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Abstract

The family Tomoceridae is among the earliest derived collembolan lineages, thus is of key importance in understanding the evo-
lution of Collembola. Here, we assembled a chromosome-level genome of one tomocerid species Tomocerus qinae by combin-
ing Nanopore long reads and Hi-C data. The final genome size was 334.44 Mb with the scaffold/contig N50 length of 71.85/
13.94 Mb. BUSCO assessment indicated that 96.80% of complete arthropod universal single-copy orthologs (n= 1,013) were
present in the assembly. The repeat elements accounted for 26.11% (87.26 Mb) and 494 noncoding RNAs were identified in
the genome. A total of 20,451 protein-coding genes were predicted, which captured 96.0% (973) BUSCO genes. Gene family
evolution analyses identified 4,825 expanded gene families of T. qinae, among them, 47 experienced significant expansions,
and these significantly expanded gene families mainly involved in proliferation and growth. This study provides an important
genomic resource for future evolution and comparative genomics analyses of Collembola.
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Introduction
Collembola (springtails) are basal hexapods renowned for
their ancient origin. Fossil of the Devonian (ca. 400 million
years ago) Collembola species Rhyniella praecursor is the
oldest unequivocal records of hexapods. Being one of the
most successful arthropod lineages, springtails are ubiqui-
tous in terrestrial ecosystems and particularly important
members of the soil communities, occurring primarily in
humid habitats of forests and grasslands, and even colonizing

deep soil layers (Handschin 1955; Orgiazzi 2016). Some col-
lembolan species are sensitive to environmental factors, thus
their appearance and life history traits are ideal indicators for
soil ecotoxicology and environmental changes (Hopkin
1997). Despite its remarkable evolutionary and ecological sig-
nificance, many aspects of Collembola have not been suffi-
ciently understood. Notably, its systematic position and the
relationship between its families are still controversial; the ex-
act ecological roles of each groups in soil ecosystems have not
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been determined; the functional divergence of different taxa
is poorly known; the gene-level regulation of its metabolism,
growth, reproduction, and body organization has not been
addressed. This situation is highly attributed to the deficiency
of high-quality genetic references data of Collembola. To
date, a total of 39 genomes of Collembola have been avail-
able in the NCBI database (accessed January 10, 2022), in-
cluding the genome of Tomocerus qinae (264.85 Mb)
which was based on the Illumina sequencing (Sun et al.
2020). Among them, only seven species have been se-
quenced based on PacBio long reads.

To increase the knowledge on the evolution and ecology of
Collembola, herewe reported a collembolan species, T. qinae,
belonging to the family Tomoceridae (Yu et al. 2016).
According to recent molecular phylogeny, this family is prob-
ably the earliest derived collembolan lineage (Sun et al. 2020),
thus may provide information about the ancestral states of
collembolan genome. Besides, this family has distinctly larger
body size (3–8 mm) than most other Collembola families
(0.2–2 mm), thus comparing its genome to other collem-
bolan genomes may help to understand the mechanism
of body size regulation in this ancient arthropod lineage
(Yu et al. 2021). In this study, we applied
Oxford Nanopore (ONT) and Hi-C sequencing to obtain a
chromosome-level genome assembly for T. qinae, and fur-
ther analyzed gene annotation, gene family evolution, and
significantly expanded gene families in this species.

Results and Discussion

Genome Assembly

In total, we generated 41.26 Gb (�123×) ONT reads,
39.65 Gb (�119×) Illumina short reads, 41.26 Gb (�123×)
Hi-C data, and 9.67 Gb transcriptomic data. The mean and
N50 length of the genomic ONT reads were 22.45 and
33.62 kb, respectively.

Based on the Illumina reads, the genome size of T. qinae
was estimated to be 313.14–313.67 Mb through k-mer
analysis (k= 21). The estimated heterozygosity and duplica-
tionwere about 0.57%and 17.97%, respectively. Genome
assembly was conducted using NextDenovo, which had
a size of 370.38 Mb with 177 contigs. After polishing,
removing heterozygous sequences, Hi-C scaffolding
and contaminant detection, the final assembly length
of T. qinae was 334.44 Mb, consisting of 115 contigs.
The scaffold/contig N50 length was 71.91/13.94 Mb,
and 96.16% of assembled sequences anchored on five chro-
mosomes and GC content was 34.42% (supplementary
fig. S1, Supplementary Material online). A total of 64,468
transcripts were assembled with N50 length of 4.88 kb
based on the genome-guided strategy.

The mapping rates of the ONT and Illumina were
98.09% and 94.78%, respectively. BUSCO analysis

found 96.80% (single-copied genes: 94.10%, dupli-
cated genes: 2.70%), 0.80%, and 2.40% of the 1,013
expected genes, which were identified as complete, frag-
mented, and missing sequences, respectively. Compared
with the Sinella curviseta (Zhang et al. 2019) and Folsomia
candida (Faddeeva-Vakhrusheva et al. 2017) assembly, the
genome of T. qinae had greater contig contiguity and com-
pleteness, indicating that the assembled genome in this
study was of high quality (table 1).

Gene Annotation

A total of 26.11% (87.26 Mb) repetitive elements were
identified in the genome of T. qinae. The top five abundant
repeat categories were unclassified (15.92%), long ter-
minal repeat (LTR) (3.88%), DNA elements (2.77%), long
interspersed element (1.43%), and rolling circle (0.91%).
The most abundant LTR and DNA transposons found in
the T. qinae assembly were Pao and Maverick, accounting
for 1.23% and 0.46%, respectively (supplementary table
S1, Supplementary Material online).

We predicted 20,451 protein-coding genes (PSGs) of the
T. qinae genome. The average exon number per gene was
7.23, with mean exon and intron lengths of 387.54 and
556.85 bp, respectively. According to the BUSCO assess-
ment, 96% complete BUSCO genes were successfully iden-
tified in the 1,013 assessed genes. Compared with
S. curviseta (90.8%) and F. candida (77.6%), gene
predictions of T. qinae had higher BUSCO completeness
(table 1), which indicated the high quality of the genome an-
notation in this study. Furthermore, a total of 16,537
(80.86%)of the predictedgeneswere functionally annotated
in the UniProt database. There were 12,932, 9,558, 3,953,
6,037, 4,006, and 13,882 genes annotated with Gene
Ontology (GO) terms, Kyoto Encyclopedia of Genes and
Genomes (KEGG) KEGG Orthology (KO) terms, Enzyme
Codes, KEGG pathways, Reactome pathways, and Clusters
of Orthologous Gene categories, respectively. A total of
494 noncoding RNAs (ncRNAs) were predicted using
Infernal and tRNAscan, with 119 rRNAs, 38miRNAs, 61 small
nuclear RNAs, 1 long ncRNA, 131 tRNAs (22 isotypes), 6 ribo-
zymes, and 138 other ncRNAs (supplementary table S2,
Supplementary Material online).

Gene Family Evolution

A total of 143,573 (88.8%) genes were clustered into
18,476 gene families (orthogroups) using OrthoFinder.
The gene family clusters were divided into five categories
with the following counts of orthogroups genes: 3,292 all
species present; 1,110 universal single-copy; 312 unique
to five Collembola species, and 18,078 other unassigned,
respectively. In the T. qinae genome, 17,606 (86.1%) genes
were clustered into 10,030 orthogroups, including 721
orthogroups that contained 3,286 species-specific genes.
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The phylogenetic tree was structured using IQ-TREE based on
1,110 single-copy orthologous genes. In the tree obtained,
we confirmed that Collembola and Insecta were found to
be reciprocally monophyletic once more. Collembola was
sister-group to Insecta (fig. 1a), this result is in agreement
with that of Timmermans et al. (2008), who used ribosomal
protein genes, and that of Faddeeva et al. (2015), who used
transcriptomes to reconstruct the phylogeny of Pancrustacea.

A total of 2,189 (11.85%) and 4,825 (21.15%) gene
families experienced expansions and contractions in
T. qinae, respectively; among which 49 (47 expansions
and 2 contractions) were significantly evolving gene fam-
ilies. The significant expanded families were involved in
detoxification, digestion, growth, and taste (fig. 1b).
Significantly expanded gene families suggest that advan-
cing proliferation and growth abilities of T. qinae are
probably responsible for its larger body size than other
Collembola species. However, further research is needed
to investigate the importance of these expanded gene
families in the evolution of Collembola.

Materials and Methods

Sample Collection and Sequencing

The strains of T. qinae used for genome sequencing were
collected from the Purple Mountain (China, Nanjing) in
July of 2016, whichwere continuously cultured on peat-soil
based microcosms for 5 years. In order to reduce heterozy-
gosity, samples were bred for more than ten generations in
our lab. A hundred, 30, 20, and 50 adult individuals were
prepared for ONT, genome survey, transcriptome, and
Hi-C sequencing, respectively.

Genomic DNAwas extracted usingQiagen Blood and Cell
Culture DNA Mini Kit for Illumina sequencing and using 1D
DNA Ligation Sequencing kit SQK-LSK109 for Nanopore se-
quencing. Genomic RNA was extracted using (DP441)
RNAprep Pure Plant Plus Kit with default handing protocols,
and library was constructed by ONT PromethION platform.
The paired-end libraries of a 350 bp-insert size were gen-
erated using Truseq DNA PCR-free kit based on the
Illumina NovaSeq 6,000 platform. The library with an
insert size of 30 kb was constructed using the ONT
PromethION platform. Illumina sequencing was carried
out by Berry Genomics (Beijing, China), ONT and transcrip-
tome sequencing was performed by BENAGEN (Wuhan,
China). The Hi-C library was prepared and sequenced by
BGI MGISEQ-2000 with paired-end reads of 150 bp by
Frasergen (Wuhan, China).

Genome Size Estimation and Genome Assembly

Raw Illumina data were quality filtered using BBTools suite
v.38.67 (Bushnell 2014). Duplicated reads were removed
using “clumpify.sh.” The “bbduk.sh” was used to trim se-
quences with quality scores ,20; filter out sequences with
.5 Ns, and reads shorter than 10 bp; trim the poly-A/G/C
tails longer than 10 bp; and correct overlapping paired
reads. The frequency distribution of 21-mer was performed
using GenomeScope v.1.0.0 with the maximum k-mer
coverage of 10,000 (Vurture et al. 2017).

Raw ONT reads longer than 4.3 kb were assembled
using Nextdenovo v.2.3.1 (https://github.com/Nextomics/
NextDenovo). Preliminary assembly was polished with two
rounds of Illumina short reads using NextPolish v.1.1.0
(Hu et al. 2020). Redundant heterozygous regions were

Table 1
Genome assembly and annotation statistics of three Collembola species

T. qinae S. curviseta F. candida

Genome assembly
Assembly size (Mb) 334.44 381.46 221.70
Number of scaffolds/contigs 115/272 599/599 162/228
Longest scaffold/contig (Mb) 140.45/25.68 12.99/12.99 28.53/20.23
N50 scaffold/contig length (Mb) 71.85/13.94 3.28/3.28 6.52/4.89
GC (%) 34.42 37.51 37.52
Gaps (%) 0.05 0 0.11
BUSCO completeness (%) 96.8 95.3 97.0

Gene annotation
Protein-coding genes 20,451 23,943 28,734
Mean protein length (aa) 518.16 524.60 461.54
Mean gene length (bp) 6,083.26 4,040.85 4,615.44
Exons per gene 7.23 5.59 6.89
Exon (%) 17.13 15.69 31.90
Mean exon length 387.54 446.95 357.02
Intron (%) 20.07 9.67 28.00
Mean intron length 556.85 364.58 414.36
BUSCO completeness (%) 96.0 90.8 77.6
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removed using Purge Haplotigs v.1.1.0 (Roach et al. 2018)
based on the cutoff set as 60 for identifying each contig as a
haplotig (“-s 60”). During the redundancy removal and
short-read polishing steps, Minimap2 v.2.17 (Li 2018) was
used as the read mapper.

The Hi-C sequencing reads were aligned to the assembly
using Juicer v.1.6.2 (Durand et al. 2016). The primary con-
tigs were further assembled into chromosomes using the
3D-DNA v.180922 with default parameters (Dudchenko
et al. 2017). We used Juicebox v.1.11.08 (Durand et al.
2016) to manually correct the errors of the assembly by
visualizing the Hi-C heatmaps. We used BLAST+ (blastn)

v.2.7.1 (Camacho et al. 2009) against the NCBI nucleotide
and UniVec databases to detect potential contaminant
sequences.

The quality assessment of the final genome assembly
was performed using the following two methods.
Firstly, ONT long reads and Illumina short reads were
mapped to the assembly using Minimap2 and the map-
ping rate was calculated using SAMtools v.1.10 with
“flagstat” parameter (Li et al. 2009). Secondly, the com-
pleteness of the assembly was evaluated using BUSCO
v.3.0.2 (Waterhouse et al. 2018) based on the arthropo-
da_odb 10 database (n= 1,013).

0 5000 10000 15000 20000 25000

1:1:1

N:N:N

Collembola

Species-specific

Others

Unassigned

-500 -400 -300 -200 -100 0

Drosophila melanogaster

Tribolium castaneum

Orchesella cincta

Folsomia candida

Daphnia magna

Holacanthella duospinosa

Sinella curviseta

Rhopalosiphum maidis

Tomocerus qinae

Zootermopsis nevadensis

1463/10853/22

1117/1585/17

860/1055/17

2154/1502/14

1046/3309/13

2248/4679/55

2017/2223/203

1938/1748/257

2189/4825/49

966/9211/12

68/1025/1

24/440/2

61/7550/5

77/0/6

95/282/2

479/3106/13

1338/2338/94

1/644/0

(a)

(b) 96

52

39

28 25 24 23 22 22 21 21 20 20 20

FIG. 1.—(a) Phylogenetic and gene family evolution analyses of T. qinae and another nine arthropod species. Node values indicate the number of gene
families showing expansion, contraction, and rapid evolution. “1:1:1” represents shared single-copy genes, “N:N:N” asmulticopy genes shared by all species,
“Collembola” as shared orthologs unique to Collembola, “Others” as unclassified orthologs, “Unassigned” as orthologs which cannot be assigned into any
gene families (orthogroups). (b) The bars show top 20 significantly expanded families.
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Genome Annotation

We annotated the repetitive elements in the genome of
T. qinae by homology searching and de novo predictions.
RepeatModeler v.2.0.1 (Flynn et al. 2020) was used to con-
struct a de novo repeat library, which combined Dfam 3.1
(Hubley et al. 2016) and RepBase-20181026 databases
(Bao et al. 2015) to build the custom library. Finally,
RepeatMasker v.4.0.9 (Smit et al. 2013–2015) was used
to identify repetitive elements in the assembled genome
based on the repeat library. Noncoding RNAs were pre-
dicted using Infernal v.1.1.2 (Nawrocki and Eddy 2013)
and tRNAscan-SE v.2.0.6 (Chan and Lowe 2019), and tRNAs
of high confidence were confirmed using tRNAscan-SE with
“EukHighConfidenceFilter.”

PSGswerepredictedunder three lines of evidence including
ab initio, RNA-seq, and protein homology. Ab initio gene pre-
diction and gene model training were performed with
BRAKER v.2.1.5 pipeline (Hoff et al. 2016), which trained
Augustus v.3.3.2 (Stanke et al. 2004) and GeneMark-ES/ET/
EP 4.48_3.60_lic (Brůna et al. 2020) integrating evidence
from OrthoDB10 v1 database (Kriventseva et al. 2019) and
transcriptomic data. Then gene structure annotations in the
genome were automatically generated by BRAKER. RNA-seq
alignments were produced using HISAT2 v.2.2.0 (Kim et al.
2015). RNA-seq data were further assembled into transcripts
with genome-guided assembler Stringtie v.2.1.3 (Kovaka
et al. 2019). The protein sequence of Drosophila melanoga-
ster, Tribolium castaneum, Apis mellifera, Bombyx mori, and
Daphnia magna were downloaded from the NCBI database
as protein homology evidence (supplementary table S3,
Supplementary Material online). All the above evidence was
integrated by MAKER v.3.01.03 (Holt and Yandell 2011) gen-
ome annotation pipeline.

We usedDiamond v.0.9.24 (Buchfink et al. 2015) with the
sensitive mode “--more-sensitive -e 1e-5” to generate gene
functional annotations against the UniProtKB version
2020_01 database. Furthermore, we annotated protein do-
mains, GO, and KEGG pathways using eggNOGmapper
v.2.0.1 (Huerta-Cepas et al. 2017) based on the eggnog
v.5.0 database (Huerta-Cepas et al. 2019) and InterProScan
5.41–78.0 (Finn et al. 2017) against six databases, including
Pfam (El-Gebali et al. 2019), Panther (Mi et al. 2019),
Gene3D (Lewis et al. 2018), Superfamily (Wilson et al.
2009), SMART (Letunic and Bork 2018), and Conserved
Domain Database (Marchler-Bauer et al. 2017).

Gene Family Evolution

OrthoFinder v.2.3.8 (Emms and Kelly 2019) were used to in-
fer orthologous from ten arthropod species, including one
Crustea species (D. magna), one Diptera species (D. melano-
gaster), five Collembola species (F. candida, Holacanthella
duospinosa, S. curviseta, Orchesella cincta, and T. qinae),
one Hemiptera species (Rhopalosiphum maidis), one

Coleoptera species (T. castaneum), and one Isoptera spe-
cies (Zootermopsis nevadensis) (supplementary table S3,
Supplementary Material online).

Protein sequences of single-copy orthologs were used to
construct phylogenetic tree. MAFFT v.7.450 (Katoh and
Standley 2013) was employed to align sequences in each
single-copy ortholog with the L-INS-I strategy. We used
trimAl v.1.4.1 (Capella-Gutierrez et al. 2009) with the “auto-
mated1” heuristic method to remove alignment gaps and un-
reliable regions. The aligned sequences were concatenated
using FASconCAT-G v.1.04 (Kück and Longo 2014).
IQ-TREE v.2.07 (Minh et al. 2020) was used to construct the
tree with the partitioning strategy (“-m MFP --mset LG
--msub nuclear --rclusterf 10 -B 1,000 --alrt 1,000”).

MCMCTree of PAML v.4.9j (Yang 2007) was used to esti-
mate divergence time. Four standard divergence time points
from the paleobiodb database (https://paleobiodb.org/)
were used to calibration: root (PanCrustacea, 541 Ma),
Collembola (407.6–410.8 Ma), Holometabola (314.6–
318.1 Ma), and Entomobryoidea (272.3–279.3 Ma).

The expansion or contraction of gene families across the
phylogenetic tree was calculated using CAFÉ v.4.2.1 (Han
et al. 2013) with the single birth–death parameter lambda
(λ) and the significance level of 0.01.

Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online.
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