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ARTICLE INFO ABSTRACT
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This publication presents the genome for a male individual of Dama dama (Fallow deer). The Genome is
3108,385,535 bp in length with the sequence assembled in to 35 Chromosomes including an assembly of the X
and Y allosomes. The final assembly also had a BUSCO completeness score of 96.4%. The annotated genome was
found to consist of 22,619 genes, which are currently mostly all protein coding genes. The final BUSCO v4.1.4

;hmmosome. . completeness score for the annotation was 72%. Predicted genes have an average transcript length of 49,000 bp.

ext Generation Sequencing (NGS)

PacBio On average each gene has 10 exons. Overall, the number of identified genes appeared lower than that expected

Genome for mammals (typically 20-30 K), however, these results can be expected due to the lack of additional RNA-seq
data at this time, therefore not all non-coding genes have yet to be annotated. This project is the first to fully
sequence the genome of a male Dama dama to reference genome level and provides the groundwork for further
research involving this species. The result of this project not only aids to increase knowledge of the Dama dama
genetic history but also benefits the welfare of the Dama dama species across the world, contributing to the global
effort to combat wildlife crime.

Taxonomy shortage of reference genomes available is often due to the lack of un-

derstanding surrounding their potential. However, expertise isn’t al-

As according to Linnaeus in 1758, the Linage for Dama dama is as
follows: Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleos-
tomi; Mammalia; Eutheria; Laurasiatheria; Artiodactyla; Ruminantia;
Pecora; Cervidae; Cervinae; Dama; Dama dama (NCBI:txid30532) [18].

Background

In wildlife conservation genetics, reference genomes are highly sort
after and are considered the gold standard (when undertaken using
voucher specimens) from which to conduct a wide range of population,
disease related and forensic studies. We are currently in the middle of a
sixth mass extinction event [5], it is estimated that during the next few
decades over one million animal and plant species are at risk of
extinction demonstrating that conservation efforts are now more
essential than ever [4]. Only a few of the endangered species listed on
the IUCN as threatened have utilised the powerful technology of whole
genome sequencing. It is estimated that only 1% of the 13,505 species
listed as threatened have a fully sequenced genome available [4]. The
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ways the primary cause, lack of funds greatly impedes the ability to
generate reference genomes, which is not often available to small
research laboratories and conservation teams [4,9]. On NCBI there are
more than 1800 animal genomes currently available, however only 6%
of these are associated to threatened and endangered species listed on
the IUCN Red List. However, the Wellcome Sanger Institute Darwin Tree
of Life programme aims to change this by sequencing approximately 70,
000 species genomes from Britain and Ireland [25]. Developing a
reference genome which is capable of determining aspects of a species
evolutionary past and biology as well as identifying variants, long re-
petitive regions, indels and mononucleotide regions (which can create
gaps if sequencing resolution is low) is a costly task and often resides
within institutions where considerable funding is available. Due to the
enormous task the Darwin Tree of Life project has undertaken, it may be
years until they sequence the Dama dama genome, despite the option to
suggest species for sequencing. The Dama dama genome sequencing
should have been made a priority previously due to interest in their
genetic diversity, their role in deer ecology in Europe and their
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increasing involvement in wildlife crime. Therefore, due to the current
demand for the Dama dama genome, this project sourced internal
funding from the University of Central Lancashire to sequence the
genome, at Edinburgh Genomics, ensuring significant coverage to ach-
ieve a full genome assembly.

Reference genomes are highly important in conservation genetics
and play a huge role in conservation, offering insights into species
biology and evolution [4]. A reference genome for Dama dama would be
highly beneficial. During previous studies on the Dama dama species, the
genome has shown to be highly conserved [16], however with the
availability of a reference genome this can be investigated further. Many
studies have been conducted into Dama dama via the Dama International
Fallow Deer Project, however most of these studies have been archae-
ological based using Isotope analysis of bones to determine age and
geographical origin [15,24,2,7]. Little has been done with Genomic
DNA and the Dama dama genome was not fully sequenced before this
work. A reference genome for Dama dama makes many research themes
possible. Many future studies will be possible, including geographical
assessment [24] and accurate species determination, the latter is
particularly important in a forensic context [24], for example when
determining ingredients in food products [13] or establishing poached
trophy origin [7]. Geographical assessment via genetics is not only
forensically applicable but will help in answering many questions linked
to the historical origin of Dama dama [2]. Furthermore, many areas in
conservation genetics can be studied utilising the reference genome
including: effective population size (Ne), hybridization, population
substructure, kinship, evolutionary history, population connectivity,
local adaptation, adaptive genetic variation, and inbreeding [9]. The
reference genome can be used to compare the European Dama dama to
its close relative Persian Dama dama, which has often caused debate as
to whether it is a true sub-species or a separate species in its own right.
Understanding the genetics of different geographical populations of
Dama dama will also give a more informed approach to herd manage-
ment for use in deer parks across the UK and Europe. The reference
genome can be utilised by scientists across the world in many different
research themes involving Dama dama, as little is currently known about
the species of Dama dama; publication of the Dama dama genome aims to
change that.

The sample selected for genome sequencing originated from Rich-
mond Park in London which is part of the Royal Parks organisation.
Richmond Park, originally a royal hunting ground, is home to ~315
Dama dama [2.3]. The herd was initially introduced by Charles I in 1637
as a status symbol and for hunting purposes [23]. The deer sampled for
this project was part of the wild herd and was sampled during part of the
2021-2022 cull season by Tony Hatton, head keeper at Richmond Park.
Due to the large, long established herd of the Dama dama in Richmond
Park, the specimen used for this project can be considered a true Dama
dama and the sequence produced as a result is as true to the species as
possible. The deer was a young male Prickett with distinctive Dama
dama markings and unbranched antlers, see Fig. 1. This long-standing
herd is well maintained by Richmond park, due to the long line of he-
redity in the well-established herd of Dama dama at Richmond, it made
for an ideal sampling location for the genome sequencing.

Genome sequence report

The genome was sequenced from a sample of muscle taken from a
male Dama dama individual which was collected from Richmond Royal
Park in London UK (Latitude 51.443225, longitude —0.27042112). 36x
coverage was achieved using PacBio® Long-Read sequencing, using the
SMRTBell™ barcoded adapter on the Sequel Ile system. The genome was
assembled using HiFiasm (v0.16.1-r375) [6]. QUAST (v5.0.2) was used
to generate the assembly validation metrics [10] and BUSCO (v5.3.0)
was used on the assembly generated in order to assess their quality in
terms of gene completeness based on the mammalian lineage [19]. The
final genome assembly has a total length of 3108 Mb in a total of 471
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Fig. 1. Image of the male Dama dama, from which had a muscle sample taken
from it for sequencing.

contigs which were assembled into 72 chromosomal scaffolds, see
Table 1. The final assembly also had a BUSCO completeness score of
96.4%.

Genome annotation report

The annotated genome was found to consist of 22,619 genes. Sta-
tistically, the average mRNA length was 49.1 kb and 10.7 exons per
transcript. The final BUSCO v4.1.4 completeness score for the annota-
tion was C:74.4%[S:72.8%,D:1.6%],F:3.8%,M:21.8%,n:9226.

Genome comparison report

OrthoFinder (v2.2.6) was used to do phylogenetic-orthology infer-
ence for comparative genomics (total of eight genomes including Dama
dama) and mapped to a phylogenetic tree by FigTree (v1.4.3). The seven
genomes used to compare to the Dama dama genome were: elk Cervus
canadensis), red deer (Cervus elaphus), white-tailed deer (Odocoileus vir-
ginianus texanus), Reeves’ muntjac (Muntiacus reevesi), Central European
red deer (Cervus elaphus hippelaphus), Yarkand deer (Cervus hanglu yar-
kandensis) and muntjac, (Muntiacus muntjak). Results of the genome
comparison phylogenetic tree can be seen below in Fig. 2.

As expected, the four Cervus genus deer species show to be very
closely related, situated on the same node of the tree and inline on the
same short branch. As are the two species of muntjac which share a
branch albeit on a separate node from the rest of the species. This sug-
gests the inter genus evolutionary distance is low for these species
showing a strong relationship between them. The White-tailed deer is
the most unrelated, situated on its own longer branch near the root of
the tree, this suggests this species has the largest evolutionary distance
between it and the other genomes. Dama dama is showing to also be a
species with low phylogenetic relation to the other species, situated on
its own branch. Nonetheless, Dama dama does present some relation to
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Table 1
Genome data for Dama dama, Ldn47.
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Project data accession numbers

Species

Specimen

NCBI taxonomy ID
BioProject

BioSample ID

Isolate information

Raw Data Sequence Read Archive (SRA) database accession number
PacificBiosciences SEQUEL II
Genome assembly
Assembly accession

Span (Mb)

Number of contigs

Contig N50 length (Mb)
Number of scaffolds

Scaffold N50 length (Mb)
Longest scaffold (Mb)
BUSCO genome score
Genome annotation
Number of genes

Average length of gene (bp)
Average number of exons per transcript
Average exon size (bp)
Average intron size (bp)
BUSCO annotation score

Dama dama

Ldn47

1D_30532
PRJNA905851
SAMN31886425
Male, Muscle Tissue

SRR24718831

JASJUW000000000

3108

471

68

72

68

132
C:96.4%[S:93.0%,D:3.4%],F:0.9%,M:2.7%,n:9226

22,619

49,098.65

10.7

172.83

4871.47
C:74.4%[S:72.8%,D:1.6%],F:3.8%,M:21.8%,n:9226

C= complete [S= single copy, D=duplicated], F=fragmented, M=missing, n = number of orthologues in comparison.

¢ Odocoileus virginianus texanus

Cervus elaphus

y Muntiacus muntjak

Muntiacus reevesi

0.5

Cervus canadensis

[ Cervus hanglu yarkandensis

\- Cervus elaphus hippelaphut

Fig. 2. Phylogenetic tree visualized by using FigTree (v1.4.3) depicting the results of the phylogenetic-orthology inference of the Dama dama genome along with

seven other species.

the four Cervus species, with the node of the tree branching down to deer. As previous studies suggested [12,16,17], Dama dama have low
Cervus, which is interesting as Dama dama live closely in Britain with genetic relationship to other species of deer, this comparison study
Cervus elaphus. As depicted by the phylogenetic tree, the evolutionary supports their findings, but shows a new evolutionary relationship to the
distance between Dama dama is high, but not as high as the white tailed Cervus genus.
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Methods

Sample Collection, DNA Extraction, Species ID and Genome
Sequencing.

A sample of muscle from a male Dama dama individual was collected
from Richmond Royal Park in London UK (Latitude 51.443225, longi-
tude —0.27042112) by Tony Hatton, Head Keeper, Richmond Park.

DNA extraction from muscle was performed using the Gentra®
Puregene® tissue kit, following the protocol: DNA purification from
muscle tissue using the Gentra Puregene tissue kit page 19-21 of the
Gentra® Puregene® Handbook (QIAGEN, Germany). However, the
following changes were made to the Gentra® Puregene® Tissue Kit
protocol, to maximise yield and quality of DNA extracted:

Step 1: Pestle and mortar was used rather than liquid nitrogen.

Step 2: 1.5 ml cell lysis solution and 1.5 ml of tissue lysis solution
used rather than just 3 ml cell lysis.

Step 2b: 30 pl Puregene proteinase K and 15 pl of DTT used rather
than just 15 ul Puregene proteinase K. Incubate for 4 h.

Step 3: 30 ul RNase A solution used rather than 15 ul.

Step 5: 1.5 ml protein precipitation solution used rather than just
1 ml with an additional 10 min incubation on ice.

Step 6: Centrifugation speed was increased to 7000 x g.

Step 9 and 12: Centrifugation speed was increased to 4000 x g.

Step 13: Air dry overnight.

Step 15: Incubation at 65 °C was done for 30 min rather than 1 h.

Species ID was carried out prior to sending the sample for
sequencing. PCR amplification was carried out using the COI universal
primer set LCO1490: 5’-ggtcaacaaatcataaagatattgg-3° HC02198: 5’-
taaacttcagggtgaccaaaaaatca-3’ [8]. PCR amplification was conducted in
15 pl reactions containing 1X Platinum® PCR multiplex master mix (Life
Technologies, USA), 25 mM MgCly, 10 pmol primer, 3 ng DNA, and PCR
grade water was used to bring the reaction up to the final volume. The
reaction was carried out in a Veriti® thermal cycler (Applied Bio-
systems™, USA) under the following conditions: initial denaturation for
15 min at 95 °C; 40 cycles of 30 s at 94 °C, 30 s at 50 °C, and 1 min at
72°C; followed by a final extension for 15min at 72°C. Cycle
sequencing was performed using the BigDye™ Terminator v3.1 cycle
sequencing kit (ThermoFisher Scientific, United States) at half reaction
volume using the forward LCO1490 primer only (3.2 pmol). The 3500
genetic analyser (ThermoFisher Scientific, United States) was used for
DNA sequencing of the COI gene. The purified and dried sequencing
reactions were resuspended in 11 ul of Hi-Di™ Formamide. A 50 cm
capillary array was used, the injection time was 8 s, and the run-time
was 5000 s. Sequence Analysis v.6 software was used to analyse and
interpret the data. The generated sequences were compared to previ-
ously uploaded sequences on the NCBI GenBank database via the BLAST
search function. Species identifications were derived from this infor-
mation based upon the percentage match identities to ensure the sample
was Dama dama.

PacBio® SMRTBell™ sequencing libraries were constructed accord-
ing to the manufacturer’s protocol by Edinburgh Genomics. The Blue-
Pippin automated size selector was used to size select the DNA after
shearing on The Megaruptor® according to the manufacturer’s guide-
lines by Edinburgh Genomics. Sequencing was carried out by Edinburgh
Genomics in their facility at The University of Edinburgh via PacBio®
long-read sequencing, using the SMRTBell™ barcoded adapter on the
Sequel Ile system.

Genome assembly

The genome was assembled using HiFiasm (v0.16.1-r375) [6].
QUAST (v5.0.2) was used to generate the assembly validation metrics
[10] and BUSCO (v5.3.0) was used on the assembly generated in order to
assess their quality in terms of gene completeness based on the
mammalian lineage [19].

Using the software RagTag [1], the assembled original genome

Forensic Science International: Animals and Environments 4 (2023) 100074

sequence was re-mounted at the chromosome level (based on the results
of RagTag, 80 contigs were successfully mounted), the reference genome
used for mounting the Chromosomes was the Cervus elaphus genome
(33 chr+X) (https://www.ncbi.nlm.nih.gov/genome/?term=-txid9860
[orgn]) and the Cervus canadensis genome (Y chromosome)
(https://www.- ncbi.nlm.nih.gov/genome/34916). The MT genome was
mounted to the Dama dama MT genome already available
(https://www.ncbi.nlm.nih.gov/nucleotide/NC_-020700.1).

Genome annotation

A repeat-masked genome was firstly achieved using RepeatMasker
[21] and the Repbase library [3]. Gene Mapping was undertaken using
the repeat-masked genome, two approaches were combined to predict
genes. The first approach relies on ab initio prediction. Two different
software packages were used including AUGUSTUS [22] and
Glimmer-HMM [14]. The second approach relies on homolog sequence
comparison, where the homolog protein sequences were downloaded
from two published homolog species including Cervus elaphus
(https://www.ncbi.nlm.nih.gov/genome/?term=txid9860[orgn]) and
Dama dama (https://www.ncbi.nlm.nih.gov/protein/?term=Dama+
dama). For genome annotation, these protein sequences were aligned to
the assembly of the Dama dama genome using the software package,
Exonerate [20]. The gene sets predicted by the two approaches were
integrated using software package EVM [11] to produce weighted
consensus gene models.
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