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Abstract

The Antarctic springtail Cryptopygus antarcticus Willem (family Isotomidae) is a representative arthropod species of the maritime
Antarctic environment that could be used as an important organism for further study of animal evolution and adaptation. Despite
the biological and ecological peculiarities that distinguish them from the majority of collembolan species, our understanding of
the genetic background behind their success in an extreme habitat remains unclear. We present the first high-quality draft gen-
ome of C. antarcticus assembled from in-depth whole genome and transcriptome sequencing data obtained from both long-
read and short-read sequencing platforms. The genome was 103.6 Mb in size with 81 scaffolds and a scaffold N50 of
3.4 Mb, appearing to have a smaller genome than that of hitherto known collembolan genomes. Following protein-coding
gene prediction and annotation analyses, 19,808 non-redundant genes were identified, representing 97.0% Benchmarking
Universal Single-Copy Ortholog (BUSCO) gene coverage. Subsequent Gene Ontology (GO) functional enrichment analyses re-
vealed that significantly expanded gene families were mainly associated with cell cycle regulation and changes in cell states or
activities, while contracted gene families were related to the inhibition of germ cell proliferation. Several glycoside hydrolase fam-
ily genes were identified in C. antarcticus, some of which may have evolved to facilitate their survival in the extreme environment.
These findings suggest that the evolution of these gene families is related to their adaptation to the habitat's extreme conditions.

Key words: adaptation, Antarctica, extreme environment, gene family evolution, glycoside hydrolase.

Significance

A high-quality draft genome of Cryptopyqus antarcticus was assembled using comprehensive whole genome and transcrip-
tome sequencing data. The assembled genome was found to be unusually small compared to other known Collembola
species. Despite its small size, the overall gene content appears similar to that of other Collembola, with the reduction likely
due to the loss of non-genic elements. Further analysis of gene family expansion and contraction, as well as the diversity of
glycoside hydrolase genes, suggests that the evolutionary patterns of these genes reflect adaptations to extreme cold and
arid conditions. This genome offers valuable opportunities for ongoing studies on animal adaptation and evolution.
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Introduction

Springtails (Collembola) are diminutive terrestrial non-insect
hexapods, representing one of the most successful arthropod
groups in their immense abundance and diversity. They are
known from various geographical regions covering a wide
range of climatic regimes from arid deserts to snow-covered
areas (Bellinger et al. 1996-2004; Bellini et al. 2023) and can
even be encountered on the surface of aquatic habitats, al-
though they are not really aquatic animals (Christiansen
1964; Deharveng et al. 2008; Olejniczak et al. 2021). In these
diverse ecological niches, they play pivotal ecological roles by
participating in organic matter processing, nutrient (re)cyc-
ling, regulation of microbial communities, and soil respiration
(Block and Tilbrook 1975; Rusek 1998). Therefore, the recog-
nition of Collembola as bioindicators for evaluating soil qual-
ity and its overall environmental health has been growing.

The Antarctic springtail Cryptopygus antarcticus is the
most common and widespread arthropod in the maritime
Antarctic region (Tilbrook 1970) and is an important species
for the study of animal adaptations to extreme environ-
ments. As such, intensive investigation into their genetics
is essential to shed light on their biological, physiological,
and ecological significance. In this study, using long-read
and short-read sequencing, we provide the first high-quality
draft genome of C. antarcticus from King George Island.

The C. antarcticus genome was assembled into a smaller
genome (~104 Mb). The analyses on the expanded and
contracted gene families and survey on several glycoside
hydrolase (GH) gene families implied that the gene evolu-
tion may be related with their adaptation to the extreme
habitat conditions. The whole genome and transcriptome
data acquired by this study will shed light on the biology
of Collembola.

Results and Discussion

General Characteristics of the C. antarcticus Genome

We generated 201.9 Gb of whole genome sequencing
(WGS) data, including 89.8 Gb of HiFi long-reads and
112.2 Gb of short-reads, and 15.6 Gb of whole transcrip-
tome mRNA sequencing (WTS) short reads (Table S1). The fi-
nal assembly yielded a genome size of 103.62 Mb with 81
scaffolds, which is consistent with estimates obtained using
JellyFish (101 to 104 Mb; Fig. S1). The scaffold N50 value for
the genome assembly was 3.37 Mb, and the largest and the
shortest scaffold lengths were 11.52 Mb and 43.30 kb, re-
spectively (Table S2). A combined 7.77% of the genome
of C. antarcticus was identified as being repetitive content
(Table S3). The HiFi read mapping rate to the final genome
assembly was 99.67%. The Benchmarking Universal
Single-Copy Orthologs (BUSCO) analysis for the assessment
of the genome assembly quality produced a completeness
score of 96.5%, including 93.1% complete single-copy

genes and 3.4% complete duplicated genes as well as
0.7% fragmented and 2.8% missing genes.

We predicted protein-coding genes (PCGs) by integrating
evidence from de novo, transcriptome, and protein-homology
analyses. This produced and initial prediction of 24,363 PCGs.
After removing isoforms, we obtained 19,808 non-redundant
PCGs, which corresponded to 93.3% complete single-copy,
3.7% complete duplicated, 0.5% fragmented, and 2.5%
missing BUSCOs (Table S4). Using public databases, we func-
tionally annotated 88.58% of the gene models (Table S5).

We also assembled a transcriptome using the WTS data.
After removal of redundant sequences, a BUSCO analysis re-
vealed a completeness score of 95.8%, with 92.0% com-
plete single-copy genes and 3.8% complete duplicated
genes, and 1.8% fragmented and 2.4% missing BUSCOs
(Table S4). The final BUSCO assessment for the transcrip-
tome assembly (95.8%) showed relative lower values to
that of the genome (96.5%), which may be caused by the
stringent criteria applied for protein prediction (Table S4).

Cryptopyqus antarcticus appears to have a significantly
smaller genome compared to its collembolan relatives
(~104 Mb vs. >220 Mb; Table 1) (Faddeeva-Vakhrusheva
et al. 2016; Faddeeva-Vakhrusheva et al. 2017; Wu et al.
2017; Zhang et al. 2019; Pan et al. 2022; Jin et al. 2023).
The BUSCO analysis, the mapping ratio of HiFi long reads
to the genome, and genome size estimates based on differ-
ent datasets all indicated that our assembly is complete,
accurate, and of high quality. Notably, the high BUSCO
gene coverage value and the generally conserved gene con-
tent imply that C. antarcticus has maintained the genetic
information for encoding the essential core genes, albeit its
small size.

Our findings suggest that the C. antarcticus has evolved
a streamlined genome by reducing non-coding DNA re-
gions. Repetitive elements in C. antarcticus make up only
7.8% (8,049,673 bp) of the genome, which is an unusually
low portion compared to other Collembola species (9.8%
to 43%; Table 1). Additional genome size reduction was
also prominent in intronic regions (Table 1). The average in-
tron number per gene in C. antarcticus was 4.9, whereas
the values in other species ranged from 16.0 to 24.5—ap-
proximately four times higher. Interestingly, despite the
lower intron counts, the number of exons per gene (5.9)
in C. antarcticus remained comparable to that of other
Collembola, which ranges from 5.9 to 8.0 per gene.
These findings further explain a notably higher gene density
within the compact genome of C. antarcticus. Similar pat-
terns of adaptation have been reported previously. Kelley
et al. (2014) observed a similarly small genome (~99 Mb)
in the Antarctic midge Belgica antarctica (Diptera:
Chironomidae). Like in our case, the smaller genome size
of B. antarctica mainly results from a reduction in introns
and repetitive elements, while maintaining a similar num-
ber of genes compared to other dipteran species.
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Antarctic Springtail Genome

Table 1 Statistical comparison of the genomes among the six Collembola species

Species C. antarcticus F. candida O. cincta S. curviseta T. ginae  H. duospinosa
Assembly size (Mb) 103.62 221.70 286.77 381.46 334.44 327.57
No. of scaffolds 81 162 9,402 599 115 62,430
Scaffold N50 3.37 Mb 20.1 kb 65.9 kb 3.28 Mb 71.85 Mb 310.2 kb
GC% 35.2 375 36.8 37.5 34.4 335
Complete BUSCO% 96.5 84.0 96.9 95.3 96.8 95.3
Genes (no./Mb)? 19,808/52.65 28,734/132.62 20,249/60.56 23,943/96.75  20,451/- 9,911/56.66
Gene mean length (bp)® 2,658 4,615 2,991 4,041 6,083 5,717
Gene density (per Mb) 191.20 129.61 70.60 62.77 61.16 30.21
Exons (no./Mb)? 116,006/28.40 197,859/70.64 118,474/32.23 133,951/59.87  -/57.19 79,659/22.71
Exons per gene? 5.90 6.89 5.90 5.59 7.23 8.04
Exon mean length (bp)® 244 357 272 447 388 285
Introns (no./Mb)? 96,198/23.00 524,921/61.98 336,337/28.33 381,850/36.88  -/67.22 242,640/33.95
Introns per gene® 4.86 18.27 16.61 16.00 - 24.48
Intron mean length (bp)? 239 118 84 97 557 140
Repetitive elements (%) 7.8 23.3 15.0 9.8 26.1 43.0
Reference This study Faddeeva-Vakhrusheva Faddeeva-Vakhrusheva et al.  Zhangetal. Panetal. Wuetal. (2017);
et al. (2017) (2016); Zhang et al. (2019) (2019) (2022) Zhang et al.
(2019)

SStatistical values for C. antarcticus in the table are calculated based on the non-redundant genome dataset. The corresponding values including isoforms are as follows:
number of genes (i.e. mRNAs), 24,363 (79.92 Mb); mean mRNA length, 3,280 bp; total number of exons in mRNAs, 161,103 (38.16 Mb); exons per mRNA, 6.61; mean exon
length, 236 bp; total number of introns in mRNAs, 136,740 (41.76 Mb); introns per mRNA, 5.61; mean intron length, 305 bp. “-": data not available.

Gene Family Expansion and Contraction Analysis

We discovered an overall 430 expanded and 358 contracted
gene families in the C. antarcticus genome. Among these, 60
and 34 gene families exhibited significant expansions and
contractions, respectively (P < 0.05) (Fig. 1a). The significantly
expanded gene families contain the GO terms related to cell
cycle regulation, changes in cell states or activities
(GO:0060544, GO:0060546, GO:0062098, GO:0062099,
G0:1902230), and to behavioral response to starvation and
cold acclimation (G0O:0042595, GO:0009631) (Fig. 1b). The
contracted gene families are associated with terms related
to inhibition of germ cell proliferation (GO:2000254,
G0:2000255, GO:1905937, GO:0002176) (Fig. 1¢). The ra-
pid evolution of the aforementioned gene families has likely
been beneficial for their survival in the polar habitats. Due
to the Antarctic environment limiting C. antarcticus to only
a short period of biological activity, the genes within the ex-
panded gene families may enable rapid reactivation of their
physiological processes. Conversely, the reduction in the
gene families involved in the suppression of gamete prolifer-
ation may improve reproductive efficiency during the short
breeding season. Further studies are required to clarify the
importance of these gene families in the context of
Collembola evolution.

GH Family Genes in C. antarcticus

We initially analyzed six enzymes categorized into five GH
gene families: endo-p-1,4-glucanase (EC 3.2.1.4) of GH45
and GH9; glucan 1,3-B-glucosidase (EC 3.2.1.58) and man-
nan endo-1,4-B-mannosidase (EC 3.2.1.78) of GH5;

polygalacturonase (EC 3.2.1.15) of GH28; and a-N-acetylga-
lactosaminidase (EC 3.2.1.49) and a-galactosidase (EC
3.2.1.22) of GH27 (Table S6). Phylogenetic analyses revealed
that two enzymes, endo--1,4-glucanase of GH45 and man-
nan endo-1,4-B-mannosidase of GH5, may have undergone
distinct evolutionary trajectories.

In GH45, the collembolan gene subtree containing two
putative C. antarcticus genes (g1646.t1 and g14392.t1)
was split into two by the insertion of the Rotifera gene sub-
tree (Fig. 2a). Consequently, g14392.t1 appeared to be se-
parated from other collembolan GH45 genes, which
include another novel gene, g1646.t1. Interestingly,
g14392.t1 shows high sequence similarity to previously re-
ported sequences ACV50414.1 and ACV50415.1, both
known to exhibit unique cold-active and thermo-tolerant
properties (Song et al. 2017).

Similarly, among four putative GH5 subfamily 10
(GH5_10) genes encoding mannan endo-1,4-B-
mannosidase, two candidates (g6007.t1 and g14415.11)
exhibited unusual phylogenetic positions. Although all col-
lembolan GH5_10 genes formed a lineage-specific clade re-
lated to those from other metazoans (Insecta and
Mollusca), these two genes showed a closer affinity to
those from the relatively distant collembolan species
Tomocerus ginae (family Tomoceridae) (Fig. 2b). In con-
trast, the other two GH5_10 genes (g12285.t1 and
g12801.t1) are more similar to their counterparts from
the more phylogenetically related species Folsomia candida
(Isotomidae, the same family as C. antarcticus). Notably, al-
though the “unusual” positions of the two GH5_10 genes
may represent only subtle deviations compared to the
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nodes. Collembolan groups are highlighted in green, blue, and red shadings by the respective genes.

Genome Biol. Evol. 17(12)  https://doi.org/10.1093/gbe/evaf233  Advance Access publication 1 December 2025 5

GzZ0z Jequieoa oz uo Jasn Alelqi] sndwen Buossuy ‘Alsiaaiun Buy Buny) Aq 26819£8/£8ziend/zL/ /. L/eonie/aqb/woo dnoroiwapese//:sdiy wol) papeojumoq



Jeon et al.

GH45 case, the phylogenetic relationships of other GH
genes, including GH5 subfamily 9 (GH5_9, glucan
1,3-B-glucosidase), were generally consistent with their
species-specific evolutionary patterns (Fig. 2b; Figs. S2 to
S4). In addition to the phylogenetic implications, the high
sequence similarity (especially for g14415.11) to the previ-
ously reported B-1,4-mannanase sequence of C. antarcticus
(ABV68808.1), which is also known to exhibit cold-active
properties (Song et al. 2008), may further support its poten-
tial enzymatic function under cold conditions.

Both GH45 and GH5_10 gene families in this study con-
tained two types of genes: phylogenetically conserved genes
(91646.t1 for GH45; g12285.t1 and g12801.t1 for
GH5_10) and more divergent genes (g14392.11 for GH45;
g6007.t1 and g14415.t1 for GH5_10). This may suggest
that possessing both general and specialized genes enhances
not only the organism'’s survival in extreme environments but
also its ability to cope with severe seasonal fluctuations such as
drastic changes in temperature, water availability, and food
resources.

Hypothetical Insights into Small Genome Evolution

The Mutational Hazard Hypothesis posits that the effective
population size (Ng) reflects the intensity of random genetic
drift and that lineages with high N, tend to have smaller gen-
omes due to more efficient selection against the accumulation
of slightly deleterious non-genic elements such as transpos-
able elements (TEs) (Lynch and Conery 2003; Lynch 2010).
In this context, the present compact genome of C. antarcticus
may have originated from its initially large N. The Antarctic
springtail is numerically dominant throughout the maritime
Antarctic, with population densities estimated between
2.5%10° and 1.5x10° individualssm™2 (Block 1982;
Convey and Smith 1997; Hayward et al. 2004). In comparison,
another Antarctic Collembola, Friesea grisea, has densities be-
tween 20 and 4.6 x 10% individuals-m™ (Block 1982; Convey
and Smith 1997; Hayward et al. 2004). Thus, although we do
not know the historical demographic changes in the N, of C.
antarcticus, its overall population size may be sufficiently large
to drive genome size reduction.

More recent studies, however, have reported no statis-
tical support for a relationship between increased genetic
drift (expected to be stronger under low N,) and TE expan-
sions (Bast et al. 2016; Yang et al. 2024; Marino et al.
2025). In light of these findings, no universal explanation
for genome size evolution has yet been established. In
this regard, we suggest an alternative mechanism driven
by “extrinsic environmental selection” which might be
equally or even more important in shaping the C. antarcti-
cus genome. Prolonged cold and dry Antarctic seasons
force organisms into extended inactive states, thereby limit-
ing reproduction and resulting in low genetic exchange
within populations. These conditions may further act as a

strong selective constraint, favoring individuals with greater
fitness to withstand the environmental stresses.
Subsequent reproduction among these “survivors” during
the short summer period, after the “screening process”
(see Block 1982 for the annual fluctuation in the population
size), may lead to a rapid fixation of strongly selected muta-
tions (e.g. the GH genes and the expanded/contracted
gene families in this study) that confer higher tolerance
and resistance to extreme conditions. Such annually re-
peated processes may effectively amplify the dominance
of strong selection. In addition, the potential (dis)advan-
tages and efficiency of maintaining relatively large gen-
omes under extremely low temperatures and water
scarcity represent another issue to consider, though this
lies beyond the scope of our present study.

Admittedly, our alternative hypothesis remains largely
theoretical and speculative. Nevertheless, providing gen-
omic information for C. antarcticus offers a critical starting
point for investigating adaptation and evolution in polar or-
ganisms. Continued focus on these animals will thus signifi-
cantly enhance our understanding of interactions between
organisms and their environments as well.

Materials and Methods

Sample Collection and Sequencing

Approximately 4,000 Antarctic springtails, collected near
King Sejong Station (King George Island) in December
2022 and 2023, were used for NGS analysis using a
PacBio Revio system for HiFi long reads and an lllumina
NovaSeq 6000 platform for short-read WGS and WTS data.

Data Filtering and Assembly

lllumina reads were filtered with fastp v0.23.4 (Chen et al.
2018), and potential contaminants were removed with
KRAKEN2 v2.1.3 (Wood et al. 2019). HiFi reads were de
novo assembled with NextDenovo v2.5.2 (Hu et al. 2024),
followed by polishing (NextPolish v1.4.1; Hu et al. 2020),
haplotig removal (Purge_haplotigs v1.1.2; Roach et al.
2018), scaffolding (P_RNA_scaffolder; Zhu et al. 2018),
and gap closing (LR_Gapcloser; Xu et al. 2019). A second
round of the polishing steps was conducted. Assembly
quality was assessed with BUSCO v5.6.1 (Manni et al.
2021) using the arthropoda_odb10 dataset (n=1,013).
HiFi read mapping was performed with minimap2 v2.26
(Li 2018) and Samtools v1.9 (Danecek et al. 2021).
Transcriptome assembly was conducted from cleaned
WTS data using SPAdes v3.15.5 (Bushmanova et al. 2019).

Genome Size Estimation

Genome size was estimated using Jellyfishv2.3.0 (Marcaisand
Kingsford 2011), and the k-mer histograms were inspected via
GenomeScope2.0 (Ranallo-Benavidez et al. 2020).
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Gene Prediction and Annotation

Repetitive elements were identified de novo using
RepeatModeler v2.0.5 (Smit and Hubley 2008-2015) and
masked by RepeatMasker v4.1.5 (Smit and Hubley 2013-
2015). Gene prediction was performed using BRAKER3
v3.0.6 (Gabriel et al. 2024), incorporating RNA-seq data and
reference proteins from Arthropoda and three other
Collembola (Supplementary Material). Predicted PCGs were
annotated using Diamond BLASTp v2.1.9.163 (Buchfink
et al. 2021) search against the SWISS-PROT (2024 January
22; Bairoch and Apweiler 2000) and NCBI non-redundant da-
tabases (2024 January 10; https:/www.ncbi.nlm.nih.gov/
protein). Functional annotation was carried out with
eggNOG-mapper v2.1.12 (Cantalapiedra et al. 2021) based
on GO, KEGG, KOG, and Pfam databases.

Gene Family Evolution

Orthologs were identified among eight arthropods, includ-
ing four Collembola, two Insecta, and two Branchiopoda,
using OrthoFinder v2.5.5 (Emms and Kelly 2019). The re-
sults of OrthoFinder run can be found in Supplementary
Material. A species phylogenetic tree based on single-copy
genes was reconstructed using FastTree v2.1.11 (Price et al.
2010) by applying the ultrasensitive Diamond BLAST search
strategy and maximum-likelihood tree inference options.
The phylogeny tree was converted into an ultrametric tree
topology with a root age of 505 MYA, representing the split
of Branchiopoda and Hexapoda (Kumar et al. 2022). Gene
family expansions and contractions were inferred using
CAFE5v5.1.0 (Mendes et al. 202 1) with a single birth-death
parameter lambda (A). Functional enrichment of expanded
and contracted gene families was analyzed with TBtools-Il
v2.102 (Chen et al. 2023), incorporating the GO ontology
database (2024 June 20; https:/geneontology.org/docs/
download-ontology).

Identification of GH Family Genes

The GH gene sequences from various organisms were
retrieved from GenBank using accession numbers listed
in the CAZy database (2024 September 9; https://www.
cazy.org/Glycoside-Hydrolases) and  previous studies
(Watanabe and Tokuda 2010; Eyun et al. 2014). These se-
guences were used as queries in BLAST searches against the
predicted protein sequences of C. antarcticus obtained
from BRAKER analysis (e-value < 1e-10). Additional protein
data were sourced from the transcriptome assembly, and
coding regions were identified using TransDecoder v5.7.1
(https:/github.com/TransDecoder/TransDecoder). To re-
duce redundancy, CD-HIT v4.8.1 (Li and Godzik 2006)
was employed with a 95% sequence similarity threshold.
The final transcriptome-derived proteins were used to sup-
plement any missing genes from the BRAKER proteins. The

same BLAST search was repeated for the protein data from
three other Collembola.

Multiple Sequence Alignment and Phylogenetic Analysis

Protein sequences of GH family genes were aligned using
MAFFT v7.520 (Katoh and Standley 2013) with L-INS-i algo-
rithm. Phylogenetic trees were generated using the
maximum-likelihood method in RAXML-NG v1.2.2 (Kozlov
et al. 2019) under best-fit substitution model inferred by
IQ-TREE2 v2.3.6 (Minh et al. 2020) (Table S7). Node support
was calculated with 3,000 bootstrap replicates using an
“autoMRE" option and the transfer bootstrap expectation
method (Lemoine et al. 2018).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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