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Abstract

The snow sheep, Ovis nivicola, which is endemic to the mountain ranges of northeastern Siberia, are well adapted to the harsh cold

climatic conditions of their habitat. In this study, using long reads of Nanopore sequencing technology, whole-genome sequencing,

assembly, and gene annotation of a snow sheep were carried out. Additionally, RNA-seq reads from several tissues were also

generated to supplement the gene prediction in snow sheep genome. The assembled genome was �2.62 Gb in length and was

represented by 7,157 scaffolds with N50 of about 2 Mb. The repetitive sequences comprised of 41% of the total genome. BUSCO

analysis revealed that the snow sheep assembly contained full-length or partial fragments of 97% of mammalian universal single-

copy orthologs (n¼ 4,104), illustrating the completeness of the assembly. In addition, a total of 20,045 protein-coding sequences

were identified using comprehensive gene prediction pipeline. Of which 19,240 (�96%) sequences were annotated using protein

databases. Moreover, homology-based searches and de novo identification detected 1,484 tRNAs; 243 rRNAs; 1,931 snRNAs; and

782 miRNAs in the snow sheep genome. To conclude, we generated the first de novo genome of the snow sheep using long reads;

these data are expected to contribute significantly to our understanding related to evolution and adaptation within the Ovis genus.
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Introduction

The Ovis genus is characterized by its abundance of species

and subspecies that inhabit various habitats around the world.

The most recognized between scientists is the classification,

suggested by (Nadler et al. 1973), which distributes the wild

Ovis in seven species: Ovis ammon, O. musimon, O. orientalis,

O. vignei, O. dalli, O. canadensis, and O. nivicola. This classi-

fication was used by Rezaei et al. (2010) who studied the

taxonomy of wild Ovis using CytB sequence. However, the

International Council for Game and Wildlife Conservation

uses the classification as suggested by Raul Valdez (1982),

who classified wild Ovis in six species. Ovis nivicola, also

known as snow sheep (fig. 1A), is endemic to the mountain

ranges of northeastern Siberia between the Lena River in the

west and the Chukotka and Kamchatka peninsula in the east.

A secluded subspecies of snow sheep is also found more west

on the Putorana Plateau (Zheleznov-Chukotskii 1994). Due to

intensified anthropogenic activities, snow sheep populations
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have retreated to even higher mountain areas in recent times.

The remoteness and harsh climatic conditions of their habitat

make these wild sheep the ideal candidates to study mam-

malian adaptation to extreme environments with regard to

elevation and temperature. At the same time, these factors

might also be among the reasons why only few genetic stud-

ies on snow sheep have been conducted so far. Whereas

reference genomes for domestic sheep (Archibald et al.

2010) as well as the wild sheep species O. canadensis

(Miller et al. 2015) and O. ammon (Yang et al. 2017) have

been available for several years now, only a mitochondrial

reference genome has been published for snow sheep

(Dotsev et al. 2019). Investigations of the genetics of different

snow sheep populations have mainly been carried out on

microsatellite (Deniskova et al. 2018) and single nucleotide

polymorphism genotype level (Deniskova et al. 2016;

Medvedev et al. 2017; Dotsev et al. 2018) so far. In the pre-

sent study, short-read Illumina and long-read Nanopore se-

quence data were generated from snow sheep samples and

used for de novo assembly of the snow sheep genome. This

Fig. 1—(A) Photograph of an adult Ovis nivicola from Suntar Hayata Ridge (Eastern Siberia). (B) Length distribution of Nanopore sequencing reads (a)

and distribution of average read quality of Nanopore sequencing reads (b). (C) Visualization of the statistics of the snow sheep assembly (https://github.com/

rjchallis/assembly-stats): the inner radius (highligthed in red color) represents the length of the longest scaffold, the radial axis from circumference indicates

the scaffold length, the dark and light orange arcs represent the N50 and N90 scaffold lengths, respectively. The outermost circular layer (in shades of blue)

shows the base composition at the given coverage (represented in terms of percentage) of the genome.
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assembly will build the basis for whole-genome sequence-

based studies on the genetic characteristics of snow sheep

that could also shed light on their demographic history and

adaptation to the extreme cold environments.

Materials and Methods

Sample Collection and Processing

For whole-genome sequencing using PromethION and

Illumina sequencing data, the muscle sample was collected

from a healthy male. For RNA sequencing, samples of five

different tissues (skin, cerebrum, heart, liver, large intestine)

were taken from three different snow sheep from the Suntar-

Hayat and Central Verkhoyansk Ridges in Russia. The sam-

pling locations were selected after observations from the air in

2008–2010 and covered an area between 63� and 71� north

latitude, and between 128� and 139� east longitude. The

samples were placed in liquid nitrogen immediately after

the collection. They were later stored at �80 �C for later

analysis.

Construction of Sequencing Libraries

Libraries for long-read sequencing were prepared from�3mg

of unsheared genomic DNA, following the protocol of Oxford

Nanopore’s LSK109 kit (ONT, Oxford, UK). First DNA was end-

repaired and A-tailed using the Ultra II end-repair module

(New England Biolabs, Ipswich MA) for 10 min at 20 �C.

Enzymes were inactivated at 65 �C for 5 min and DNA was

purified with 1� volumes of Ampure XP beads (Beckman

Coulter, Brea CA). End-repaired DNA was eluted from the

beads at 55 �C for 20 min. Then sequencing adapter with

attached motor protein was ligated to the DNA fragments

using T4 Quick ligation module (New England Biolabs,

Ipswich MA) and components from LSK109 sequencing kit.

Adapted library was purified with 0.45 volumes of Ampure

beads and eluted in LSK109 elution buffer for 20 min at

37 �C. Approximately 400 ng of library was loaded on a

PromethION flowcell and run for 72 h on a PromethION

beta sequencer (ONT, Oxford, UK).

The library construction for the Illumina sequencing was carried

out with 200ng of genomic DNA following the Illumina library

preparation protocols (NexteraFlex DNA library kit, Illumina, San

Diego, CA). The resulting amplified library was quantified and

controlled on an Agilent Bioanalyser 2100 (Agilent, Santa Clara,

CA) and sequenced in 2 � 100 bp paired-end mode on an

Illumina HiSeq1500, yielding �200 Mio read pairs.

For RNA-seq library construction, total RNA was prepared

from tissue of hunted animals. Small tissue pieces were col-

lected into tubes containing solution D (Chomczynski and

Sacchi 1987). Preserved tissue was stored and transported

at �80 �C, homogenized in trizol (Silent Crusher, Heidolph,

Germany) and extracted on a Maxwell RSC48 device using

miRNA tissue kit (both Promega, Madison, WI). Prior to con-

structing RNA-seq libraries, total RNA was analyzed on

Bioanalyser (Agilent), and samples with least degraded RNA

(RNA Integrity Number> 6) were used for RNA-seq library

generation with Lexogen sense mRNA (Lexogen Vienna,

Austria) and Nugen Complete (Redwood City, San

Francisco, CA) RNA-seq kits. Libraries were sequenced on

Illumina HiSeq1500.

Genome Assembly

Porechop, version 0.2.4, was used for adapter trimming and

Guppy, version 3.5.1, was used for base calling. After eval-

uating a number of established and upcoming long-read

assemblers, wtdbg2 (redbean), version 2.5 (Ruan and Li

2019), with default settings for Oxford Nanopore reads (op-

tion -x ont) but with shorter acceptable reads (-L 2000) was

chosen based on giving by far the most contiguous assem-

blies. The assemblies generated from the base-called reads

using different Guppy versions were polished with up to

three rounds of Racon, version 1.3.3. (Vaser et al. 2017),

from which consistently round 2 was chosen based on hav-

ing the highest count of Illumina reads mapping to it, which

implied that round 3 is overcorrecting. The Illumina reads

were further used for one round of polishing with Pilon,

version 1.23 (Walker et al. 2014).

Annotation of Repeat Sequences

RepeatModeler, version 1.0.11 (Smit and Hubley 2008–

2015), was used to identify a de novo repeat genomic

sequences in the snow sheep genome. Subsequently, this

custom repeat library was used in RepeatMasker, version

4.0.9 (Smit et al. 2013–2015; Tarailo-Graovac and Chen

2004), to soft-mask the identified repeat families.

Additionally, the trf tool, version 4.07b (Benson 1999), was

employed to predict the tandem repeats.

Scaffolding Using RNA-Seq Data

To further improve the assembly, RNA-seq-based approach as

implemented in AGOUTI, version 0.3.3, was used (Zhang

et al. 2016). For this purpose, the paired-end RNA-seq data

sets from five tissues were aligned to the assembled snow

sheep genome using Hisat2, version 2.1.0 (Kim et al. 2015),

aligner with default parameters. Augustus, version 3.3.3

(Stanke and Waack 2003), was used to predict gene models

from the snow sheep assembly using configuration parame-

ters trained on Homo sapiens (human). The name-sorted bam

file and gene models were used as inputs in AGOUTI (Zhang

et al. 2016) to link the contigs.

Genome Annotation

Three different approaches, such as ab initio prediction, pro-

tein homology, and RNA-seq-based annotation, were carried

out to predict the gene structure. For protein homology–

based approaches, the reference protein sequences from
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NCBI database of goat (Capra hircus) and cattle (Bos taurus)

were downloaded. Additionally, proteins sequences of NCBI

refseq database of domestic sheep (Oar_rambouillet_v1.0)

and reviewed uniprot sequences of mammals were also

downloaded. All these proteins sequences were aligned

against the snow sheep genome using Spaln2, verion 2.4.0

(Iwata and Gotoh 2012). For RNA-seq-based annotation, the

RNA-seq reads of five different tissues (cerebrum, heart, large

intestine, liver, and skin), which consisted of paired-end as

well as single-end reads, were filtering using trim_galore, ver-

sion 1.4 (Martin 2011). Subsequently, all the filtered reads

were de novo assembled using Trinity, version 2.10.0

(Grabherr et al. 2011; parameters: -no_normalize_reads –

min_kmer_cov 1 -SS_lib_type F). To reduce the redundancy

of the assembled transcripts, we used the “tr2aacds” tool as

implemented in the EvidentialGene (Gilbert 2019) pipeline. In

the next step, Program to Assemble Spliced Alignments

(PASA), version 2.0.0 (Haas et al. 2003), was used to obtain

the refined gene models from the assembled transcripts. The

ab initio prediction of gene structure was carried out SNAP,

version 2006-07-28 (Korf 2004), Augustus, version 3.3.3

(Stanke et al. 2006), and GeneId, version 1.4 (Parra et al.

2000) using the parameters either trained for human or mam-

mals. Hisat2 with default parameters was used to align the

RNA-seq reads against the snow sheep genome. Later, these

aligned reads were assembled into gene models using

Stringtie, version 1.3.6 (Pertea et al. 2015). Subsequently,

gene models predicted by all the above approaches were

provided as inputs for the EvidenceModeler, version 1.1.1

tool (Haas et al. 2008), to generate the nonredundant sets

of gene structure. The final set of high-quality protein-coding

sequences was also prepared based on the following criteria:

1) a gene should be supported by all the three methods of ab

initio predictions or 2) a gene should at least be supported

either by transcript-based evidence or by protein homology-

based evidence. The amino acid sequences were functionally

annotated using emapper, version 2.0.1.4 (Huerta-Cepas

et al. 2017), based on eggNOG orthology data (Huerta-

Cepas et al. 2018). For this purpose, sequence searchers

were performed using DIAMOND (Buchfink et al. 2015).

Additionally, functional annotation of protein sequences

was also carried out using InterProScan 5.36.75.0 database

(Jones et al. 2014). Both these procedures also assigned the

gene ontology terms associated with the protein function.

Identification of Noncoding RNAs

Various noncoding RNAs were also predicted using combina-

tion of different tools and Rfam database. To identify, cyto-

plasmic transfer (t)RNA gene, tRNAscan-SE, version 2.0.5

(Chan et al. 2019), was used with the default settings.

Further, tRNAs were filtered based on the following criteria:

1) it overlapped with the Short Interspersed Nuclear Elements

identified by Repeatmasker, 2) it was identified as

pseudogene, and 3) it had mismatched isotypes. Further,

miRNAs, SnRNAs, SnoRNAs, and rRNA were annotated by

searching the Rfam database (Griffiths-Jones et al. 2005, re-

lease 14.1) with Infernal, version 1.1.3 (Nawrocki and Eddy

2013). We also annotated rRNA genes using RNAmmer, ves-

ion 1.2 (Lagesen et al. 2007). Subsequently, we filtered out

rRNAs identified using Rfam database that had no overlap

with rRNAs identified using RNAmmer.

Results and Discussion

Genome Assembly and Quality Assessment

A total of 56 Gb data in 17 million PromethION sequences

(fig. 1B) with a read N50 of 7,029 was used to assemble the

snow sheep genome. The genome assembly (fig. 1C) resulted

in 7,373 contigs and was estimated to be 2.62 Gb in length

with L50 (length at N50) and L90 (length at N90) of 1.76 Mb

(N50¼ 438) and 323.32 kb (N90¼ 1,674), respectively. The

size of the assembly comparable with domestic sheep

(O. aries, Oar 4.1, �2.61 Gb) but it is smaller than goat ge-

nome assembly (Capra hircus, ARS1, 2.92 Gb). The complete-

ness of the assembly was assessed using BUSCO tool (version

3.1.0); the single-copy orthologs set in mammalian lineage

were searched against the assembled genome of snow sheep

using BUSCO tool (version 3.1.0). The results (supplementary

table S1, Supplementary Material online) indicated that the

assembly covered 3,947 (�97%) of the total 4,104 orthologs.

Of these 3,947 genes, 3,762 (�92%) were completely cov-

ered in the assembled genome, whereas only about 3% were

assumed to be missing in the assembly. Additionally, the as-

sessment of the base content also indicated that GC content

of the assembly was 42.12%, which was comparable with

that of domestic sheep (41.9%) and goat (41.5%).

Repeat Annotation

RepeatModeler identified 605 repeat consensus sequences in

snow sheep genome. Among these, long interspersed nuclear

elements (LINE) had highest number of consensus followed by

long terminal repeats consensus. Subsequently,

RepeatMasker procedure (supplementary table S2,

Supplementary Material online) soft-masked about

1,087 Mb (�41.5%) sequences of the genome. An inter-

spersed repeat landscape, to study the divergence of trans-

posable element classes, was produced for the snow sheep

assembly using the scripts calcDivergenceFromAlign.pl and

createRepeatLandscape.pl as provided with RepeatMasker

package. The resulting landscape fig. 2A) identified LINE re-

peat families as the most abundant, constituting about 30%

of the snow sheep genome (supplementary table S2,

Supplementary Material online). The lowest substitution level

in some LINE L1 copies suggested that these are the youngest

repeat elements and are still probably expanding and diversi-

fying in snow sheep genome.
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RNA-Based Scaffolding and Quality Assessment

RNA-based scaffolding approach (fig. 1C) reduced the num-

ber of contigs from 7,373 to 7,157 and it also increased L50

from �1.76 Mb to �2.01 Mb and L90 from �323 kb to

�346 kb. After carrying out RNA-based scaffolding, we

aligned the Illumina paired-end sequences, of the same indi-

vidual from which the assembly was generated, to the assem-

bly using bwa-mem, and the result suggested that about

99.42% reads were mapped and 97.6% were aligned as

proper pairs. In another approach, to assess the completeness

of the snow sheep assembly, we aligned the snow sheep

assembly against the latest domestic sheep assembly

(Oar_rambouillet_v1.0) available in NCBI genome database.

The results (fig. 2B) suggested that scaffolds of the snow

sheep assembly covered the entire genome of domestic sheep

assembly.

Genome Annotation and Quality Assessment

A total of 57,267 protein-coding sequences (supplementary

table S3, Supplementary Material online) were identified us-

ing comprehensive gene prediction pipeline. After filtering

(see Materials and Methods for detail), these were reduced

to 20,202 high-quality protein sequences. Of these 20,202,

18,870 proteins were annotated using InterPro database,

whereas 19,175 protein sequences were annotated using

eggNOG orthology data. Of these 19,175 protein sequences,

18,919 proteins were mapped to mammalian orthologs gene

families. Combining the results of InterProScan and emapper,

a total of 19,240 (�96%) protein sequences were annotated.

To assess the quality of protein-coding gene set of the snow

sheep assembly, BUSCO was run in the protein mode against

the mammalian lineage. The results indicated that the anno-

tation successfully captured about �81% complete and

�14% fragmented BUSCOs, and only �5% of BUSCOs

were missing from the predicted protein sequences.

Moreover, DOGMA, version 3.0 (Dohmen et al. 2016) was

also used to measure the completeness of a proteome. It

measures the completeness of conserved protein domains

identified in a given proteome by providing it as a percentage

of a defined core set. The DOGMA analysis based on the

domain annotation by PfamScan annotation revealed that

about 90% of the total expected conserved domain arrange-

ments were present in the proteome of snow sheep assembly.

Annotation of Noncoding RNAs

A total of 1,484 high-quality tRNAs were identified. Blast

pairwise comparison of these tRNAs against that of the do-

mestic sheep genome (downloaded from GtRNAdb 2.0, Chan

and Lowe 2016) identified 444 tRNAs of snow sheep that had

sequence identity >95% over aligned sequence length or

more than 95% of query coverage per hsp (high-scoring seg-

ment pairs) with the tRNAs of domestic sheep (reference:

Oar4.1, BlastN settings: -perc_identity 0.95 -qcov_hsp_perc

0.95 -max_target_seqs 1). In addition, a total of 243 rRNAs,

1,931 snRNAs, and 782 miRNAs were also identified (supple-

mentary table S4, Supplementary Material online).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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