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ABSTRACT
Antechinus are a genus of mouse-like marsupials that exhibit a rare reproductive strategy known
as semelparity and also naturally develop age-related neuropathologies similar to those in
humans. We provide the first annotated antechinus reference genome for the brown antechinus
(Antechinus stuartii). The reference genome is 3.3 Gb in size with a scaffold N50 of 73Mb and
93.3% complete mammalian BUSCOs. Using bioinformatic methods we assign scaffolds to
chromosomes and identify 0.78 Mb of Y-chromosome scaffolds. Comparative genomics revealed
interesting expansions in the NMRK2 gene and the protocadherin gamma family, which have
previously been associated with aging and age-related dementias respectively. Transcriptome
data displayed expression of common Alzheimer’s related genes in the antechinus brain and
highlight the potential of utilising the antechinus as a future disease model. The valuable
genomic resources provided herein will enable future research to explore the genetic basis of
semelparity and age-related processes in the antechinus.

Subjects Genetics and Genomics, Animal Genetics, Evolutionary Biology

CONTEXT
Antechinus are a genus of small, carnivorous, dasyurid marsupials that are distributed
throughout Australia and New Guinea, and exhibit a rare reproductive strategy known as
semelparity. Semelparous species reproduce only once in a lifetime [1]. Although this
reproductive strategy is common among bacteria, plant and invertebrate species [2], it is
rarely seen in mammalian species and is restricted to didelphid and dasyurid marsupials [3,
4]. During the annual breeding season, male antechinus undergo an extreme shift in
resource allocation from survival to reproduction, resulting in a complete die-off of all
males in the weeks following mating [1, 5–7]. Increased levels of plasma corticosteroid
assist antechinus males in utilising their energy reserves to maximise reproductive
potential during the breeding season [4]. However, elevation of these corticosteroids results
in total immune system collapse leading to gastrointestinal haemorrhage,
parasite/pathogen invasion and death [6, 8]. It is currently unknown how semelparity is
controlled at the genetic level in the antechinus.
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The antechinus has also been proposed as a model species for the physiology of
dementias associated with aging such as Alzheimer’s disease (AD) [3, 9, 10]. Primarily
characterised by the formation of amyloid-β plaques and neurofibrillary tangles in the
brain, AD is a progressive neurodegenerative disease that is predicted to affect more than
100 million people by 2050 [11]. Traditionally, transgenic mouse models have been utilised
to study AD [12–14]; however, mice do not naturally develop β-amyloid plaques and
neurofibrillary tangles [15, 16]. Both of these have been found to develop naturally in
mature male and female antechinus, particularly after the breeding season [9, 10].
Antechinus also possess a number of characteristics that could make them an ideal model
organism including: a small body size, short lifespan, production of large numbers of
offspring and the ability to be easily maintained in captivity [6, 17, 18]. Creating a reference
genome for the antechinus and understanding whether there is expression of key
AD-related genes in the antechinus’ brain is a key first step in determining their suitability
as a future disease model for AD in humans.

Here we present an annotated reference genome for the brown antechinus (Antechinus
stuartii; NCBI:txid9283). We use a bioinformatic approach [19] to provide a more complete
characterisation of the Y chromosome which is currently poorly annotated in marsupials,
due to its heterochromatic, highly repetitive nature and small size [20]. We also call and
annotate phased genome-wide SNVs (single nucleotide variants) and structural variants,
and use comparative genomics to identify rapidly evolving gene families. Finally, we
characterise variation in a variety of genes that have previously been associated with AD
and evaluate the expression of these genes in the antechinus transcriptome.

The annotated genome and other genomic resources provided herein provide a powerful
foundation for studying semelparity and neurodegeneration as well as showcasing the
potential hidden within the genomes of Australia’s unique biodiversity.
METHODS
Sample collection
Using a standard Elliot trapping procedure (University of Sydney Animal Ethics:
2018/1438) [21], one male and one female adult brown antechinus were trapped in June
2019 at Lane Cove National Park, NSW (Figure 1). Individuals were euthanased using
pentobarbitone (60 mg/mL) and samples were collected immediately after death. Blood
samples were collected in RNAprotect® Animal Blood Tubes and stored at 4 °C. Tissue
samples were either flash frozen in liquid nitrogen (genomic DNA extraction) or placed in
RNAlater (transcriptomic RNA extraction) and stored at 4 °C overnight before long-term
storage at −80 °C.
Genome assembly
DNA was extracted from female and male skeletal muscle tissue using the Circulomics
Nanobind HMW DNA kit and quantified using a Qubit dsDNA BR (Broad Range) assay and
pulse field gel electrophoresis. 10X Genomics linked-read sequencing libraries were
prepared at the Ramaciotti Centre for Genomics (Sydney, NSW, Australia) and sequenced on
a NovaSeq 6000 S1 flowcell using 150bp PE reads. De novo genome assembly was performed
for both sexes independently with Supernova v2.1.1 (RRID:SCR_016756) [22] using all reads,
obtaining approximately 75× raw coverage and 55× effective (deduplicated) coverage.
BBTools v38.73 (RRID:SCR_016968) [23] was used to generate assembly statistics and BUSCO
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Figure 1. Antechinus stuartii individual used for the male reference genome. Image from Carolyn Hogg.

(RRID:SCR_015008) [24] analysis was performed with both v3.0.2 (4,104 mammalian
BUSCOs) and v 4.0.6 (9,226 mammalian BUSCOs).
Chromosome assignment and Y chromosome analysis
Putative chromosome assignment of the male assembly was achieved by mapping the male
scaffolds to the chromosome-length reference genome of the closely-related Tasmanian
devil (Sarcophilus harrisii) available on NCBI (RefSeq assembly mSarHar1.11,
RRID:SCR_003496) [25] using nucmer v4.0.0beta2 (RRID:SCR_018171) [26] with default
parameters and filtering the output using custom bash scripts. Due to the lack of complete Y
chromosome sequence in the Tasmanian devil reference genome, additional Y chromosome
scaffolds were identified using an AD-ratio (average depth ratio) approach [19] and
confirmed through BLAST searches of known marsupial Y genes.

Firstly, both the male and female 10× reads were trimmed to remove the 10× Chromium
barcode and low-quality sequence using FastQC v0.11.5 (RRID:SCR_014583) [27] and
BBTools (RRID:SCR_016968). Male and female trimmed reads were aligned to the male
genome assembly separately using BWA (Burrows-Wheeler Aligner) v0.7.17-r1188
(RRID:SCR_010910) [28] with shorter split hits marked as secondary using the -M flag,
duplicates were removed using samblaster v0.1.24 (RRID:SCR_000468) [29] with duplicates
excluded using the -e flag, and alignments with quality scores <20 were removed with
samtools v1.10 (RRID:SCR_002105) [30] using the -q flag. The output file was converted to
bam format, sorted and indexed with samtools and average coverage statistics were
generated using Mosdepth v0.2.6 (RRID:SCR_018929) [31] in fast mode. Following a previous
study [19], the AD-ratio of each scaffold was calculated for each scaffold whereby a
normalized ratio of female reads to male reads should result in a value of ∼1 (0.7 < AD-ratio
< 1.3) for autosomal scaffolds (as both the male and female should have similar levels of
coverage at these regions), a value of ∼2 (1.7 < AD-ratio < 2.3) for X chromosome scaffolds
(as females should have double the coverage at these regions due to them possessing two X
chromosomes) and a value of ∼0 (AD-ratio ≤ 0.3) for Y chromosomes (as females should
have no coverage at these regions due to the lack of a Y chromosome).

In order to improve our confidence in the scaffolds assigned as putatively male using the
AD-ratio approach, we used BLAST v2.6.0 (RRID:SCR_004870) [32, 33] to map 20 known
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marsupial Y genes and their autosomal or X homologs (if available) from a previous
study [34]) against the male antechinus assembly. Scaffolds with an AD-ratio < 0.3 and
strong BLAST matches (1 ×10−10) to marsupial Y genes (but not the respective X
chromosome homologs), were deemed as belonging to the Y chromosome.
Transcriptome assembly, annotation and analysis
Total RNA (excluding miRNA) was extracted from blood using the Qiagen RNeasy Protect
Animal Blood Kit, and from tissues using the Qiagen RNeasy Mini Kit with quantification
performed using the Agilent Bioanalyzer RNA 6000 Nano Kit. TruSeq Stranded mRNA-seq
library preparation was performed on male and female spleen, brain, adrenal gland and
reproductive tissues (ovary/testis) at the Ramaciotti Centre for Genomics (Sydney, NSW,
Australia), and sequenced as 150bp PE reads on a NovaSeq 6000 SP flowcell. RNA-seq reads
were quality trimmed and assembled de novo to create a global transcriptome assembly
using Trinity v2.10.0 (RRID:SCR_013048) [35, 36] with default Trimmomatic
(RRID:SCR_011848) [37] and Trinity parameters. Trinity’s TrinityStats.pl script was used for
general assembly statistics, representation of full-length reconstructed protein-coding
genes was examined by Swiss-Prot (RRID:SCR_002380) [38] BLAST searches
(RRID:SCR_004870), and completeness was assessed using BUSCO (RRID:SCR_015008) v3 and
v4. Trimmed reads were mapped back to the assembly using bowtie2 v2.3.5.1
(RRID:SCR_005476) [39] with a maximum of 20 distinct, valid alignments for each read
(using the -k flag) to determine read representation. Transcript abundance for each tissue
type was estimated using Trinity (RRID:SCR_013048) and Salmon v1.0.0
(RRID:SCR_017036) [40] with default parameters to create a cross-sample TMM normalised
matrix of expression values [41, 42]. Finally, the ExN50 statistic was calculated using the
normalised expression data. This statistic calculates the N50 for the most highly expressed
genes thereby excluding any lowly expressed contigs which are often very short (due to low
read coverage preventing assembly of complete transcripts) and hence provides a more
useful indicator of transcriptome quality than the standard N50 metric [36].

Functional annotation of the global transcriptome was performed using Trinotate v3.2.0
(RRID:SCR_018930) [43]. Briefly, TransDECODER v5.5.0 (RRID:SCR_017647) was used to
identify candidate coding regions within the Trinity transcripts with default parameters.
Blast searches of the TransDECODER peptides and Trinity transcripts were performed
against the Swiss-Prot (RRID:SCR_002380) database and the Tasmanian devil reference
genome annotations from NCBI (RefSeq assembly mSarHar1.11, RRID:SCR_003496) [25]
with an e-value cut-off of 1 ×10−5. HMMER v3.2.0 (RRID:SCR_005305) [44] was used to
identify conserved protein domains with the Pfam (RRID:SCR_004726) [45] database,
SignalP v4.1 (RRID:SCR_015644) [46] was used to predict signal peptides and RNAmmer v1.2
(RRID:SCR_017075) [47] was used to detect any ribosomal RNA contamination (all programs
were run with default parameters). The results from the above were loaded into a SQLite3
(RRID:SCR_017672) database.
Repeat identification and genome annotation
A custom repeat database was generated with RepeatModeler v2.0.1 (RRID:SCR_015027) [48]
and repeats (excluding low complexity regions and simple repeats with the -nolow flag)
were masked with RepeatMasker (RRID:SCR_012954) v4.0.6 [49]. Genome annotation was
performed using Fgenesh++ v7.2.2 (RRID:SCR_018928) [50–52] using optimised gene finding
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parameters of the closely related Tasmanian devil (Sarcophilus harrisii) with mammalian
general pipeline parameters. Transcripts representing the longest protein for each trinity
“gene” were extracted from the trinity and trinotate output files for mRNA-based
predictions with a custom bash script using seqtk v1.3 (RRID:SCR_018927) and seqkit v0.10.1
(RRID:SCR_018926) [53]. A high-quality non-redundant metazoan protein dataset from NCBI
was used for homology-based predictions using the “prot_map” method. Ab initio
predictions were performed in regions where no genes were predicted by other methods
(i.e. mRNA mapping or protein homology). The predicted protein-coding sequences were
used in BLAST (RRID:SCR_004870) searches against the Swiss-Prot (RRID:SCR_002380)
database with an e-value cut-off of 1 ×10−5 to identify genes with matches to known high
quality proteins from other species.
Variant annotation
The male reference genome was altered following the 10× Genomics Long Ranger
(RRID:SCR_018925) [54] software recommendations of a maximum 500 fasta sequences as
follows: scaffolds <50 kb were extracted and concatenated with gaps of 500 N’s and then
added to the main genome fasta file as a single scaffold and scaffolds ≥50 kb (428 scaffolds)
were listed in the primary_contigs.txt file. A BED file of the assembly gaps was created using
faToTwoBit and twoBitinfo (RRID:SCR_005780) [55] to generate the sv_blacklist.bed file.
Male and female 10x reads were aligned to the altered male 10x reference genome with
whole-genome SNVs, indels and structural variants called and phased using Long Ranger
v2.2.2 (RRID:SCR_018925) [54] with the FreeBayes (RRID:SCR_010761) option. Male and
female VCF files were merged with bcftools v1.10.1 (RRID:SCR_002105) [30] and variants
were annotated using ANNOVAR v20180416 (RRID:SCR_012821) [56, 57] gene-based
annotation.
Gene family analysis
Gene ontology (GO) annotation (using the generic GO slim subset) was performed on
antechinus proteins based on Swiss-Prot matches using GOnet [58] (RRID:SCR_018977) to
identify genes associated with key biological functions.

To identify any rapidly evolving gene families in the antechinus, proteomes from six
other target species (Tasmanian devil, koala, opossum, human, mouse and platypus) were
downloaded from NCBI (RRID:SCR_003496) [25] and the longest isoform for each gene was
extracted using custom bash scripts. Protein sequences from the antechinus Fgenesh++
annotation were also extracted and OrthoFinder v2.4.0 (RRID:SCR_017118) [59, 60] was run
with default parameters to identify orthogroups between the 7 target species. CAFE v5
(RRID:SCR_018924) [61, 62] was run on the output data from OrthoFinder
(RRID:SCR_017118) using an error model to account for genome assembly error (-e flag) and
estimating multiple lambda’s (gene family evolution rates) for monotremes, marsupials and
eutherians (-y flag). Significant expansions and contractions within the antechinus branch
were examined to identify any interesting patterns.
Alzheimer’s genes analysis
Literature searches using the search terms “Alzheimer’s” and “gene”, and mining the
human gene database GeneCards [63] using the keyword “Alzheimer’s” were used to
identify forty of the most common genes that have previously been associated with

Gigabyte, 2020, DOI: 10.46471/gigabyte.7 5/22

https://scicrunch.org/browse/resources/SCR_018927
https://scicrunch.org/browse/resources/SCR_018926
https://scicrunch.org/browse/resources/SCR_004870
https://scicrunch.org/browse/resources/SCR_002380
https://scicrunch.org/browse/resources/SCR_018925
https://scicrunch.org/browse/resources/SCR_005780
https://scicrunch.org/browse/resources/SCR_018925
https://scicrunch.org/browse/resources/SCR_010761
https://scicrunch.org/browse/resources/SCR_002105
https://scicrunch.org/browse/resources/SCR_012821
https://scicrunch.org/browse/resources/SCR_018977
https://scicrunch.org/browse/resources/SCR_003496
https://scicrunch.org/browse/resources/SCR_017118
https://scicrunch.org/browse/resources/SCR_018924
https://scicrunch.org/browse/resources/SCR_017118
http://dx.doi.org/10.46471/gigabyte.7


Parice A. Brandies et al.

Table 1. Comparison of antechinus genome assembly statistics in comparison with the two current highest-quality marsupial genomes.
Species Assembly GenomeSize(Gb)

No.Scaffolds↓
No.Contigs ↓ ScaffoldN50 (Mb)↑

ContigN50 (Mb)↑
% Genome inScaffolds >50 KB ↑

CompleteMammalianBUSCO’s v3 (%) ↑
CompleteMammalianBUSCO’s v4 (%) ↑

Antechinus (M) antechinusM_pseudohap2.1(USYD_AStu_M∗) 3.3 30876 106199 72.7 0.08 96.35 93.3 81.3
Antechinus (F) antechinusF_pseudohap2.1 3.3 31296 107658 58.2 0.08 96.61 92.9 81.6

Koala phaCin_unsw_v4.1∗ 3.2 - 1909 - 11.59 99.11 92.3 81.6
TasmanianDevil mSarHar1.11∗ 3.1 106 445 611.3 62.34 99.97 93.8 80.9

Arrows indicate whether higher or lower numbers are considered better quality. ∗NCBI Assembly ID.

Alzheimer’s disease in humans or mice disease models. Human coding sequences (CDS) for
the genes of interest were downloaded from Swiss-Prot (RRID:SCR_002380) and were used
in BLAST (RRID:SCR_004870) searches against the Fgenesh++ genome annotations to
identify the predicted gene sequences within the male antechinus reference genome. The
predicted protein sequences were matched against the predicted coding sequences of the
global transcriptome using BLAST (RRID:SCR_004870) to identify candidate transcripts and
expression of the candidate genes across the sequenced tissues was explored using the
TMM-normalised expression matrix. All sequences were used in BLAST (RRID:SCR_004870)
searches back to the Human Swiss-Prot (RRID:SCR_002380) proteome to confirm orthology
through reciprocal best hits (RBH) and were aligned to human protein sequences with
MUSCLE v3.8.425 [64] in order to determine sequence similarity and identity. SNVs
associated with the target genes were explored using the ANNOVAR (RRID:SCR_012821)
output.
FINDINGS
Genome assembly
The male and female antechinus genome assemblies were both 3.3 Gb in size. Genome
contiguity was slightly higher for the male antechinus with a scaffold N50 of 72.7 Mb in
comparison with the female scaffold N50 of 58.2 Mb (Table 1). Both male and female
genome assemblies showed completeness scores comparable to the two best marsupial
reference genomes currently available (the koala: RefSeq phaCin_unsw_v4.1, and the
Tasmanian devil: RefSeq mSarHar1.11), with >90% of the 4,104 version 3 mammalian
BUSCO’s and >80% of the 9,226 version 4 mammalian BUSCO’s being complete (Table 1).
Male and female assemblies had 90% and 89% of reads mapped as proper pairs and a gap
percentage of 2.75% and 2.29% (which is within the normal gap range for 10x genomics
assemblies [22]) respectively. The male assembly was chosen to be the reference genome as
it showed the highest contiguity and also includes the Y chromosome.
Chromosome assignment and Y chromosome analysis
The Dasyuridae family display a high level of karyotypic conservation with all species
having almost identical 2n =14 karyotypes [65]. Antechinus chromosomes were therefore
bioinformatically assigned by alignment of the male antechinus scaffolds to the
chromosome-length Tasmanian devil reference assembly (RefSeq mSarHar1.11). This
resulted in 94.3% of the genome being assigned to chromosomes with the remaining 5.7% of
the genome being unassigned either due to no matches to the Tasmanian devil genome or
due to multiple alignments where there was no best match to a single chromosome
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Figure 2. Assignment of antechinus scaffolds to chromosomes by alignment to the Tasmanian devil referencegenome. (a) Proportion (%) of scaffolds (blue) and genome length (red) assigned to chromosomes. (b) Comparisonof length of sequence assigned to each chromosome from the Tasmanian devil reference genome (blue) andthe antechinus genome (red). Other represents scaffolds assigned to “unplaced” Tasmanian devil scaffolds andUnassigned represents scaffolds unable to be assigned due to no matches to the Tasmanian devil genome or dueto multiple matches where a best hit to a single chromosome was not identified.

(Figure 2a). The length of assigned antechinus chromosomes was similar to that of the
Tasmanian devil as expected (Figure 2b).

The current Tasmanian devil reference genome (RefSeq mSarHar1.11) contains limited
Y-chromosome sequence (∼130 kb) and so only one antechinus scaffold (scaffold 161317,
∼73 kb) was assigned as Y chromosome. To identify further putative Y chromosome
scaffolds, we implemented an AD-ratio approach (see [19]). Using this approach 3.1 Gb
(∼95%) of the male genome was assigned as autosomal, 87 Mb (∼2. 6%) of the male genome
was assigned as X chromosomal and 11.4 Mb (0.3%) of the genome was assigned as Y
chromosomal (Figure 3). The results from this approach showed that ∼92% of the genome
was in agreeance with the chromosome assignment results from mapping the antechinus
genome to Tasmanian devil genome with the remaining 8% mainly due to unassigned
chromosomes from either method rather than chromosome discrepancies between the two
methods (only 0.2% of genome).

In order to identify some high-confidence Y chromosome scaffolds from the putative Y
chromosome scaffolds identified with the AD-ratio approach, we aimed to identify scaffolds
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Figure 3. AD-Ratio histogram of antechinus scaffolds. Figure shows the total length of sequence within each0.025 AD-ratio bin. Scaffolds clustering around an AD-ratio of 0 represent Y-linked sequence (Green), scaffoldsclustering around an AD-ratio of 1 represent Autosomal sequence (Red), scaffolds clustering around an AD-ratio of2 represent X-linked sequence (Blue) and scaffolds between these regions represent unassigned sequence (Black).

containing known Y genes and Y-specific transcripts. Out of 20 known marsupial Y
chromosome genes from a previous study [34], 13 showed hits to scaffolds with AD-ratios
≤0.01 indicating a high chance they are putative Y chromosome scaffolds. Furthermore,
their autosomal, or X chromosome, homologs mapped to different scaffolds providing
additional confidence that the scaffolds identified likely contain the Y homolog. Seven of
these Y genes were found to be on scaffold 163451, four were located on scaffold 162475
and one was matched to scaffold 161317 (Figure 4). These scaffolds were deemed
Y-chromosome scaffolds and comprise 0.78 Mb of the genome. They represent the largest
amount of Y-chromosome sequence characterized in any marsupial species. The remaining
gene (ATRY) displayed multiple partial alignment hits to a number of different antechinus
scaffolds and could not be reliably annotated to a single scaffold. A number of other genes
were also annotated to these scaffolds by Fgenesh++ annotation including an XK-related
protein on scaffold 161317, an AMMECR1-like gene on scaffold 163451 and a HMGB3-like
protein on scaffold 162475. Identification and annotation of Y chromosome scaffolds in the
antechinus will assist with future research wanting to explore male semelparity and key
male-specific reproductive genes.
Transcriptome assembly and annotation
The global antechinus transcriptome assembly of 10 tissues (5 male and 5 female) was
composed of 1,296,975 transcripts (1,636,859 including predicted splicing isoforms). The
average contig length was 773bp and the contig N50 was 1,367bp. Considering only the top
95% most highly expressed transcripts gave an ExN50 (a more useful indicator of
transcriptome quality) of 3,020bp which is similar to the average mRNA length in humans
(3,392bp) [67]. The assembly showed good overall alignment rates of reads from each of the
tissues (>96%) with a high percentage mapped as proper pairs (≥89%). The transcriptome
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Figure 4. Mapping of known marsupial Y gene homologs on antechinus Y chromosome scaffolds. (a) Scaffold 161317, (b) Scaffold 162475, (c) Scaffold 163451.Figure was created using the AnnotationSketch module from GenomeTools [66].

assembly exhibited similar completeness to the genome with BUSCO analysis identifying
94% and 84% complete BUSCOs for version 3 and version 4 mammalian datasets
respectively. TransDecoder predicted 296,706 coding regions within the global
transcriptome (including predicted splicing isoforms) of which 181,691 (61%) were
complete (contained both a start and stop codon) and 159,121 (54%) had BLAST hits to
Swiss-Prot. Taking only the longest complete predicted isoform for each gene resulted in
38,829 mRNA transcripts that were used for genome annotation.
Repeat identification and genome annotation
873 repeat families were identified in the male antechinus genome (Table 2), with 44.82% of
the genome being masked as repetitive; a similar repeat content to that of other marsupial
and mammalian genomes [68]. A total of 55,827 genes were predicted by Fgenesh++, of
which 25,111 had BLAST hits to Swiss-Prot. This number is similar to that of the 26,856
protein-coding genes annotated in the closely related Tasmanian devil reference genome
(RefSeq mSarHar1.11). Of these 25,111 gene annotations, 13,189 were predicted based on
transcriptome evidence, 1,286 were predicted based on protein evidence and the remaining
were predicted ab initio based on trained gene finding parameters. BUSCO v3 and v4
completeness scores for the annotation were 78.2% and 67.3% respectively.
Variant annotation
The brown antechinus is predicted to be one of the most common and widespread
mammalian species in Eastern Australia where it ranges from southern Queensland to
southern New South Wales [69, 70]. The large population size and range of A. stuartii
implies that this species would likely exhibit healthy levels of genomic diversity, though

Gigabyte, 2020, DOI: 10.46471/gigabyte.7 9/22

http://dx.doi.org/10.46471/gigabyte.7


Parice A. Brandies et al.

Table 2. Summary of repeat classes identified and masked in the antechinus reference genome.
Repeat Class Count Masked (bp) Masked (%)
DNA
CMC-EnSpm 267774 30028201 0.91%
Ginger-1 13763 1594788 0.05%
PIF-Harbinger 763 204495 0.01%
TcMar-Tc1 7165 1616661 0.05%
TcMar-Tc2 3098 1745523 0.05%
TcMar-Tigger 22186 4059186 0.12%
hAT 744 142335 0.00%
hAT-Ac 2400 291924 0.01%
hAT-Charlie 143304 24400026 0.74%
hAT-Tip100 36557 6236166 0.19%
LINE 6840 2038840 0.06%
CR1 301533 59092138 1.79%
Dong-R4 12719 4935572 0.15%
L1 1117136 608623645 18.40%
L2 770053 168785105 5.10%
RTE-BovB 98681 30352289 0.92%
RTE-RTE 64120 17729186 0.54%

LTR
ERV1 19808 9033177 0.27%
ERVK 56462 49884792 1.51%
ERVL 2556 1297101 0.04%
Gypsy 4842 1375235 0.04%

SINE
5S-Deu-L2 4816 270426 0.01%
Alu 6938 1367052 0.04%
MIR 1445092 212663300 6.43%

Other
Unknown 1070813 233112108 7.05%
Satellite 52562 11605904 0.35%
snRNA 382 28484 0.00%

Total 5533107 1482513659 44.82%

there is currently a lack of genome-wide variation information for any antechinus species.
Using the linked-read datasets we identify a total of 9,307,342 SNVs and 2,362,144 indels in
the male and 16,291,736 SNVs and 3,818,750 indels in the female; with 5,474,811 SNVs
(∼27%) and 1,079,862 indels (∼21%) being genotyped in both individuals. >90% of these
variants passed all of the 10X Genomics filters and >99% were phased. Approximately half
of the variants were found to be associated with an annotated gene (located within a gene
or within 1kb upstream or downstream of a gene) of which 91% were intronic and 2% were
exonic (Figure 5a). Within the exonic variants, 58% were nonsynonymous (result in
alteration of the protein sequence) and 39% were synonymous (Figure 5b). These results
demonstrate considerable genome-wide diversity from just two individuals from the same
population. For comparison, just 1,624,852 SNPs (single nucleotide polymorphisms) were
identified across 25 individuals of the closely related and endangered Tasmanian devil [71].
Despite the success of A. stuartii, other antechinus species, such as the newly-classified and
endangered black-tailed dusky antechinus (A. arktos), appear in much lower numbers and
so may exhibit much lower genome-wide diversity [72]. Most antechinus species diverged
in the Pilocene (∼5 mya) with the brown antechinus and its close relatives separating more
recently in the Pleistocene (∼2.5 mya) [73]. Humans and chimpanzees are predicted to have
diverged 7–8 mya [74] but still share 99% of their DNA [75]. The genetic similarity of human

Gigabyte, 2020, DOI: 10.46471/gigabyte.7 10/22

http://dx.doi.org/10.46471/gigabyte.7


Parice A. Brandies et al.

Figure 5. Functional annotation of antechinus variants. (a) Total number of variants annotated to various generegions including: Splicing (within a splice site of a gene), UTR3 (3′ untranslated region), UTR5 (5′ untranslatedregion), Downstream (within 1kb downstreamof a gene), Upsteam (within 1kb upstreamof a gene), Exonic (withinthe coding sequence of a gene) and Intronic (within an intron of a gene). (b) Total number of exonic variantsresulting in specific consequences to the protein sequence including: Frameshift Deletion (deletion of one ormorenucleotides that results in a frameshift of the coding sequence), Frameshift Insertion (insertion of one or morenucleotides that results in a frameshift of the coding sequence), Nonframeshift Deletion (deletion of one or morenucleotides that does not result in a frameshift of the coding sequence), Nonframeshift Insertion (insertion ofone or more nucleotides that does not result in a frameshift of the coding sequence), Stopgain (variation whichresults in a stop codon being created within the protein sequence), Stoploss (variation which results in a stopcodon being lost from the protein sequence), Unknown (variation with an unknown consequence, perhaps dueto complex gene structure), Nonsynonymous (a single nucleotide change that does not result in an amino acidchange) and Synonymous (a single nucleotide change that results in an amino acid change). Striped bars indicatevariant types that are plotted on the secondary Y-axis.

and chimpanzees (which diverged earlier than the antechinus clades) suggests that the
annotated antechinus genome and genome-wide variation provided will be a valuable tool
to assist with population monitoring and conservation of all species in the antechinus
genus.

In addition to single nucleotide variants, large structural variants can have a pronounced
impact on phenotype and account for a significant amount of the diversity seen between
individuals [76, 77]. A few interchromosomal and intrachromosomal rearrangements have
been identified in the Dasyuridae family using previous G-banding techniques [78];
however, advancements in sequencing technologies, such as the linked-read approach
utilized in the current study, allow for more fine-scale characterisation of structural
variants in a cost-effective and reliable manner [79]. Using the linked-read datasets, 700
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Figure 6. Breakdown of high-quality large structural variants (SVs) and copy number variants (CNVs) in theantechinus. Figure shows both male (M) and female (F) deletions (blue), tandem duplications (red), inversions(green) and distal structural variants (i.e. across two scaffolds, yellow).

large, high-quality structural variants were called in the male and 681 were called in the
female of which 35% and 25% were copy number variants (CNVs) respectively (Figure 6).
Within the intrachromosomal structural variants, 240 in the male, and 191 in the female
were found to contain genes, together encompassing 2,401 genes in total. These findings
demonstrate the importance of applying new structural variant identification techniques to
explore functional diversity and should be applied more broadly to other Dasyurid species,
particularly endangered species such as the Tasmanian devil.
Gene family analysis
GO analysis of the antechinus genome annotations based on matches to Swiss-Prot revealed
2,578 of the genes are involved in response to stress, 1,760 are involved in immune system
processes and 1,035 are involved in reproduction. Future studies could use these
annotations to design a targeted approach for monitoring the expression of key genes
across the breeding season to better understand the interplay between stress, immunity
and reproduction in this semelparous species.

To identify any interesting patterns of gene family evolution in the antechinus,
proteomes across 7 target species (antechinus, Tasmanian devil, koala, opossum, human,
mouse and platypus) were compared and 80.5% of genes were assigned to 19,173
orthogroups of which 12,233 orthogroups had all species present and 9,212 were
single-copy orthologs. CAFE identified 282 gene families to be significantly fast evolving. Of
these fast-evolving gene families, a number of significant expansions (<1 ×10−15) and
contractions were found on the antechinus branch. Many of these expansions and
contractions were found in large, complex gene families including olfactory receptors and
immune genes which are notoriously difficult to annotate using automated gene annotation
methods, particularly in fragmented assemblies, and so require further investigation and
manual curation for confirmation. Two other particularly interesting expansions occurred
within the protocadherin gamma (Pcdh-γ) gene family (Orthogroup OG0000022) and the
NRMK2 gene in the antechinus (Orthogroup OG0000350).

Protocadherins (Pcdhs) belong to the cadherin superfamily and are organised into
3 main gene clusters: α, β and γ [80]. Pcdhs, like all cadherins, are primarily responsible
for mediating cell-cell adhesion [81]. Antechinus displayed similar numbers of putative
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Figure 7. Gene tree showing numbers of Pcdh-γ genes across 7 species.

Pcdh-γ genes as humans and mouse (20–21 genes) in comparison to the other marsupials
which showed only 6–9 genes in this family, and the platypus only 2 (Figure 7). Pcdh-γ genes
specifically have been implicated in neuronal processes [80] and have previously been
associated with Alzheimer’s disease [82]. These genes are most highly expressed in the
brain in humans and also showed highest levels of expression in the brain and adrenal
gland in the antechinus. It is possible that the expansion of Pcdh-γ genes in the antechinus
may be linked to the neuropathological changes that occur in mature antechinus. The α andβ Pcdhs were also identified as fast evolving across the 7 target species investigated, with
marsupials having lower numbers of genes than eutherians, though there were no large
differences in the antechinus branch for these clusters.

The antechinus was also found to contain a significant expansion of the NMRK2 gene
which appears to be single copy in each of the other species. The NMRK2 gene
(Nicotinamide Riboside Kinase 2) is involved in the production of NAD+ (Nicotinamide
Adenine Dinucleotide), an essential co-enzyme for various metabolic pathways [83, 84]. The
antechinus contains 11 full-length copies of this gene in its genome (Figure 8). Furthermore,
genes encoding the subunits of the NADH dehydrogenase enzyme which is responsible for
conversion of NADH to NAD+, were among the most highly expressed genes within the
antechinus transcriptome across a variety of tissue types. Declining levels of NAD+ have
been associated with aging, suggesting that NAD+ may be a key promoter of longevity [84].
NAD+ has also been associated with Alzheimer’s disease whereby increased levels of the
molecule may be a protective factor of the disease [85]. The antechinus collected in the
current study were collected just prior to the annual breeding season and were therefore
mature adults. However, the observed neuropathologies in antechinus species are found to
be most prominent in post-breeding individuals and so the data presented here will provide
a useful comparison for future studies that explore the development of these pathologies
and associated genetic changes across the breeding season. Further investigations into the
unique expansion of NMRK2 genes in the antechinus may provide crucial insights into
aging and age-related dementias in humans.
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Figure 8. Protein sequence alignment showing expansion ofNMRK2 genes in the antechinus. Single copy genes in the human,mouse, gray short-tailed opossumand Tasmanian devil are shown for comparison.

Alzheimer’s genes analysis
To investigate further the potential of antechinus being a disease model for AD [3, 9], we
analysed expression and identified variation in genes that have previously been associated
with AD. Of the 40 target Alzheimer’s-associated genes, 39 were annotated in the male
antechinus reference genome and all 40 were found to be expressed in the global
transcriptome (Table 3). The CD2AP gene was not annotated by Fgenesh++ so was not
included in downstream analysis. All of the annotated antechinus proteins except PLD3
were found to be orthologous to the human proteins using a RBH strategy (Table 3).
Although the human PLD4 gene was the best BLAST hit for the putative antechinus PLD3
gene, the percentage identity was higher for the human PLD3 gene and the respective
antechinus transcript was annotated as PLD3, and therefore this gene was included in
further analysis as a putative PLD3 gene. 33 proteins showed >30% similarity to
humans [86] (Table 3). Of the seven antechinus gene annotations that showed poor
similarity to humans, three (SORL1, CLNK and SLC24A4) were found to have homologous
protein-coding transcripts in the global transcriptome suggesting the genome annotations
were poor for these genes (likely due to gaps in the reference genome) (Table 3). The
remaining four genes (CD33, ZCWPW1, ABCA7 and CR1) did not have homologous
genome annotations or transcripts in the antechinus (large gaps were displayed in all
sequences compared to the human genes) and were therefore excluded from downstream
analysis. Six of the target genes, including APP, PICALM, KAT8, APOE, INPP5D and MAPT
were within the top 90% most highly expressed genes of the global transcriptome and were
all found to be expressed in the brain. Of these genes, APP (amyloid precursor protein)
showed the highest level of expression in antechinus brain tissue. APP is the precursor for
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Table 3. Summary of Alzheimer’s related genes explored in the Antechinus.
Gene Gene ID∗ Evidence∗∗ Trans ID† ProteinLength(Tran)(bp)

HumanProteinLength(bp)
RBH‡ % Ident(Tran) % Sim(Tran)

APP 76_gene_264 TRINITY_DN490_c2_g1_i21.p1 716 770 Y 86.4 89.9
PSEN1 3_gene_296 Ab Initio (PSEN1) TRINITY_DN960_c7_g2_i1.p1 192 (471) 467 Y 33.97 (88.09) 35.26 (90.95)
CLU 310_gene_647 TRINITY_DN135507_c1_g1_i17.p1 474 449 Y 24.49 39.3
CASS4 3_gene_1296 TRINITY_DN11493_c2_g1_i11.p1 835 786 Y 52.01 63.71
PTK2B 3_gene_1535 Ab Initio (PTK2B) TRINITY_DN1539_c3_g1_i7.p1 797 (1010) 1009 Y 73.34 (92.57) 76.11 (96.23)
FERMT2 3_gene_6 Ab Initio (FERMT2) TRINITY_DN7191_c0_g1_i2.p1 691 (449) 680 Y 96.96 (60.93) 97.68 (61.94)
MEF2C 0_gene_1343 TRINITY_DN99999960_c0_g1_i3.p1 473 473 Y 99.15 99.58
BIN1 2_gene_709 TRINITY_DN1425_c0_g1_i26.p1 567 593 Y 83.31 88.31
PSEN2 120_gene_116 TRINITY_DN4085_c2_g1_i5.p1 456 448 Y 80.83 85.19
ADAM10 143_gene_1431 TRINITY_DN1482_c5_g1_i3.p1 748 748 Y 93.98 96.12
APH1B 143_gene_1624 TRINITY_DN38091_c0_g1_i11.p1 258 257 Y 84.51 88.68
PICALM 145_gene_551 PROTMAP (PICALM) TRINITY_DN1843_c1_g1_i11.p1 686 (582) 652 Y 70.93 (87.42) 80.23 (87.88)
DSG2 226_gene_142 TRINITY_DN143_c0_g1_i3.p1 1128 1118 Y 92.59 93.59
ABI3 266_gene_901 TRINITY_DN872_c0_g1_i4.p1 281 366 Y 61.61 72.77
UNC5C 267_gene_1483 Ab Initio (UNC5C) TRINITY_DN20949_c0_g1_i25.p1 852 (932) 931 Y 53.01 (94.41) 60.38 (96.56)
KAT8 96_gene_480 TRINITY_DN613_c1_g1_i45.p1 313 458 Y 79.75 82.04
EPHA1 333_gene_132 TRINITY_DN2610_c0_g2_i6.p1 979 976 Y 63.1 64.19
ECHDC3 333_gene_809 TRINITY_DN23306_c0_g1_i7.p1 228 303 Y 80.82 86.73
CNTNAP2 333_gene_95 Ab Initio (CNTNAP2) TRINITY_DN4057_c0_g2_i4.p1 329 (1325) 1331 Y 60.73 (88.73) 66.01 (91.66)
SORL1 334_gene_344 Ab Initio (SORL1) TRINITY_DN433_c10_g1_i1.p1 1335(2158) 2214 Y 19.31 (85.37) 20.89 (91.1)

ADAMTS4 335_gene_787 TRINITY_DN799_c4_g1_i2.p1 834 837 Y 37.45 39.57
SCIMP 336_gene_864 TRINITY_DN635_c2_g2_i1.p1 126 145 Y 44.52 57.53
ALPK2 359_gene_112 Ab Initio (ALPK2) TRINITY_DN101181_c0_g1_i5.p1 2237(1670) 2170 Y 39.21 (34.39) 49.52 (43.65)
CD33 135589_gene_1 Ab Initio (CD33) TRINITY_DN1602_c0_g1_i37.p1 135 (154) 364 Y 19.78 (20.88) 24.73 (26.37)
HESX1 366_gene_560 TRINITY_DN20272_c0_g1_i1.p1 189 185 Y 65.61 70.37
APOE 368_gene_218 TRINITY_DN19355_c0_g1_i12.p1 301 317 Y 42.81 58.41
CELF1 401_gene_24 TRINITY_DN2651_c0_g1_i21.p1 486 486 Y 98.56 98.97

ZCWPW1 427_gene_269 TRINITY_DN2266_c1_g1_i50.p1 255 648 Y 23.9 28.59
MS4A1 432_gene_744 TRINITY_DN3467_c2_g1_i2.p1 287 297 Y 54.85 67.89
CD2AP NA NA TRINITY_DN1647_c3_g1_i14.p1 641 (635) 639 Y 73.58 (74.53) 82.95 (84.01)
AKAP9 499_gene_50 TRINITY_DN250_c13_g1_i6.p1 3783 3907 Y 66.57 75.06
CLNK 535_gene_122 Ab Initio (CLNK) TRINITY_DN108659_c0_g1_i21.p1 677 (342) 428 Y 13.98 (28.26) 24.25 (37.31)
TREM2 608_gene_42 Ab Initio (TREM2) TRINITY_DN33032_c0_g1_i3.p1 261 (287) 230 Y 43.77 (40) 53.96 (49.66)
ABCA7 614_gene_160 TRINITY_DN1943_c1_g1_i15.p1 716 2146 Y 19.83 23.39
CR1 561032_gene_3/560671_gene_3 Ab Initio (CR1) TRINITY_DN3772_c0_g1_i39.p1 511 (366) 2039 Y 12.64/12.64(8.2) 15.63/15.63(11.96)

SLC24A4 3_gene_564 Ab Initio (SLC24A4) TRINITY_DN8568_c0_g1_i2.p1 304 (543) 622 Y 19.35 (78.69) 23.77 (82.85)
NME8 366_gene_413 TRINITY_DN1228_c0_g1_i1.p1 158 588 Y 65.69 71.64
INPP5D 336_gene_1122 Ab Initio (INPP5D) TRINITY_DN3238_c0_g1_i8.p1 1068(1209) 1189 Y 39.29 (77.33) 53.57 (84.25)
PLD3 432_gene_623 TRINITY_DN4411_c0_g1_i31.p1 520 490 N(PLD4) 32.96 37.94
MAPT 266_gene_1071 Ab Initio (MAPT) TRINITY_DN1333_c2_g1_i5.p1 754 (418) 758 Y 41.48 (41.78) 47.42 (43.54)

∗ID corresponding to the Fgenesh++ genome annotation. ∗∗Evidence for the genome prediction – Transcriptome evidence = TRINITY ID, Protein evidence =PROTMAP Gene ID, Ab Initio Predictions = Top BLAST hit. †For genes without transcriptome evidence the annotations were used in BLAST searches against thepredicted protein sequences from the global antechinus transcriptome to identify candidate transcripts. Values associated with these proteins are provided inbrackets in the following tables to distinguish them from the genome annotations. ‡Reciprocal Best Hit of antechinus and human genes was a match.

the amyloid beta (Aβ) proteins that form amyloid plaques in the brain and is predicted to
contribute to early-onset AD in humans [87]. The MAPT gene was also most highly
expressed in antechinus brain tissue and is responsible for the creation of tau proteins
which form the neurofibrillary tangles associated with AD [88]. APOE (apolipoprotein E) is

Gigabyte, 2020, DOI: 10.46471/gigabyte.7 15/22

http://dx.doi.org/10.46471/gigabyte.7


Parice A. Brandies et al.

Figure 9. Number of each type of SNV associated with the target Alzheimers-related genes in the antechinus.(a) Numbers of SNVs present in the 5′ UTR, 3′ UTR, 1kb upstream region, 1kb downstream region, exons, andsplice sites of each gene. (b) Numbers of intronic SNVs present in each gene. (c) Number of synonymous andnonsynonymous SNVs present in each gene.

the most common risk-factor gene associated with late-onset AD [89] and was highly
expressed across a range of antechinus tissues including the brain. PICALM is another
common gene which has been associated with an increased risk of developing late-onset
AD [90]. PICALM is predicted to help flush Aβ proteins out of the brain and so increased
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expression of the PICALM gene in the brain is predicted to reduce AD risk [91]. This gene
was found to be quite lowly expressed in antechinus brain tissue when compared with
other tissues such as the spleen or in the blood suggesting that it may be contributing to the
development of Aβ plaques observed in the antechinus. Finally, KAT8 and INPP5D have
been linked to AD through genome-wide association studies [92, 93] and may also be
candidates for downstream research. Our finding of expression of some of the most
common AD-associated genes in the antechinus brain confirm the potential for this species
to be utilized as an AD disease model.

A large variety of genetic variants have been associated with AD in humans, primarily
due to their impact on gene expression [92, 94–98]. We utilised the annotated genome-wide
SNV data to determine whether antechinus also exhibit variation at Alzheimer’s-associated
genes. A total of 16,761 high-quality SNVs (which passed all of the 10× Genomics filters)
were associated with the 40 target genes with majority of these being intronic (Figure 9).
A total of 81 phased nonsynonymous SNVs were identified across 20 of the target genes, of
which 24 were genotyped in both the male and female (Figure 9c). While the phenotypic
effects of these putatively functional variants are currently unknown, mutations in these
genes are commonly associated with AD neuropathologies in humans [92, 94–98] and may
also be associated with the age-related development of neuropathologies observed in
mature antechinus brains [3].
CONCLUSIONS AND IMPLICATIONS
Here we present the first annotated reference genome within the antechinus genus for a
common species, the brown antechinus. The reference genome assembly exhibits
completeness comparable to the two current most high-quality marsupial assemblies
available (Tasmanian devil and koala), and contains the largest amount of Y-chromosome
sequence identified in a marsupial species. Characterisation and annotation of phased,
genome-wide variants (including large structural variants) demonstrates considerable
diversity within the brown antechinus and provides a resource of gene regions that may
have functional implications both in this antechinus and closely related species. Gene
ontology analysis of the annotated antechinus proteins identified genes involved in a wide
range of biological processes such as immunity, reproduction and stress demonstrating the
value of this reference genome in supporting future work investigating the genetic
interplay of such processes in this semelparous species. A comparative analysis revealed a
number of fast-evolving gene families in the antechinus, most notably within the
protocadherin gamma family and NMRK2 gene which have previously been associated with
aging and/or aging-related dementias. Target gene analysis revealed high levels of
expression of some of the most common genes associated with Alzheimer’s disease in the
brain, as well as a number of associated variants that may be involved in the
Alzheimer’s-like neuropathological changes that occur in antechinus species. Future
research will be able to use the antechinus genome as a springboard to study age-related
neurodegeneration, as well as a model for extreme life history trade-offs like semelparity.
AVAILABILITY OF SUPPORTING DATA AND MATERIALS
The male antechinus reference genome assembly and all raw sequencing reads including
the male and female whole genome 10× genomics reads and the 10 tissue transcriptome
RNA-seq reads are available from NCBI under the BioProject accession [PRJNA664282].
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All other data sets supporting the results of this article are available in the
GigaScience GigaDB repository [99].
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