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Abstract—Soil has become a major hotspot of biodiversity studies, yet the pattern and timing of the evolution of soil
organisms are poorly known because of the scarcity of paleontological data. To overcome this limitation, we conducted a
genome-based macroevolutionary study of an ancient, diversified, and widespread lineage of soil fauna, the elongate-bodied
springtails (class Collembola, order Entomobryomorpha). To build the first robust backbone phylogeny of this previously
refractory group, we sampled representatives of major higher taxa (6 out of 8 families, 11 out of 16 subfamilies) of the order
with an emphasis on the most problematic superfamily Tomoceroidea, applied whole-genome sequencing methods, and
compared the performance of different combinations of data sets (universal single-copy orthologs [USCO] vs. ultraconserved
elements]) and modeling schemes. The fossil-calibrated timetree was used to reconstruct the evolution of body size,
sensory organs, and pigmentation to establish a time frame of the ecomorphological divergences. The resultant trees based
on different analyses were congruent in most nodes. Several discordant nodes were carefully evaluated by considering
method fitness, morphological information, and topology test. The evaluation favored the well-resolved topology from
analyses using USCO amino acid matrices and complex site-heterogeneous models (CAT+GTR and LG+PMSF (C60)).
The preferred topology supports the monophyletic superfamily Tomoceroidea as an early-diverging lineage and a sister
relationship between Entomobryoidea and Isotomoidea. The family Tomoceridae was recovered as monophyletic, whereas
Oncopoduridae was recovered as paraphyletic, with Harlomillsia as a sister to Tomoceridae and hence deserving a
separate family status as Harlomillsiidae Yu and Zhang fam. n. Ancestral Entomobryomorpha were reconstructed as
surface-living, supporting independent origins of soil-living groups across the Paleozoic-Mesozoic, and highlighting the
ancient evolutionary interaction between aboveground and belowground fauna. [Collembola; phylogenomics; soil-living

adaptation; whole-genome sequencing.]

Soil habitats harbor a higher abundance and richness
of organisms than most other terrestrial habitats on
Earth (Decaéns et al. 2006; Coleman and Wall 2015;
Orgiazzi et al. 2016). To a large extent, such tremendous
diversity is contributed by a great number of specialized
soil animals. Most prominently, animal traits related to
perception, locomotion, and protection from ultraviolet
radiation can become drastically modified to adapt to
belowground environments, as exemplified in a number
of invertebrate taxa (e.g., Rusek 2007; Kurth and Kier
2015). Reconstructing the pattern and timing of the
differentiation between aboveground and belowground
fauna is essential for a comprehensive understanding
of the succession of terrestrial biodiversity, however,
because soil animals generally have poor preservation
potential and a sparse fossil record, only a few studies
have attempted to addressed the history of their adaptive
evolution (e.g., Schaefer and Caruso 2019; Yu et al. 2021).

Wingless hexapods of the class Collembola Lubbock,
1870, the springtails, are among the most abundant soil
animals (Hopkin 1997). Up to 100,000 springtails can
occur in only 1 m? of temperate forest topsoil (Beutel

et al. 2014). They are also the first unequivocal hexapods
toappear in the fossil record; the earliest in situ preserved
terrestrial ecosystem, the 407 million years old Early
Devonian Rhynie Chert in Scotland, already preserves
exceptionally modern-looking springtails (Hirst and
Maulik 1926; Edwards et al. 2017). Extant springtails
have adapted to diverse habitats and can be generally
classified as either atmobiotic (inhabiting vegetation
or other aboveground habitats), epedaphic (inhabiting
soil surface, upper litter, rocks, etc.), hemiedaphic
(inhabit lower litter and humus), or euedaphic (true soil-
dwellers; e.g., Stebaeva 1970; Rusek 2007). Notably, many
euedaphic springtails possess extreme adaptations for
life in soil such as blindness, depigmentation, minute
size (<1 mm), and shortened appendages that facilitate
easier movement between soil particles (Rusek 2007).
By contrast, their atmobiotic and epedaphic relatives
typically possess the opposite character states, whereas
hemiedaphic taxa are usually intermediate.

Within Collembola, the elongate-bodied spring-
tails (order Entomobryomorpha Borner, 1913) are the
most widespread, species-rich, and ecologically diverse
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group. Three main branches of this order, that is,
superfamilies Entomobryoidea Womersley, 1934, Iso-
tomoidea Szeptycki, 1979 and Tomoceroidea Szeptycki,
1979 (sensu Soto-Adames et al. 2008) are all cosmopolitan
and inhabit almost all terrestrial niches imaginable,
showing prominent ecological divergences between
lineages. For example, within Tomoceroidea, the fam-
ily Tomoceridae Schiffer, 1896 contains mostly large
surface-living species (body length reaching ca. 10 mm
in Novacerus Salmon, 1942), whereas Oncopoduridae
Carl and Lebedinsky, 1905 contains minute (mostly
around 0.5 mm) euedaphic genus Oncopodura Carl and
Lebedinsky, 1905 and hemiedaphic Harlomillsia Bonet,
1944. Similarly, most members of Entomobryoidea are
surface dwellers, whereas its sister Isotomoidea is more
edaphic. Besides, Entomobryomorpha is probably the
oldest extant lineage of Collembola, with the earliest
unequivocal fossil record in the Early Permian (Riek
1976).

Because of their diversified niches and long evolu-
tionary history, Entomobryomorpha is an ideal model
taxon for studying the evolutionary patterns of soil biod-
iversity. However, despite exhaustive morphological and
molecular studies over the past two decades, several
pressing problems still exist in the entomobryomorph
tree of life (e.g., Xiong et al. 2008; Yu et al. 2016; Leo et al.
2019; Sun, Yu et al. 2020). Although Entomobryoidea
and Isotomoidea constantly clustered together, the
position of Tomoceroidea has not been determined;
the monophyly of Tomoceroidea, Tomoceridae, and
Oncopoduridae has been questioned (Szeptycki 1977;
Yu et al. 2016; Cucini et al. 2021). The lack of a
well-resolved entomobryomorph phylogeny severely
hampers attempts at elucidating the pattern and timing
of their diversification.

To build a robust backbone phylogeny of Entomobryo-
morpha and to better understand their ecomorpholo-
gical diversification, we used a phylogenomic approach
based on whole-genome sequencing. We sampled rep-
resentatives of major suprageneric taxa covering a wide
range of ecomorphological types within Entomobryo-
morpha, with a special emphasis on the problematic
Tomoceroidea. We experimented with various data sets
and modeling approaches to overcome common sources
of phylogenomic error. Divergence time estimation and
ancestral character state reconstruction (ACSR) were
performed to constrain the timing of entomobryomorph
ecomorphological divergences. Specifically, we focused
on testing the monophyly of Tomoceroidea, Tomo-
ceridae, and Oncopoduridae, and finding the pattern
of divergence between aboveground and belowground
groups.

MATERIALS AND METHODS

Detailed materials and methods, including
sampling, sequencing, and analytical methods, are
available in Supplementary Appendix S1 available on
Zenodo at https://doi.org/10.5281/zenodo.5910398.

Twenty ingroup species were sampled to cover
major subordinate taxa of three main branches
of Entomobryomorpha, that is, all subfamilies of
Isotomidae and Tomoceridae, six major subfamilies
of Entomobryoidea, and two distinct lineages of
Oncopoduridae. The sampled species represented a
wide range of trait states related to above/belowground
habitats (e.g., eyed vs. eyeless, dark-pigmented vs. pale)
within each main branch. One Poduromorpha Borner,
1913 and one Symphypleona Borner, 1901 species were
used as outgroups based on previous phylogenomic
analyses (e.g., Sun, Ding et al. 2020). Genome assemblies
of 7 species were downloaded from NCBI, whereas those
of 15 species were newly sequenced on the Illumina
Novaseq 6000 platform. Species names, taxonomic
ranks, raw sequencing data, and assembly accessions
are provided in Supplementary Appendix S2: Table S1
available on Zenodo.

Genomes were assembled by using the rapid pipeline
PLWS v1.0.5 (https://github.com/xtmtd/PLWS/,
Zhang, Ding, Zhu et al. 2019). Contaminants were
detected by using HS-BLASTN (Chen et al. 2015) and
BLAST+ (i.e., blastn) v2.7.1 (Camacho et al. 2009) against
the NCBI nt and UniVec databases. The basic statistics
for genome assemblies are provided in Supplementary
Appendix S2: Table S1 available on Zenodo).

For matrices generation, universal single-copy ortho-
logs (USCOs) and ultraconserved elements (UCEs) were
extracted from genomes with BUSCO v3.0.2 (Water-
house et al. 2018) against a collembolan reference gene
set n=1997) and with PHYLUCE v1.6.6 (Faircloth
2016) against a probe set customized for Collembola,
respectively (Sun, Ding et al. 2020). The basic statistics
for the captured USCOs and UCEs are provided in
Supplementary Appendix S2: Table S1 available on Zen-
odo. USCOs were translated into amino acid sequences.
Both USCOs and UCEs were aligned with MAFFT
v7.450 (Katoh and Standley 2013), trimmed with BMGE
v1.12 (Criscuolo and Gribaldo 2010), concatenated with
FASConCAT-g v1.04 (Kiick and Longo 2014), and filtered
SRH (stationary, reversible, and homogeneous, Naser-
Khdour et al. 2019) model violations with IQ-TREE v2.0-
rcl (Minh, Schmidt et al. 2020). Primarily, we generated
three USCO matrices (USCO75, USCO90, and USCO100)
of 75%, 90%, and 100% completeness, and three UCE
matrices (UCE50, UCE75, and UCE90) of 50%, 75%, and
90% completeness, which represents the lowest ratio of
taxa for all partitions. Furthermore, to overcome gene
tree topological incongruence (Salichos and Rokas 2013),
we inferred individual gene trees with IQ-TREE and
selected USCOs of average UFBoot2 (Hoang et al. 2018)
values greater than 75 and UCEs of average UFBoot2
values greater than 70 to generate the new matrices, that
is, USCO75_abs75, USCO90_abs75, USCO100_abs75,
UCES50_abs70, UCE75_abs70, and UCE90_abs70. A total
of 12 matrices (Supplementary Appendix S3 available
on Dryad at https://doi.org/10.5061/dryad.cjsxksn76.)
were generated for subsequent analyses, their proper-
ties are summarized in Supplementary Appendix S2:
Table S2 available on Zenodo.
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We conducted phylogenetic inference using a diverse
set of analytical methods to account for biological and
methodological sources of systematic error (Kumar et al.
2012; Young and Gillung 2020). For both the USCO
amino acid and UCE nucleotide matrices, phylogen-
etic trees were inferred with partitioned maximum
likelihood (ML, with partitioning and models selected
in MODELFINDER, Kalyaanamoorthy et al. 2017) and
heterotachy model (General Heterogeneous evolution
On a Single Topology, GHOST, Crotty et al. 2020)
based methods implemented in IQ-TREE, and with
multispecies coalescent model (MSCM) based method
implemented in ASTRAL-III v5.6.1 (Zhang et al. 2018).
We quantified genealogical concordance with the gene
concordance factor (gCF) and the site concordance factor
(sCF) given the reference tree and gene trees (Minh,
Hahn et al. 2020) using IQ-TREE. We also applied
site-heterogeneous models to mitigate possible long
branch attraction (LBA) artifacts. For USCO matrices,
the posterior mean site frequency (PMSF, Wang, Minh
et al. 2019) model was performed in IQ-TREE; Bayesian
inference (only for data set USCO90_abs75 due to the
computational burden) was performed in PhyloBayes
MPI v1.8b (Lartillot et al. 2013). The resultant three
alternative topological hypotheses for deep relationships
(H1, H2, H3, see Results section) were tested with the
matrix USCO90_abs75 in IQ-TREE. Because introgres-
sion may cause gene tree discordance (e.g., Vanderpool
et al. 2020), we tested introgression by calculating the
statistic A (Supplementary Appendix S1 available on
Zenodo).

We estimated divergence times using MCMCTree
in PAML v4.9j (Yang 2007) based on three matrices
(USCO75, USCO90_abs75, and USCO100_abs75) to
account for potential influences of data size levels on
the estimation. Loci were merged into larger partitions
based on schemes from partitioned ML reconstructions.
Preferred topology estimated from PMSF, ASTRAL,
and Phylobayes (see Discussion section) was selected
as the input tree. Divergence time analyses applied
approximate likelihood calculation and ML estimation
of branch lengths to reduce computational burden.
Hessian matrices were calculated by using the LG sub-
stitution model and the independent rates clock model.
Six nodes (the root and five internodes) were selected
for calibration (Supplementary Appendix S2: Table S3
available on Zenodo). Details for parameter setting,
calibration points, and MCMC runs were provided in
Supplementary Appendix S1 available on Zenodo. Prior
and posterior times were compared. The quality of
MCMC runs was assessed based on convergence and
infinite-sites plots following the package manual.

We performed Bayesian character state reconstruc-
tions for five ecomorphological traits related to colle-
mbolan spatial niche: body length, number of eyes,
degree of pigmentation, presence/absence of bothrio-
tricha, and presence/absence of sticky chaetae on legs
(Supplementary Appendix S2: Table S4 available on
Zenodo, Rusek 2007; Salmon et al. 2014; Yu et al. 2017).

The analyses were conducted in BayesTraits V3.0.2 (Pagel
et al. 2006) on the PhyloBayes consensus topology and
1000 posterior trees.

Codes for the aforementioned analyses are available
in Supplementary Appendix S3 available on Dryad.

RESULTS

Phylogenetic Inference

The 12 matrices for phylogenetic analyses included
91-1698 USCO and 192-697 UCE loci across 47,887-
683,871 amino acid and 103,751-373,885 nucleotide sites,
respectively (Supplementary Appendix S2: Table S2
available on Zenodo). Trees based on different matrices
and inference models were congruent in most nodes, but
the position of Oncopodura was not stable, resulting in
three topological hypotheses of deep entomobryomorph
relationships (Supplementary Appendix S2: Table S5
and Appendix S5 available on Zenodo). Under the first
hypothesis (H1), Oncopodura was the sister group of
the remaining entomobryomorphs. Under the second
hypothesis (H2), Oncopodura was sister to a clade com-
prising Harlomillsia + Tomoceridae. The third hypothesis
(H3) supported an Oncopodura + Harlomillsia clade sister
to Tomoceridae. Most reconstructions with five USCO
matrices (USCO100 excluded) under the partitioning
and GHOST model generated topology H1. Analyses
under the site-heterogeneous models (CAT+GTR and
LG+PMSF(C60)) and USCO matrices lent absolute
support to H2 (Bayesian Posterior Probabilities [BPP]
= 1 and SH-aLRT/UFBoot2 > 99; Fig. 1). All ASTRAL
analyses based on both USCO and UCE matrices under
the multispecies coalescent model recovered H2 but
with many nodes poorly supported. Matrix USCO100
under the partitioning/GHOST model and three UCE
matrices excluding loci of low phylogenetic signals
(UCE50_abs70, UCE75_abs70, and UCE90_abs70) under
the partitioning model also supported H2, but usually
with weak supports. The remaining UCE analyses
not mentioned above supported H3. Topology tests
rejected hypotheses H1 and H3 with strong confid-
ence (Supplementary Appendix S2: Table S6 avail-
able on Zenodo). In addition, UCE data sets con-
sistently recovered Lepidocyrtus fimetarius Gisin, 1964
as the earliest-diverging member of Entomobryoidea,
disagreeing with the USCO results and other sources
of evidence (e.g., Zhang, Bellini et al. 2019). All tree files
are available in Supplementary Appendix S3 available
on Dryad.

Gene tree conflicts quantified by concordance factors
showed very strong genealogical incongruence (gCF
< 30, sCF < 40) for the deep Tomoceroidea and
Entomobryoidea nodes. Matrices excluding loci with
low phylogenetic signal (labeled as “_abs”) had slightly
higher gCF/sCF and bootstrap values (Supplementary
Appendix S5 available on Zenodo). No evidence of
introgression was detected at all internal branches
(Supplementary Appendix S1 available on Zenodo).
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FIGURE 1.

Phylogeny of Entomobryomorpha inferred from matrix USCO90_abs75 using the site-heterogeneous Bayesian GTR+CAT model

implemented in PhyloBayes. Node labels show BPP/gCFs/sCFs. Node supports from other analyses are also indicated by the colored squares.
Squares are not shown for the nodes congruent with the PhyloBayes tree. Only the lowest category is shown when different matrices or different

supporting measures of the same matrix produced conflict results.

Divergence Time Estimation

Based on the MCMCTree results (Supplementary
Table S7 available on Zenodo), the convergence plots
(Supplementary Appendix S4: Fig. S2a available on
Zenodo) fitted perfectly a straight line (R> =1), indicating
good convergence between parallel runs; the infinite-
sites plots (Supplementary Fig. S2b,c available on
Zenodo) also tended to a straight line (R2=0.88—0.99),
suggesting sufficient data sizes for the estimation; the
posterior times were close to but not entirely congruent

with priors (Supplementary Fig. S2d,e available on
Zenodo), suggesting the estimation was informed by
both priors and molecular data.

Integrating the MCMCTree results (Fig. 2), Ento-
mobryomorpha and Tomoceroidea originated during
the Carboniferous—Permian (270.08-325.09 and 255.91—
309.46 Ma, respectively, 95% highest posterior dens-
ity (HPD) confidence interval [CI]). The divergences
between Harlomillsia and Tomoceridae, and between
Isotomoidea and Entomobryoidea occurred during
the Permian-Triassic (237.39-287.64 and 231.08-285.07
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FIGURE2. Entomobryomorpha divergence time estimation performed by using MCMCTree on the PhyloBayes topology. Node numbers and
node bars represent 95% Cls of the estimated divergence times integrated from all MCMC runs. Asterisks mark nodes constrained with the fossils.
The arrows and dashed lines mark major palaeoenvironmental change events. GA, the beginning of global aridification in the Pennsylvanian;
P-Tr, Permian-Triassic extinction; EC, the end of “coal gap”; Asp, the first unequivocal fossil of angiosperms. Profiles on the right show true
scales of representative species. Bottom table shows the results of ACSR for five selected ecomorphological traits on nodes A-G.

Ma, respectively). The crown Tomoceridae and Iso- Evolution of Ecomorphological Traits

tomoidea originated during the Triassic—Jurassic (198.1- According to the reconstruction (Fig. 2), the most
249.3 and 163.05-207.13 Ma, respectively); the origins  recent common ancestor (MRCA) of elongate-bodied
of Tomocerinae, Entomobryoidea, Orchesellidae, and springtails was moderately large (ca. 3.03 mm) and
the clade containing Entomobryidae and Paronellidae  well-pigmented, with bothriotricha, and a set of func-
occurred during the Cretaceous (85.62-122.46, 104.95—-  tional eyes. On the deep internodes of Tomoceroidea,
138.97, 92.87-125.46, and 92.38-122.37 Ma, respectively). most trait states were the same as for the MRCA
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of Entomobryomorpha, whereas the estimated body
lengths showed a continuous increase, being 3.11 mm for
Tomoceroidea, 3.39 mm for Tomoceridae + Harlomillsia,
and 3.91 mm for Tomoceridae. The reduction of body
length, pigmentation, and eye number appeared inde-
pendently in Oncopodura and Harlomillsia. The absence
of bothriotricha is an apomorphy of Harlomillsia. In the
other two major branches of the order, the estimated
body lengths decreased, being 2.58 mm for Isotomoidea
+ Entomobryoidea, 2.55 mm for Entomobryoidea, and
1.88 mm for Isotomoidea. The other trait states of the
MRCA of Entomobryoidea were reconstructed as the
same as those of the MRCA of Entomobryomorpha. The
states of most traits of the MRCAs of Isotomoidea and
Entomobryoidea + Isotomoidea remained equivocal.

DIscuUssION

Which Phylogenetic Hypothesis Is Best Supported?

To account for common sources of error in phyloge-
nomic reconstruction (Kumar et al. 2012; Brown and
Thomson 2016), we employed a variety of analytical
strategies, combining different data sets and modeling
schemes. Results from these analyses are generally
congruent in recovering the monophyly of most higher
taxa and their relationships within Entomobryomorpha,
but are still incongruent in several deep nodes, most
crucially the deep relationships in Tomoceroidea.

As indicated by the low values of concordance factors
(gCF and sCF) for the problematic nodes, systematic
error induced by gene tree conflict is a major source
of incongruence between our analyses. Notably, gene
tree conflicts are often more severe for deep and
short internodes on the tree (Salichos and Rokas 2013),
which is the case for the deep nodes in Tomoceroidea.
Moreover, the long branch lengths of the recalcitrant
taxa in our trees indicate a possible LBA artifact. Faced
with LBA, methods using MSCM (e.g., by ASTRAL)
or site-heterogeneous models (e.g.,, LG+PMSF(C60),
CAT-GTR), which incorporate a higher degree of bio-
logical realism than the conventional concatenation-
based and site-homogeneous models (e.g., Rannala
and Yang 2003; Lartillot and Philippe 2004; Zhang
et al. 2018; Wang, Minh et al. 2019), are expected to
produce more plausible reconstructions (e.g., Feuda
et al. 2017; Marlétaz et al. 2019; Williams et al. 2020).
Besides, selecting phylogenetically informative genes
can also reduce the incongruence between gene trees
and improve the robustness of inference (Salichos and
Rokas 2013). In the present study, most of the analyses
accounting for these sources of incongruence (i.e., all
analyses using LG4+PMSF(C60) and CAT-GTR models,
ASTRAL, UCE_abs70) support H2. In addition, new
morphological evidence (Supplementary Appendix S6
available on Zenodo) and topology tests also show strong
preference for H2, suggesting a paraphyletic Onco-
poduridae and a sister relationship between Harlomillsia
and Tomoceridae.

In comparison, most analyses based on partitioning
and GHOST model accounting for protein-wise heterota-
chy favor H1 and H3, both rejected by the topology
test. H1 (Oncopodura is sister to the other Entomobryo-
morpha) has never been proposed before (e.g., Bonet
1943; Szeptycki 1977, 1979; D’'Haese 2003; Sun, Yu et al.
2020) and is also rejected by our morphological exam-
ination; H3 (monophyletic Oncopoduridae) represents
the long questioned traditional classification (Szeptycki
1977) and is rejected by the lack of morphological
apomorphy (see next section). Therefore, our results
are in line with a recent evaluation showing that site-
wise heterogeneity is usually a more important source
of bias than protein-wise heterotachy to be modeled in
phylogenomic inference (Wang, Susko et al. 2019).

Interestingly, H1 and H3 are recovered by analyses
based on the USCO (amino acid) and UCE (nucleotide)
matrices, respectively, reflecting discordance between
the two data capture strategies. As frequently discussed
in phylogenomic studies, nucleotide-based analyses
often generate inaccurate or less robust deep relation-
ships due to compositional biases or model violation
(e.g., Rota-Stabelli et al. 2013; Cox et al. 2014; Shin et al.
2018; but see Gillung et al. 2018; Baker et al. 2021), for
which reason we used only amino acid sequences for
the USCO data sets as a common practice to maintain
accuracy and reduce computational burden. The use
of site-heterogeneous models and exclusion of unin-
formative loci have partially mitigated this discordance
via generating topology H2, however, no matter what
approaches have been applied, all UCE-based analyses
consistently place Lepidocyrtus incorrectly at the base
of Entomobryoidea, suggesting the appropriate use of
UCE markers in such ancient lineages should be further
explored.

Phylogeny and Classification of Tomoceroidea

The best-supported topology suggests a monophyletic
Tomoceroidea as the sister group of Isotomoidea +
Entomobryoidea. This result supports the idea that
Tomoceroidea is an early-diverging branch of Ento-
mobryomorpha, as being previously hypothesized
based on analyses using 185/28S ribosomal RNA gene
markers and mitochondrial genomes (Yu et al. 2016;
Sun, Yu et al. 2020). The position of Tomoceroidea
is supported by characters shared with the other
orders of Collembola (Poduromorpha, Symphypleona,
and Neelipleona Massoud, 1971), notably the presence
of compound postantennal organs (Novacerus, Onco-
podura, and Harlomillsia), a filamentous extension on
the unguiculus (in some species of Novacerus and
Pogonognathellus Borner, 1908), subsegmented dens, and
elongate mucro.

With all families and subfamilies of Tomoceroidea
included, the preferred analyses have also generated
the first robust family-level tree of Tomoceroidea.
Significantly, Oncopoduridae has been recovered
as paraphyletic, with Harlomillsin as sister to
Tomoceridae. This relationship is strongly supported
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by morphological evidence. First, there is no reliable
apomorphy between Harlomillsia and Oncopodura.
Current diagnostic characters of Oncopoduridae, that
is, the absence of cephalic bothriotricha, the presence of
scales, undeveloped trochanteral organs, subsegmented
furca, and elongate mucro, can also be treated as
plesiomorphies shared with Tomoceridae. Second,
Harlomillsia differs from Oncopodura in several key
characters (Supplementary Appendix S6 available
on Zenodo), including the substantial differences
in chaetotaxy that usually lead to familial level
divisions (Szeptycki 1977). Third, despite its minute
body size, Harlomillsia resembles Novacerus, the early-
diverging genus of Tomoceridae, in the presence
of additional labral chaetae, cephalic macrochaetae,
multilobed postantennal organs, and dental spines
on both the inner and outer edges of the dens
(Supplementary Appendix S6 available on Zenodo).
Therefore, integrating the phylogenetic inference and
morphological evidence, here, we propose a new family
Harlomillsiidae Yu and Zhang fam. n. (http://zoobank.
org/urn:lsid:zoobank.org:act: D112B4E1-80A8-4826-8EA
C-121F5A86E6E6), named after the type genus
Harlomillsia (described in Supplementary Appendix S6
available on Zenodo).

The monophyly of Tomoceridae recovered by us has
been supported by previous phylogenetic analyses (Yu
et al. 2016; Sun, Yu et al. 2020). Drastic morphological
differences between its two constituent subfamilies
(Tomocerinae and Lepidophorellinae) have historically
led to a proposal to split the family in two separate
families (Absolon 1942), which is supported by the
deep genetic divergence revealed by our analyses and
deserves a future assessment using a more specific taxon
sampling.

Ecological Divergences of Elongate-Bodied Springtails in
Deep Time

Results of the ACSR show that the MRCAs of Ento-
mobryomorpha, Tomoceroidea, and Entomobryoidea
were most likely surface-living. Although two rare fam-
ilies Actaletidae (littoral, atmobiotic) and Coenaletidae
(strictly commensal with hermit crabs) were not
included in the analyses, their functional traits sug-
gest both of them are most probably derived from
epigeic ancestors (Soto-Adames 1988; Palacios-Vargas
et al. 2000). In other words, the adaptations to life in
soil evolved independently across entomobryomorph
lineages, resulting in the convergent reduction of eye
number, body size, and pigmentation. According to
the fossil-calibrated evolutionary time frame, the first
transition from aboveground to belowground habitat
(the divergence between Oncopodura and the stem Tomo-
ceroidea) occurred during the Carboniferous—Permian,
followed by a second transition (the divergence between
Harlomillsia and Tomoceridae) during the Permian-
Triassic and multiple later transitions (within Ento-
mobryoidea and Isotomoidea) during the Mesozoic.

Therefore, the results suggest that the stratification struc-
ture of terrestrial ecosystem, consisting of aboveground-
interface-belowground subsystems, had already formed
by the Late Paleozoic, and the independent trans-
itions may reflect multiple ecological successions in
the geological history. Our finding partially resembles
that about oribatid mites, also inferring a Palaeozoic
establishment of aboveground-belowground ecological
interactions (Schaefer and Caruso 2019). However, unlike
the primarily surface-living elongate-bodied springtails,
the crown oribatids had an edaphic origin, while
most epigeic taxa only emerged later in the Mesozoic
(Maraun et al. 2009; Schiffer et al. 2020), suggesting
that the two major soil microarthropod lineages have
different ecology and evolutionary trajectory, and may
have responded differently to environmental changes.
Interestingly, the estimated times (CIs) of the ecological
divergences of Entomobryomorpha roughly overlap sev-
eral key palaeoenvironmental changes, notably the Late
Pennsylvanian—-Permian global aridification (DiMichele
and Aronson 1992; Gulbranson et al. 2015), the end-
Permian extinction and subsequent “Coal Gap” (Erwin
1994; Retallack et al. 1996), and the Cretaceous diversific-
ation of angiosperms (Herendeen et al. 2017). Exploring
the correlation between the ecological divergences and
the palaeoenvironmental events (e.g., by implementing
diversification rate analyses with denser taxon sampling
and more fossil evidences) will be an interesting topic
for future phylogenomic studies of springtails and other
soil animals.

CONCLUSION

Overall, our phylogenomic analyses based on different
combinations of data matrices and models produced
generally congruent trees of elongate-bodied spring-
tails. However, several deep nodes show incongruence
between analyses, highlighting the necessity of data set
and model selection for phylogenetics using big data.
Integrating method fitness and morphological evidence,
the topology recovered by using amino acid matrices
of USCOs and MSCM/site-heterogeneous models is
finally preferred. The novel, well-resolved phylogeny
supports Tomoceroidea as an early-diverging lineage
of Entomobryomorpha and clarifying the problem-
atic relationship between Oncopodura and Harlomill-
sia. Ancestral entomobryomorphs were reconstructed
as surface-living, whereas soil-living groups evolved
several times independently across the Palaeozoic—
Mesozoic, suggesting ancient evolutionary interaction
between aboveground and belowground ecosystems
since ~300 Ma. More recent ecological divergences
at shallow nodes may be revealed by future studies
focusing on lower taxa using denser taxon sampling.
Applying phylogenomics to other major soil invertebrate
lineages (e.g., mites, earthworms, nematodes) can be
used to test whether a general evolutionary pattern or
multiple lineage-specific patterns should be introduced
to elucidate the formation of soil biodiversity.
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