications. The
occurrence of segmental duplication in gene coding regions is an important mechanism of
evolution and a systematic removal of evidence of such events from the primary assembly
may introduce biologically important inaccuracy. This type of assembly artifact may be
reflected in the divergence in the number of duplicated segments detected in the BN
assembly compared to the SHR assembly (Table 1).

The smaller size of the mRatBN7.2 genome assembly (2.65Gb vs 2.86Gb) may reflect, in
part, the placement of authentic haploid genome sequences from the primary haplotype into
the alternative haplotype. Use of HiFi reads in the assembly of the SHRSP genome may also
facilitate contiguity of complex repetitive genomic regions. Thus, telomeres, centromeres
and the Y chromosome may have fuller, though incomplete, representation in the SHRSP
assembly than in the reference assembly. It is notable that prior assemblies of the BN
reference that correctly treated the genome as fully haploid were generally closer in overall
size to the SHR assembly than the current reference. Nonetheless, the recent human genome
telomere-to-telomere (T2T) project has demonstrated that mammalian reference genome
assemblies may lack representation of substantially sized, highly repetitive or duplicated
genome segments that cannot be incorporated by assembly from long reads, including
large-scale scaffolding methods such as we have used here [12,31]. The T2T project

has effectively increased the extent of the human genome by incorporating over 200Mb

of sequence that could not previously be assembled. Undoubtedly the SHRSP genome
assembly, which includes unincorporated contigs, may be further improved by the emerging
technical approaches unique to the T2T project. Trio binning has been proposed as a means
to improve genome assembly of outbred diploid species [32,33]. However, because of the
impossibility of introduction of wild animals to research animal housing facilities, the fully
inbred state of SHRSP would require forming a trio by crossing to another laboratory
strain. Such trios can improve assembly if there is sufficient genome-wide divergence in the
parental genomes. Since BN and SHRSP are among the most distant of laboratory strains
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they might be considered in such an effort [29]. However, the overall frequency of SNP’s
between these strains is only 0.18% and consequently trio binning is unlikely to be a useful
tool to improve genome assembly.

Although the Iso-Seq data set we have generated is somewhat limited in tissue
representation, the utility of these reads to authenticate the coding regions of the genome
assembly and resolve ambiguities in annotation is established by our application of

this approach. Furthermore, the method provides other opportunities. For example, the
expression of RNA splice variation may diverge across tissues within an inbred strain.

This may or may not reflect splicing patterns in tissues from a different strain, which may
be relevant to biological traits. In addition, alternative isoform usage may be associated
with underlying sequence variation in the genome (allele specific splicing) and the Iso-Seq
data can provide insight into such events across strains. Our analysis of genes indicated

by annotation as non-congruent with RefSeq sequences shows examples in which there

is concurrence to RefSeq splice variants (XP_) of the corresponding gene (Table S2, see
“SHRSP with transcript” and “Start stop evaluation” tabs). Finally, genetic variation can
affect the level of gene expression. While Iso-Seq is semi-quantitative [34], it is still able to
provide some useful quantitative information [34]. For example, inbred rat strains are known
to vary in the expression of the important AP-1 transcription factor, JunD. This allelic effect
occurs in cis and has been attributed to promoter polymorphism [35]. The SHRSP strain
used in the current genome assembly contains the promoter variation previously associated
with low JunD expression. Allelic JunD gene expression has been reported in macrophages,
renal glomeruli, myocardium and prostate [35-37]. Our Iso-Seq data failed to uncover JunD
transcripts in any of the 8 SHRSP tissues studied. Thus, multi-tissue Iso-Seq data may

have the capacity to discern whether promoter variation that drives allelic expression shows
a global effect on expression across tissues or is related to tissue-specific transcriptional
control. As this long-read RNA sequencing method continues to develop, it may advance as
a quantitative tool for studies of strain-specific gene expression patterns [38] and faciliate
strain and phenotype-specific expression and alternative splicing.

The present study demonstrates that the construction of a contiguous, complete and

correct genome assembly of an inbred rat strain is readily accomplished and can support
improved utilization of genetic and genomic studies of rat models. This assembly reveals
divergence between the existing reference and the subject genome that cannot emerge

in alignment of short reads to the reference, exposing the potential for reference bias
[5,39]. Linkage mapping, the primary tool of phenotype localization within the genomes
of inbred animal models, may be affected by such differences because markers near a
trait-associated locus may not display Hardy-Weinberg equilibrium when such markers lie
within genomic regions that are duplicated in only one haplotype. Similarly, translocation
of chromosomal regions within or between chromosomes may be specific to the reference
or subject genomes, interfering with the utility of markers located within such syntenous,
but translocated regions. Thus, the creation of high quality genome assemblies can advance
the investigation of the many complex traits for which inbred rat strains serve as model
organisms. The comparison between mRatBN7.2 and SHRSP genomes has delineated the
potential for reference bias to affect genetic studies in this model of hypertension and related
cardiovascular disease. Further de novo assemblies of strains used in crosses to perform
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genetic studies of SHR now seem warranted and will provide outstanding resources to
advance a field that has struggled to make progress during more than 25 years of effort [40].

Perspectives

When knowledge of the genomic structure of an inbred gentic model of cardiovascular
disease is limited to what can be observed by aligning short genome sequence reads to

the genome assembly of a different inbred (reference) strain substantial limitations emerge.
These include inaccuracies in the reference strain assembly and the presence of genomic
sequence that is present in the genetic model, but absent in the reference and so cannot

be aligned. Sequences from transposable elements comprise a significant fraction of the
genome. These sequences can be highly conserved and can contribute to trait variation.
However, they cannot be investigated without a genome assembly that correctly incorporates
them. The production of a structurally accurate and complete genome assembly for the
SHRSP strain will accelerate insights that this valuable model strain can provide into the
genetic basis of hypertension and end organ damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pathophysiological Novelty and Relevance:
What is new?

A de novo assembly of the SHRSP genome made using current methods that capture
larger structural genomic features while providing highly accurate and contiguous
assembly at reference quality level.

What is Relevant?

The SHR and SHRSP strains provide a model of genetic hypertension. Progress in
defining the genetic variation contributing to hypertension is scant. Limitations that result
from aligning short genomic sequence reads to a rat reference genome from a different
strain impede progress. This new assembly provides a reference quality genome sequence
that will permit strain specific variation to be fully identified.

Clinical/Pathophysiological I mplications?

SHR remains a valuable model og genetic hypertension and exists in strains susceptible
(SHRSP) and resistant (SHR) to hypertensive end organ injury. This new assembly

will aid in identifying the clinical mechanisms by which the naturally occuring genetic
variation present in these strains can lead to cardiovascular disease.
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Visual representation of mRatBN7.2 and SHRSP genome assemblies made using assembly-

stats software.
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Figure2.

Synteny and Rearrangement plot of the current rat reference (mRatBN7.2) compared with

the SHRSP genome assembly. This plot reveals both within and across chromosome re-
arrangements.
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