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Abstract

There are more than 100 species of American didelphid marsupials (opossums and mouse opossums). Limited genomic resources for
didelphids exists, with only two publicly available genome assemblies compared with dozens in the case of their Australasian
counterparts. This discrepancy impedes evolutionary and ecological research. To address this gap, we assembled a high-quality
chromosome-level genome of the agile gracile mouse opossum (Gracilinanus agilis) using a combination of stLFR sequencing,
polishing with mate-pair data, and anchoring onto pseudochromosomes using Hi-C. This species employs a rare life-history strategy,
semelparity, and all G. agilis males and most females die at the end of their first breeding season after succumbing to stress and
exhaustion. The 3.7-Gb chromosome-level assembly, with 92.6% anchored onto pseudochromosomes, has a scaffold N50 of
683.5 Mb and a contig N50 of 56.9 kb. The genome assembly shows high completeness, with a mammalian BUSCO score of 88.1%.
Around 49.7% of the genome contains repetitive elements. Gene annotation yielded 24,425 genes, of which 83.9% were func-
tionally annotated. The G. agilis genome is an important resource for future studies of marsupial biology, evolution, and
conservation.
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Significance

There is currently a distinct lack of genome assemblies of more than 100 species of American marsupials, with only
two assemblies available, compared with dozens for Australasian marsupials. Here, we present a chromosome-level
assembly of the agile gracile mouse opossum (Gracilinanus agilis). This species exhibits semelparity—a rare life-history
strategy, where all G. agilis males and most females die at the end of their first breeding season after succumbing to
stress and exhaustion. This genome will contribute to research on marsupial biology, evolution, and conservation.

Introduction

Living marsupials fall within seven orders spread unevenly
across the Americas and Australasia (Nilsson et al. 2010;
Kumar et al. 2017). Dozens of Australasian marsupials have
been genetically sequenced or are forthcoming (reviewed in
Deakin and O'Neill [2020]), but few American marsupials
have been sequenced. Indeed, of the ~100 species of didel-
phids (opossums and mouse opossums) (Astta 2015; Faurby
et al. 2018) (supplementary fig. 1, Supplementary Material
online), only two genomes are publicly available: the gray
short-tailed opossum (Monodelphis domestica) (Mikkelsen
et al. 2007) and the Virginia opossum (Didelphis virginiana)
(Dudchenko et al. 2018).

At least three Australian marsupial genera are character-
ized by a semelparous reproductive strategy where all males
of certain species or populations die at the end of their first
breeding season after succumbing to stress and exhaustion
(Baker and Dickman 2018; Collett et al. 2018; Mutton et al.
2019). In a small number of didelphids, both sexes are
reported to be semelparous in four species of two tribes (three
in Thylamyini and one in Marmosini) in the subfamily
Didelphinae (Leiner et al. 2008; de Andreazzi et al. 2011;
Baladrén et al. 2012; Lopes and Leiner 2015; Puida and
Paglia 2015; Hernandez et al. 2018; Zangrandi 2018;
Albanese et al. 2021).

The genetic basis of marsupial semelparity remains largely
unknown, and to understand it we must catalogue various
genome sequences across the life-history continuum. Here,
we contribute to this effort by presenting a chromosome-level
genome assembly of the agile gracile mouse opossum
(Gracilinanus agilis)—a small, nocturnal, insectivore—omnivore
species inhabiting the tropical savannas of central South
America (Gardner 2008).

Results and Discussion

The G. agilis genome was obtained by stLFR sequencing, pol-
ishing with mate-pair data, and anchoring onto seven pseu-
dochromosomes (2n=14) using Hi-C (fig. 1a and
supplementary table 1 and fig. 2, Supplementary Material
online). The final assembly size (3.7 Gb; including unanchored
scaffolds) and GC content (37.87%) (table 1 and supplemen-
tary fig. 3, Supplementary Material online) are similar to the
two other sequenced South American marsupial species—

3.61Gb and 37.82% for M. domestica and 3.42Gb and
37.36% for the D. virginiana, respectively. The G. agilis as-
sembly has a contig N50 of 56.9kb, a scaffold N50 of
683.5 Mb (table 1), and the assigned chromosomes are highly
homologous to M. domestica assembly MonDom5 (contig
N50 108.0kb; scaffold N50 Mb 528.0 Mb) (fig. 1b). The G.
agilis genome is composed of 49.7% repeat elements, includ-
ing 42.3% LINEs, 12.1% LTRs, and 12.0% SINEs (table 1 and
supplementary tables 2 and 3, Supplementary Material on-
line). Out of 9,226 mammalian BUSCO genes, we recovered
7,889 (88.10%) (table 1). We also obtained a complete
16,336 bp mitochondrial genome from the mate-pair data
(supplementary fig. 4, Supplementary Material online).

Conclusions

In this work, we report the genome assembly of G. agilis—the
third from the more than 100 species of South American
marsupials. We hope that our current efforts, which
employed the relatively inexpensive (~USD 1,000 per sample)
StLFR sequencing technology (Stiller and Zhang 2019), will
provide an impetus for a wave of genomics research in
South America. Indeed, a consortium to facilitate such work
will be delineated in an upcoming manuscript (Fisher et al., in
preparation). Gracilinanus agilis is also one of a handful of
South American marsupials that exhibits semelparity and, to-
gether with recent genomes of semelparous Australian rela-
tives of genus Antechinus (Brandies et al. 2020; Tian et al.
2021), provides the first of many required to unravel a com-
plex life-history strategy. Taken together, the chromosome-
level G. agilis genome presented in this report should provide
a valuable resource for a wide range of research on
marsupials.

Materials and Methods
DNA Sequencing

An adult male agile gracile mouse opossum (Gracilinanus agi-
lis; LMUSP501) was sampled in Estacao Ecolégica do Panga,
Uberlandia, MG, Brazil (19°9'S, 48°23'W) in May 2019.
Kidney and liver tissues were sequenced by single-tube
Long Fragment Read (stLFR) (Fan et al. 2019; Wang et al.
2019) and short-insert library whole-genome sequencing on
the BGISEQ-500 platform (2 x 100 bp reads), respectively. A
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Fic. 1.—Overview of the Gracilinanus agilis genome assembly. (a) Assembly circos plot. The outermost segment represents chromosome sequences,
with the numbers on the external surface indicating genome size (Mb). Line plots, from outside to inside, respectively, represent the distribution of CDS
density (from 0 to 0.15), GC content (from 0.30 to 0.65) and TE ratio (from 0.2 to 1.0). Frequencies were calculated in 500 kb sliding windows. Photography
courtesy of Noé U. de la Sancha (Chicago State University and Field Museum of Natural History, Chicago). (b) Circos plot showing shared synteny of G. agilis
(chr1—chr7) and the gray short-tailed opossum (Monodelphis domestica) (NC_008801.1-NC_008809.1). Aligned using LASTZ. The synteny blocks are linked
using lines colored in accordance with the G. agilis chromosomes. Aligned blocks with length shorter than 10 kb are not shown. Chr7 in G. agilis corresponds

to the X chromosome of M. domestica.

total of ~358Gb (~100x) stLFR reads were generated.
SOAPnuke v1.5 (Chen et al. 2018) was used to filter out
low-quality reads, PCR duplicates, and adaptors. Next,
~264Gb filtered (clean) data were assembled, using
Supernova v2.1.1 (Weisenfeld et al. 2017) and the
SOAPdenovo2 module Gapcloser v1.10 (Luo et al. 2012),
and short-insert library WGS data (~50x) were used to close
gaps. Genome size was estimated by k-mer analysis of 100 bp
paired-end WGS reads by GCE (Genomic Charactor
Estimator) v1.0.0 (Marcais and Kingsford 2011) (supplemen-
tary fig. 5, Supplementary Material online). Liver Hi-C libraries
were sequenced on the BGISEQ-500 platform and quality
controlled using HiC-Pro v2.8.0_devel (Servant et al. 2015),
resulting in ~29 Gb uniquely aligned read pairs. Reads vali-
dated by HiC-Pro were used to scaffold contigs into seven
chromosome clusters using the 3D-DNA v1.12 (Dudchenko
etal. 2017). The assembly was further improved by interactive
correction using Juicebox v1.11.08 (Durand et al. 2016;
Dudchenko et al. 2018). Assembly quality was assessed using
BUSCO (Benchmarking Universal Single-Copy Orthologs)
v5.0.0_cv1 (Seppey et al. 2019) (mammalia_odb10 gene set).

We also generated the complete mitochondrial genome of
G. agilis from 100 bp WGS reads (see supplementary meth-
ods, Supplementary Material online).

Genome Annotation

We identified repetitive elements by integrating homology
and de novo prediction data. Protein-coding genes were an-
notated using homology-based prediction, de novo predic-
tion, and RNA-seg-assisted (generated from kidney, skeletal
muscle, and liver from two male individuals) prediction meth-
ods. For details, see supplementary methods, Supplementary
Material online.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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Table 1 (JADWMEO00000000) and the mitochondrial assembly at
Summary of Gracilinanus agilis Genome Assembly and Annotation GenBank (MT219489).
Genome Estimated genome size 3.40 Gb
assembly Assembly size (scaffold) 3.70 Gb Literature Cited
Assembly size (contig) 3.40 Gb ) > . .
) Albanese MS, Ojeda RA, Astié AA. 2021. Delayed mortality of males in
Hi-C anchored rate 92.57% . .
) Thylamys bruchi, a semelparous marsupial from the Monte Desert,
Contig number 146,614 Argentina. J Mamm. 102(1):258-269.
Contig N30 56.91 kb Asttia D. 2015. Family Didelphidae (Opossums). Handb Mamm World.
Longest contig 649.78 kb 5:70-186.
Scaffold number 61,400 Baker A, Dickman C. 2018. Secret lives of carnivorous marsupials. CSIRO
Scaffold N50 683.52 Mb Publishing, Melbourne, Australia.
Longest scaffold 801.37 Mb Baladrén AV, Malizia Al, BS MS, Liébana MS, Bechard MJ. 2012. Population
GC content 37.87% dynamics of the southern short-tailed opossum (Monodelphis dimidiata)
Gaps (N) 8.25% in'the Pampas of Argentina. Aust J Zool. 60(4):238-245. '
. Brandies PA, Tang S, Johnson RSP, Hogg CJ, Belov K. 2020. The first
Transposable Annotation Percent . ; . -
Antechinus reference genome provides a resource for investigating
elements DNA 2.18 ) ) . .
the genetic basis of semelparity and age-related neuropathologies.
LINE 42.30 Gigabyte 2020:1-22.
SINE 11.98 Chen Y, et al. 2018. SOAPnuke: a MapReduce acceleration-supported
LTR 12.05 software for integrated quality control and preprocessing of high-
Other 0.000094 throughput sequencing data. GigaScience 7(1):1-6.
Unknown 1.64 Collett RA, Baker AM, Fisher DO. 2018. Prey productivity and predictability
Total 49.71 drive different axes of life-history variation in carnivorous marsupials.
Protein-coding  Predicted genes 24,425 Proc Biol lSC'-A 285:20181291. )
genes Average transcript length 64,360 bp DeaklnlJE, QNQII RJ. 2020. Evolution of marsupial genomes. Annu Rev
Average coding sequence length 1,510 bp Anim BIO.SCI' 8:25-45. .
de Andreazzi A, et al. 2011. Population ecology of small rodents and
Average exon length 179 bp i . . )
) marsupials in a semi-deciduous tropical forest of the southeast
Average intron length 8,448 bp Pantanal, Brazil. Zoologia (Curitiba) 28:762-770.
Functionally annotated genes 20,492 Dudchenko O, et al. 2017. De novo assembly of the Aedes aegypti ge-
BUSCO Complete BUSCOs (C) 8,128 (88.10%) nome using Hi-C yields chromosome-length scaffolds. Science
Complete and single-copy 7,889 356(6333):92-95.
BUSCO:s (S) Dudchenko O, et al. 2018. The Juicebox Assembly Tools module facilitates
Complete and duplicated 239 de novo assembly of mammalian genomes with chromosome-length
BUSCOs (D) scaffolds for under $1000. Preprint at http:/biorxiv.org/content/10.
Fragmented BUSCOs (F) 290 B 11(?:\1/?:5479|7V21616 Juiceb i sualizati for HiC
Missing BUSCOs (M) 808 uran ,etal . Juicebox provides a visualization system for Hi-

Note.—Hi-C anchored rate refers the proportion of scaffolded bases assembled
onto seven pseudochromosomes. Assembly quality was assessed using BUSCO
5.0.0_cv1 with the 9,226-gene mammalian odb10 data set.

University of Uberlandia Ethics Committee on Animal Use
(152/13).
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