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Abstract: The superfamily Entomobryoidea has been the focus of molecular studies in recent years
due to an intriguing divergence between morphological and genetic data. Recent studies based on
mitogenomes have converged on a result that suggests the non-monophyly of Paronellidae and
Entomobryidae. Here, we reanalyzed some of the raw published data and newly sequenced species
of Entomobryoidea to create phylogenetic independent matrices containing single-copy nuclear
genes (USCOs) and ultraconserved elements (UCEs). Our results corroborated with previous
phylogenies and we recovered the Orchesellidae as an independent basal family; the
Entomobryinae remained the most puzzling taxon gathering scaled and unscaled lineages of both
traditional Entomobryidae and Paronellidae; and the Seirinae were reaffirmed as the sister-group
of the Lepidocyrtinae. The sampled representatives of Paronellinae s. str. were recovered as the
sister group of Seirinae+Lepidocyrtinae, supporting their reduction on the dorsal macrochaetotaxy
and trunk sensillar pattern occurred independently from the Lepidocyrtinae.

Keywords: Whole-genome assembly; low-coverage data; soil fauna; Paronellidae; Entomobryidae

1. Introduction

Molecular studies related to the Entomobryoidea superfamily are still incipient, and
no study in the literature analyzed its internal relationships with high-resolution
molecular data, while just a few studies used mitogenomes or instead have focused on
only a few species [1,2]. Currently, the superfamily is divided into three families:
Entomobryidae, Paronellidae, and Orchesellidae [3], but during the past years many
changes were made in its internal organization. Morphological phylogenies based on
diagnostic characters which do not hold phylogenetic signal are the main reasons for the
systematic errors [4]. While the relationships within some entomobryid clades are robust,
like within the Seirinae, the resolution of the paraphyly between the families Paronellidae
and Entomobryidae remains unsolved and have not been assessed genome-wide to
determine the specific points of discordance suggested in previous studies.

The use of universal single copy orthologs (USCOs) and ultra-conserved elements
(UCEs) have proven great efficiency for phylogenetic study [5,6], but some lineages
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require probe sets specifically created to the analyzed lineage in order to increase the locus
recovery. High-quality and nearly complete reference genome assemblies were
fundamental for the initial steps of this study, and they were used to create a dataset of
universal molecular markers for Entomobryoidea following the steps available on-line in
the pipeline created by [7]. The full paper containing the details about the dataset
elaboration is under preparation, but here we already tested its maker capture through
De Novo genome assembling from low-coverage genome data (10x), employing a series
of computationally efficient bioinformatic tools. We extracted thousands of genes used to
create the first genome-scale phylogeny of the superfamily Entomobryoidea.

2. Materials and Methods
2.1. Taxon Sampling

From the current nine subfamilies of Entomobryoidea, seven were sampled here:
Heteromurinae (four genera, four spp.), Orchesellinae (two genera, three spp.),
Entomobryinae (seven genera, seven spp.), Lepidocyrtinae (four genera, six spp.), Seirinae
(three genera, five spp.), Paronellinae s. str. (three genera, three spp.), and Salininae (four
genera, five spp.). Twenty-one genomic data were newly generated for this study, while
other data were previously published or are in the publication process.

2.2. DNA Extraction and Library Preparation

For all newly sequenced specimens, genomic DNA was extracted and amplified from
one specimen/sample. All procedures followed manufacturer’s protocols. BGI high-
throughput sequencer MGIseq2000 platform was used for sequencing paired-end reads
with 150 bp length. Approximately 10 G of low-coverage data were produced for each
sample.

2.3. USCO and UCE Extraction

The initial input files were all the raw sequencing reads from 35 species. The
pipeline PLWS v1.0.6 [7] was used to assembly clean sequenced reads. Single-copy genes
were predicted using AUGUSTUS v3.3.2 [8] and then were assessed with lineage-specific
BUSCO v3.1.0 [9] to assign them to one of the orthologous groups against the
Entomobryoidea bait set (n = 3,406). USCO extraction of each species was made via custom
scripts (see [7] under “script 2” for step-by-step commands). Genes were then aligned,
trimmed and filtered based on sequence composition and based on Relative Composition
Variability (RCV). Posteriorly, gene trees were generated using IQTree v2.0.7 [10]. The
gene trees were filtered and only loci with more than 75% average bootstrap support
(ABS) value of all internal branches on the gene tree were retained; these filtering steps
have previously been shown to improve phylogenetic inference. UCE extraction of each
species was made via custom scripts (see [7] under “script 4” for step-by-step commands).
Phyluce v1.7.1 [11] was used for harvesting UCEs from genomes. The nucleotide
sequences were aligned, trimmed and the same filtering procedures for the alignments
and for gene trees described for the USCO dataset were made for the UCE dataset. PhyKIT
v.1.9.0 [12] was used to generate the supermatrix, partition, and occupancy for loci
alignments.

2.4. Phylogenetic Analyses

To avoid possible systematic errors in large genomic datasets, phylogenetic
reconstructions were made using a diverse set of analytical methods. Phylogenetic
relationships were inferred from the USCO protein and UCE nucleotides matrices based
on 33 Entomobryoidea species and two outgroups (Desoria trispinata and Folsomia candida,
both isotomids). Bayesian inference using PhyloBayes MPI Version 1.5a [13] and
Maximum Likelihood inference performed using IQ-Tree v2.0.7 [10] were done.
Individual gene trees from each gene alignment for both datasets (USCO and UCE data)
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were estimated with IQTree v2.0.7 [10], species-tree was inferred with ASTRAL v5.7.1
[14]. Tree topology tests were conducted under the likelihood framework. Four alternative
tree topology hypotheses on constraining monophyly were analyzed. Approximately
unbiased (AU) tests, Shimodaira-Hasegawa (SH) and weighted Shimodaira-Hazegawa
(WSH) tests calculated probability values (p-values) in IQ-Tree v2.0.7 [10], model
LG+SSF+F+R4. Hypotheses with p-AU negative were rejected.

3. Results
3.1. Genome Assembly and Annotation

The 21 newly assembled genomes have coverage ranging from 18.91x to 48.92x and
the approximate size ranged from 151 to 341 Mb (excluding Entomobrya proxima whose
initial sequencing data was 30G). BUSCO completeness versus the Entomobryoidea
reference set (n = 3,406) were 53.4-89%, 0.2-1.6% duplicated, 0.1-0.9% fragmented and
12.5-46.1% missing. The mean lengths of complete, single-copy BUSCO groups were 374—
445 bp for amino acid sequences. For UCEs, the number of extracted loci ranged from
2,886 to 2,233 covering 72,58% (2,663 mean loci number) of the 3,669 targeted UCE loci.
The length of each UCE locus ranged from 502 to 2,214 bp, with most around 950 bp.

3.2. Phylogenetic Analyses

The USCO data matrix used for ML analyses had 85% completeness and contained
259.307 sites and 800 loci. For the Bayesian inference, the matrix was reduced to 90%
completeness and the size was 141.262 sites and 433 loci. The UCE data matrix had 75%
completeness and contained 419.188 sites and 650 loci. Most of the datasets used in this
study recovered the topology presented in Figure 1. All tested hypotheses on the
monophyly of Paronellidae and Entomobryidae of the tree topology tests were rejected,
as well as the sister relation of Seirinae and Entomobryinae. The monophyly of
Orchesellidae was confirmed as well as its basal position within the Entomobryoidea.
Seirinae and Lepidocyrtinae are both monophyletic and sister-groups. Our results
confirmed the paraphyly of Entomobryinae and Paronellidae, and the close relationship
of the sampled representatives of Paronellinae s. str. (Cyphoderus and Troglopedetes), with
the clade Seirinae + Lepidocyrtinae with high support in all analyses.
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Figure 1. Phylogenetic relationships of the three families of Entomobryoidea and two outgroup taxa.
Orchesellidae is marked in red. Species traditionally classified as Entomobryidae are marked in blue
and as Paronellidae are marked in green. Numbers at the nodes represent ML bootstrap values and
Bayesian posterior probabilities, respectively.

4. Discussion

Our main results are on pair with recent molecular phylogenies of the
Entomobryoidea, as well as the detailed ontogenetic study of Szeptycki [15]. Although the
systematic view of the Orchesellidae as a family, gathering scaled and scaleless taxa, is
not a consensus, recent studies combining morphological and molecular data [3] and
mitogenomes [1] support the separation of the Orchesellidae from other Entomobryoidea.
Also, our tree found the scaled Heteromurinae as an independent taxon from the unscaled
Orchesellinae. Although such data is highly supported by morphology and other
molecular studies [3,16], it was not observed in mitogenome based analysis [1].

The Entomobryinae remains a puzzling group based on our data and previously
published papers [1,3,4]. It gathers scaled and unscaled taxa with different furca
morphologies, Paronellidae and Entomobryidae-like, following the traditional
systematics of the Entomobryoidea [1,3,4]. Such findings in independent studies based in
different molecular markers and/or morphological evidence strongly support that the
emergence of scales within the Entomobryoidea occurred multiples times, as well as the
modifications on the furca morphology (e.g., loss of dental crenulations and changes in
the mucronal morphology) [3,4,15].

The finding of the Seirinae as the sister-group of the Lepidocyrtinae was already
expected, since it was observed in more recent molecular studies, and this relationship is
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supported by morphological evidence as well [1,3]. On the other hand, the finding of
Paronellinae s. str. as the sister-group of the Seirinaet+Lepidocyrtinae clade was not
expected, since both morphology and some previous phylogenies support the
Paronellinae s. str. as a closer related taxon to the Lepidocyrtinae, sometimes even as an
ingroup of the later [3,4]. In this case, the use of a larger set of Paronellinae s. str. species
from different genera should provide a more solid understanding of this lineage position
among the more derived Entomobryoidea.

5. Conclusions

Our results provide further support to the recent advances on the Systematics of the
Entomobryoidea. Based on an expanded set of molecular markers we were able to
reaffirm the Orchesellidae as a family, holding at least two independent subfamilies:
Heteromurinae and Orchesellinae; the Entomobryinae as group gathering unscaled and
scaled taxa with different furcal morphologies; and the Seirinae as the sister-group of the
Lepidocyrtinae, with the Paronellinae s. str. as a closely related group to both.
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