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Abstract: Genome assemblies are becoming increasingly important for understanding genetic di-
versity in threatened species. However, due to limited budgets in the area of conservation biology,
genome assemblies, when available, tend to be highly fragmented with tens of thousands of scaf-
folds. The recent advent of high throughput chromosome conformation capture (Hi-C) makes it
possible to generate more contiguous assemblies containing scaffolds that are length of entire chro-
mosomes. Such assemblies greatly facilitate analyses and visualization of genome-wide features.
We compared genetic diversity in seven threatened species that had both draft genome assemblies
and newer chromosome-level assemblies available. Chromosome-level assemblies allowed better
estimation of genetic diversity, localization, and, especially, visualization of low heterozygosity re-
gions in the genomes.
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1. Introduction

Conservation biology aims to maintain, protect, and restore biodiversity across ge-
netic, species, and ecosystem levels, and thereby prevent extinction. One of the most im-
portant aspects of species conservation is genetic diversity, which is affected by demo-
graphic history and essential for ensuring adaptive potential. Reduction in sequencing
costs have facilitated the estimation of genetic diversity in multiple species and their pop-
ulations using whole genome resequencing approaches. However, analyses of whole ge-
nome resequencing data requires the generation of a reference genome assembly from
either the same species or a closely related species. The current trend is to use chromo-
some-level assemblies, which offer a set of useful advantages. Conservation biology deals
with a huge number of non-model species, but corresponding genomic studies usually
have significantly smaller budgets than in biomedical or agricultural sciences, thereby re-
sulting in a continuous trade off between quality of generated data and its cost. Recently,
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a USD 1,000 approach for generation of chromosome-level assemblies from one short-in-
sert Illumina paired end library and an in situ high-throughput chromosome confor-
mation capture (Hi-C) library was proposed [1], which might provide a temporary solu-
tion to this problem for the next several years. Here, we compared genetic diversity in
seven threatened mammalian species for which previous highly fragmented scaffold as-
semblies and recently generated chromosome-level assemblies (including those generated
by the USD 1000 approach) were available. We show that the newer, more contiguous
assemblies allowed better estimation of genetic diversity, localization, and visualization
of low heterozygosity regions in the genomes.

2. Methods
2.1. Quality Control and Filtration of the Data

Draft and chromosome-level assemblies of seven threatened species were downloaded
from the NCBI Genome and DNA Zoo databases (Table 1) [1-6]. Raw short read libraries
with the following IDs were obtained from the NCBI SRA (Sequence Read Archive):
SRR2712398, SRR2712418, SRR2737521, SRR2737520, SRR2737519, SRR12437584,
SRR5768052, SRR11431910, SRR11286173, SRR8588180, SRR12437584 [1,2,4-8]. Raw data
quality control was performed using FastQC [9] and KrATER [10]. Adapter trimming and
filtration by read quality was performed in two stages with initial kmer-based trimming
of large adapter fragments using Cookiecutter [11] followed by additional small fragment
trimming and quality filtration using Trimmomatic v0.36 [12].

Table 1. Mammalian species and corresponding genome assemblies used in this study.

) IUCN Red List Assembly Source or Assembly Length, Ns, N50,
Latin Name Common Name
Category ! ID Type 2 Gbp Mbp Mbp
DNA Zoo Chr 2.45 2894 145.94
E j E
rhydra lutris N Sea otter GCA_002288905.2  Draft 246  29.68 38.75
Acinonyx juba- DNA Zoo Chr 2.37 42.86 144.64
tus vu Cheetah GCA_001443585.1  Draft 237 4206 3.12
. DNA Zoo Chr 242 7.94 147.11
Neofelis nebulosa vu Clouded leopard DN Azoo draft Drat 541 5.89 138
Pteronura brasili- EN Giant ofter DNA Zoo Chr 2.46 11.89 133.38
ensis tant otte DNAzoo draft Draft 245 140 017
. DNA Zoo Chr 2.34 34.41 143.80
Ailurus fulgens EN Red panda GCA_002007465.1  Draft 234 3404 298
Ao cinereus VU Asian small- DNA Zoo Chr 2.44 15.50 130.94
nyx cueret clawed otter DNAzoo draft Draft 242 1.35 0.10
DNA Zoo Chr 2.83 199.31 101.69
Bi bi NT A i bi
som aison MEHCAnBISON 5k 0007546651 Draft 283 19577 7.19

! EN—Endangered, VU —Vulnerable, NT—Near threatened. 2 Assembly types: Draft—initial fragmented scaffold assem-
bly, Chr—chromosome-level assembly based on the Draft.

2.2. Alignment and Variant Calling

Alignment of the filtered reads to the corresponding reference genome assemblies was
performed using the Burrows-Wheeler Alignment tool [13]. Read duplicates were marked
with Samtools package v1.9 [14]. Variant calling was performed using Bcftools v1.10 [15]
with following parameters: “-d 250 -q 30 -Q 30 -adjust-MQ 50 -a AD, INFO/AD, ADF,
INFO/ADF, ADR, INFO/ADR, DP, SP, SCR, INFO/SCR” for bcftools mpileup and “-m -v -
f GQ, GP” for bcftools call. Low quality variants (‘'QUAL <20.0 | | FORMAT/SP > 60.0 | |
FORMAT/DP <5.0 | | FORMAT/GQ < 20.0") were removed using the bcftools filter.
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2.3. Heterozygosity Visualization

Filtered genetic variants were split into single nucleotide polymorphism (SNP) and
insertion-deletion (indel) categories. All subsequent analyses were based on SNPs only.
Indels were not used due to the low quality calls of these from short reads. Counts of
heterozygous SNPs were calculated in non-overlapping windows of 100 kbp and 1 Mbp
and scaled to SNPs per kbp. Heatmaps and boxplots were drawn using custom scripts
based on the Matplotlib 2 library [16].

3. Results and Discussion
3.1. Evaluation of Genome Assemblies

This study involved analysis of genomes from seven threatened species representing
three different [IUCN (International Union for Conservation of Nature) Red List categories
(NT—Near threatened, VU—Vulnerable, EN—Endangered): sea otter (Enhydra lutris),
cheetah (Acinonyx jubatus), clouded leopard (Neofelis nebulosa), giant otter (Pteronura brasil-
iensis), red panda (Ailurus fulgens), Asian small-clawed otter (Aonyx cinereus), and Ameri-
can bison (Bison bison) (Table 1). Each species was represented by two genome assemblies:
the initial draft assembly and a chromosome-level assembly generated from the draft us-
ing Hi-C scaffolding. The draft assemblies were generated using different sequencing and
assembly approaches, resulting in assemblies with differing contiguity and integrity. The
scaffold N50 of the draft assemblies ranged from 0.10 Mbp for A. cinereus to 38.75 Mbp for
E. lutris. Total gap lengths also varied considerably among the assemblies, from 1.4 Mbp
in P. brasiliensis to 195.77 in B. bison. With Hi-C scaffolding, total gap length did not sig-
nificantly increase in absolute values (maximum 14.15 Mbp were added in case of A. ci-
nereus), and for E. lutris it even decreased, probably due to extensive correction of mis-
sassemblies preceding scaffolding stage. The chromosome-level assemblies included
large-sized scaffolds that corresponded to the haploid chromosome number (1n) of the
species along with a high number of smaller scaffolds. The difference in length between
these categories differed by orders of magnitude (1-2 decimal orders). Chromosome-
length scaffolds were ordered according to length, from longest to shortest, without as-
signment to species-specific karyotype. As included assemblies were generated from both
male and female individuals, we excluded sex chromosomes from further analysis.

3.2. Heterozygosity Estimations and Visualization

Genome-wide genetic diversity is usually estimated as heterozygosity — the propor-
tion of sites that contain heterozygous single nucleotide variants across the genome. This
yields a single numerical value but does not reveal how variant sites are distributed across
the genome, which may be critical for identifying hotspots and cold spots of genetic di-
versity. A more informative way includes calculation of mean or median heterozygosity
in overlapping windows of fixed size. The size of the window is a matter of choice de-
pending on the integrity of the assembly and planned analysis and visualization, but com-
monly used sizes fall in the 50 to 5000 kbp range. A significant part of the genome must
be presented in windows to make heterozygosity estimates reliable. Among the studied
species, P. brasiliensis and A. cinereus with N50 of 0.17 and 0.1 Mbp, respectively, (Table 1)
had the most fragmented draft assemblies, which significantly affected the number of
1 Mbp and even 100 kbp windows (Table 2) and the assessment of heterozygosity distri-
bution (Figure 1). At the lower boundary, window size is limited by the number of heter-
ozygous SNPs present in the most of windows, thereby limiting the number of windows
that could be used for heterozygosity estimation and visualization. In the case of mam-
malian genomes with a typical size of 2.5-3.0 Gbp, the number of 100 kbp windows ex-
ceeds >200,000 for assemblies of high contiguity. For a window size of 1 Mbp, the number
of windows used is 10-fold less, which allows for easy visualization of SNP density and
heterozygosity on chromosomal scaffolds (Figure 2). Such plots are impossible for draft
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assemblies due to the high number of scaffolds. However, we note that variant counts

between draft and chromosome-level assemblies are similar.

Table 2. Counts of single nucleotide polymorphisms (SNPs) and windows for draft and chromosome-level assemblies of
the analyzed genomes. Two species with the lowest window counts are in bold.

Species Number of SNPs Number of 100 kbp Windows Number of 1 Mbp Windows
P Draft Chr Draft Chr Draft Chr
Enhydra lutris 648,954 648,017 24,146 24,165 2337 2396
Acinonyx jubatus 1,147,794 1,147,409 22,861 23,609 1757 2350
Neofelis nebulosa 1,449,490 1,449,365 22,004 23,931 1194 2387
Pteronura brasiliensis 2,362,725 2,362,126 13,589 22,819 32 2262
Ailurus fulgens 2,779,501 2,779,133 22,083 23,139 1573 2298
Aonyx cinereus 3,233,877 3,233,911 9777 22,183 3 2204
Bison bison 6,515,175 6,515,068 24,286 26,213 2181 2604
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Figure 1. Comparison of distribution of mean heterozygosity in windows of 100 kb (a) and 1 Mbp

(b) for draft and chromosome level assemblies.
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Figure 2. Heatmaps of heterozygous SNP densities for analyzed species based on chromosome-level assemblies (sex chro-
mosomes were excluded). Heterozygous SNPs were counted in 1 Mbp windows and scaled to SNP/kbp. (a)—sea otter,
(b)—cheetah, (c)—clouded leopard, (d)—giant otter, (e) —red panda, (f)— Asian small-clawed otter, (g) — American bison.

The species we analyzed include those well known for extremely low levels of heter-
ozygosity such as the sea otter (Figure 2a) and cheetah (Figure 2b) and species with higher
genetic diversity but considered to be threatened too: American bison, Asian small-clawed
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otter, and red panda (Figure 2e—g). Despite significant differences in mean heterozygosity
(Figure 1) all genomes showed regions with very low diversity (blue and dark blue re-
gions on Figure 2). The most striking difference in heterozygosity between different re-
gions of the genome was found in the giant otter. Having ~2.5 times higher mean hetero-
zygosity, the giant otter assembly showed long homozygous stretches (dark blue on Fig-
ure 2d) on more than half its chromosomes.

4. Conclusions

Chromosome-level genome assemblies provide a more informative way to directly
visualize genome-wide genetic diversity. Such assemblies could be generated using vari-
ous sequencing technologies (long-read and short read) but because of the limited budgets
of many researchers, short read drafts followed by Hi-C scaffolding offers a relatively in-
expensive approach for many species of conservation concern in the near future.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.
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