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Significance

 This study resolves longstanding 
debates over the early 
evolutionary relationships within 
Hexapoda by employing a broad 
range of phylogenetic models 
and comprehensive sampling 
across all hexapod orders. Our 
findings support the “Protura-
sister” hypothesis [Protura + 
((Diplura + Collembola) + 
Insecta)], positioning Protura as 
the earliest-diverging hexapod 
lineage, with significant 
implications for understanding 
the evolution of the insect body 
plan and the terrestrial 
adaptation of hexapods. These 
results, corroborated by multiple 
lines of evidence including 
mitogenomes and comparative 
embryology, provide a crucial 
framework for exploring hexapod 
terrestrialization and their 
remarkable biodiversity.
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Insects represent the most diverse animal group, yet previous phylogenetic analyses 
based on morphological and molecular data have failed to agree on the evolutionary 
relationships of early insects and their six-legged relatives (together constituting the 
clade Hexapoda). In particular, the phylogenetic positions of the three early-diverging 
hexapod lineages—the coneheads (Protura), springtails (Collembola), and two-pronged 
bristletails (Diplura)—have been debated for over a century, with alternative topologies 
implying drastically different scenarios of the evolution of the insect body plan and 
hexapod terrestrialization. We addressed this issue by sampling all hexapod orders 
and experimenting with a broad range of across-site compositional heterogeneous 
models designed to tackle ancient divergences. Our analyses support Protura as the 
earliest-diverging hexapod lineage (“Protura-sister”) and Collembola as a sister group to 
Diplura, a clade corresponding to the original composition of Entognatha, and charac-
terized by the shared possession of internal muscles in the antennal flagellum. The pre-
viously recognized ‘Elliplura’ hypothesis is recovered only under the site-homogeneous 
substitution models with partial supermatrices. Our cross-validation analysis shows that 
the site-heterogeneous CAT-GTR model, which recovers “Protura-sister,” fits signif-
icantly better than homogeneous models. Furthermore, the morphologically unusual 
Protura are also supported as the earliest-diverging hexapod lineage by other lines of 
evidence, such as mitogenomes, comparative embryology, and sperm morphology, 
which produced results similar to those in this study. Our backbone phylogeny of 
hexapods will facilitate the exploration of the underpinnings of hexapod terrestriali-
zation and megadiversity.

genome-scale phylogeny | Insecta | noninsect hexapods | Protura-sister

 Insects represent the most prolific radiation in the animal kingdom, accounting for over 
half of all described metazoan species ( 1 ). Winged insects came to dominate most terrestrial 
ecosystems by the late Carboniferous, over 310 Mya [million years ago] ( 2 ). Partly due 
to their great antiquity, the origins of insect megadiversity remain elusive. Current hypoth-
eses tie the radiation of insects to their geological age, diversification and natural extinction 
rates, critical anatomical innovations, ecosystem change, and/or dietary breadth ( 3       – 7 ). 
As the closest relatives of insects, the noninsect hexapods play a pivotal role in under-
standing the unparalleled evolutionary success of six-legged life ( 8 ,  9 ). These other groups 
comprise small-bodied, elusive terrestrial arthropods with pronounced specializations for 
a soil-dwelling lifestyle. Unlike insects, these noninsect hexapod clades (Protura, 
Collembola, and Diplura) account for <1% of animal diversity, with some 10,800 species 
described to date ( 10   – 12 ). These include the comparatively species-poor, blind, and pseu-
dotetrapodous Protura (coneheads, who carry the forelegs raised as sensory structures 
giving them a tetrapodous stance), the similarly speciose Diplura (two-pronged bristletails), 
and the considerably more diverse Collembola (springtails) armed with a characteristic 
abdominal jumping apparatus that gives them their name ( 13 ). Together with insects, 
they constitute the clade, often classified as a superclass, Hexapoda ( 8 ,  14 ).

 The availability of genome-scale datasets has helped settle numerous historical conundrums 
in insect phylogeny over the last two decades ( 8 ,  15 ,  16 ). The dawn of the phylogenomic 
era has confirmed the monophyly of Hexapoda and elucidated the group’s closest relatives 
( 8 ,  17 ,  18 ). While traditional morphological studies considered hexapods as close relatives 
of myriapods ( 19 ), molecular datasets have revealed that the group is nested within the 
“crustaceans”, overwhelmingly recovering them as sister to the enigmatic clade Remipedia, 
which inhabits flooded coastal caves ( 8 ,  18 ,  20   – 22 ). These results backdate the origin of 
crown-group insects to the Silurian–Cambrian ( 8 ,  23 ,  24 ) and imply that hexapod diversi-
fication was preceded by a terrestrialization event ( 18 ), likely sometime during the Silurian 
or end-Ordovician. However, remipedes are quite distinct and possess numerous D
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specializations for aquatic life, with considerable morphological 
differences remaining between them and modern hexapods, and 
likely between the common ancestor of Remipedia + Hexapoda and 
the eventually terrestrialization of the common ancestor of Hexapoda 
and prior to its subsequent cladogenetic events. The early evolution 
of hexapods thus remains veiled in mystery, not only because of the 
extreme scarcity of hexapod fossils before the Late Carboniferous 
( 25 ) but also because relationships among the earliest-diverging 
hexapods have proven resistant to resolution, whether interrogated 
with morphological data ( 14 ,  26 ,  27 ), single-gene ( 28 ,  29 ), mito-
chondrial genome ( 30 ,  31 ), phylogenomic data ( 8 ,  17 ,  18 ,  32 ), as 
well as combined analyses ( 33   – 35 ). Recent studies are mostly split 
between favoring a clade of Protura + Collembola (the “Elliplura” 
hypothesis) ( 8 ), Protura + Diplura (the “Nonoculata” hypothesis) 
( 17 ,  27 ,  36     – 39 ), or Diplura + Collembola ( 20 ,  40 ), and Diplura + 
Insecta (the “Cercophora” hypothesis) ( 41 ,  42 ). Earlier morpholog-
ical studies have cautiously treated the noninsect hexapod clades as 
a single clade, “Entognatha” ( 14 ,  43 ), while others maintain that 
the noninsect hexapods form a grade to Insecta ( 44 ). Traditional 
morphological studies, conducted since the 19th century ( 45 ,  46 ), 
have been hampered by the rather extreme specializations of these 
early-diverging hexapods for life in the soil, and which has made 
the inference of homologous character-states challenging ( 41 ,  47 ). 
Molecular studies are complicated by the rarity and small size of 
many morphologically peculiar noninsect hexapod groups, which 
have so far been sampled only sparsely in phylogenomic studies. 

Moreover, the great antiquity of the divergence between the non-
insect hexapods and crown-group insects represents a formidable 
challenge to conventional molecular phylogenetic methods, as 
ancient rapid divergences often induce phylogenetic artifacts such 
as long-branch attraction (LBA) ( 48 ,  49 ).

 Here, we address the problem of insect origins and hexapod 
diversification by increasing taxon and gene sampling of over-
looked groups. We sequenced the transcriptome for a proturan 
species, belonging to the genus Sinentomon  ( 28   – 30 ), along with 
transcriptomes for two extremely scarce dipluran species. We 
employ a variety of analytical approaches to account for common 
sources of error in phylogenomics, interrogate the robustness of 
the results, and interpret them with respect to the origin of the 
insect body plan and hexapod terrestrialization. 

Results

Genomic Sequencing and Supermatrix Assembly. We sequenced 
the transcriptome of the proturan Sinentomon erythranum 
(SRX480876; Fig.  1B), a member of the rare monogeneric 
family Sinentomidae endemic to eastern Asia. This group 
was not discovered until the 1960s (50), and its phylogenetic 
position has stirred much controversy given the proturan’s 
unusual head morphology and sperm ultrastructure (51–53). An 
analysis of two ribosomal RNA genes recovered Sinentomidae 
as the earliest-diverging proturan lineage (28), albeit substantial 

Fig. 1.   Morphology of the proturans Acerentomon microrhinus (Acerentomidae) and S. erythranum (Sinentomidae). (A) Habitus view of A. microrhinus under 
reflected light. (B) Habitus view of S. erythranum under reflected light. (C) Scanning electron micrograph of A. microrhinus head and forelegs. (D) Scanning electron 
micrograph of the abdomen of A. microrhinus in lateral view. (E) Scanning electron micrograph of S. erythranum head in lateral view. (F) Detail of the pseudoculus 
of A. microrhinus. (G) Abdominal legs of S. erythranum. Abbreviations: A1–3: abdominal segments 1–3; al, abdominal legs; cs, cephalic seta; po, pseudoculus. 
[Scale bar, 5 μm (G); 10 μm (F); 20 μm (C–E); 50 μm (A and B).]D
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incongruence persists among studies (29, 30, 36, 54, 55). 
We furthermore additionally sequenced two transcriptomes 
belonging to the diplurans Octostigma sinensis (SRX3641158) and 
Lepidocampa weberi (SRX3641157), representing the superfamilies 
Projapygoidea and Campodeoidea, respectively. Projapygoids 
are a presumed evolutionary link between Campodeoidea and 
Japygoidea (56), but they are exceedingly rare and hard to collect for 
comparative studies. The interrelationships of three superfamilies 
and the monophyly of Diplura have been much debated. It has 
been suggested that diplurans may together be polyphyletic rather 
than a clade based on ovarian and spermatozoal characters (57, 
58), albeit comparative embryological and molecular evidence so 
far overwhelmingly supports dipluran monophyly (8, 28, 31, 59).

 We compiled genomic and transcriptomic data for 42 other 
hexapod species from NCBI (SI Appendix  for details) with high 
Benchmarking Universal Single-Copy Orthologs (BUSCO) com-
pleteness values plus nine aquatic “crustacean” clades (outgroups) 
recovered as close relatives of hexapods in previous studies ( 18 , 
 20   – 22 ,  60 ). The inclusion of early-diverging dipluran and pro-
turan groups is particularly relevant, as previous studies have indi-
cated that the hexapod tree is prone to LBA ( 16 ,  20 ,  31 ), which 
are exacerbated by limited taxon sampling ( 61 ). For detailed sta-
tistical information on each species, please refer to Dataset S1 .

 Our dataset comprised a total of 54 species, including nine 
additional outgroups. We extracted a total of 1,013 genes (loci) 
for subsequent phylogenetic analyses, based on the OrthoDB ver-
sion 10 ( 62 ) of the Arthropoda database (n = 1,013) from BUSCO. 
Phylogenetic analyses were conducted using amino acid (AA) 
alignments to explore alternative sources of phylogenomic signal. 
Recognizing that multiple sequence alignments can be affected by 
highly divergent sites, often due to misinferred homologies and 
substitution saturation, which may compromise the integrity of 
phylogenetic tree construction ( 63 ), we implemented a rigorous 
preprocessing protocol. First, all alignments were curated with 
TAPER software to detect and mask the misaligned/aligned 
regions ( 64 ). To maximize the retention of phylogenetically 
informative sites, we further trimmed the alignments using 
ClipKIT, ensuring a careful balance between data preservation 
and error reduction ( 65 ). To address challenges related to compo-
sitional variation and consistency, we conducted the normalized 
Relative Compositional Frequency Variation (nRCFV) test  
( 66 ,  67 ) along with the Stationary, Reversible, and Homogeneous 
(SRH) assumptions test ( 68 ). After conducting these two tests, 
19 and 45 loci were removed, respectively, leaving a total of 949 
loci. Paralogous genes, which are known to introduce analytical 
complexities ( 69 ,  70 ), were identified and excluded from the align-
ments using TreeShrink (BUSCO ids and names of the putatively 
spurious sequence after spurious homolog identification by using 
TreeShrink are listed in Dataset S2 ). Through the above filtering 
factors, an initial supermatrix, Matrix 1, was created. This super-
matrix containing 455,036 sites across 949 loci ( Table 1 ). 
However, upon sensitivity tests for ten possible factors (gene 

properties) affecting reconstruction results (the selection process 
and evaluation criteria for each factor and threshold are detailed 
in SI Appendix, Supplementary Appendix A ), we observed varia-
bility in analysis outcomes influenced by the evolutionary rate of 
sequences (proxied by average pairwise identity, API) ( 71 ) and the 
average bipartition support (ABS, representing the strength of 
phylogenetic signal) ( 72 ) metrics. We created two supermatrices, 
Matrix 2 and Matrix 3, by applying stricter criteria on API and 
ABS values. Matrix 2, consisting of 267,183 sites and 475 loci, 
was defined by API values below 0.6 (genes with relatively higher 
evolutionary rate), while Matrix 3, containing 335,767 sites and 
554 loci, was defined by ABS values exceeding 70 (genes with 
relatively stronger phylogenetic signals). To address discrepancies 
between concatenation and coalescent-based phylogenies, we 
developed Matrix 4 (296,560 sites, 586 loci). This supermatrix 
was derived from the full set of 1,013 loci by selectively excluding 
“inconsistent” genes with conflicting phylogenetic signals (i.e., 
those with gene-wise phylogenetic signal (ΔGLS) > 0, or gene-wise 
quartet scores (ΔGQS) < 0; SI Appendix  for details) ( 73 ). Further 
refinement resulted in Matrix 5, which combined genes from 
Matrix 4 that met strict API and ABS thresholds (API < 0.6 and 
ABS > 70), producing a matrix of 199,586 sites across 305 loci. 
Finally, Matrix 6, containing 164,081 sites, was created by trim-
ming Matrix 1 using BMGE, resulting in a refined set of 949 loci. 
The creation of this “minimal” supermatrix aims to minimize 
phylogeny reconstruction artifacts caused by compositional het-
erogeneity ( 74 ) while also reducing computational burden (for 
details of each supermatrix,  Table 1 ). A detailed description of our 
filtering strategy and supermatrix generation is provided in 
﻿SI Appendix, Supplementary Appendix A .   

Hexapod Phylogeny. All our phylogenomic analyses recovered 
strong support for the monophyly of Collembola, Protura, Diplura, 
and Insecta, respectively (Bayesian Posterior Probabilities (BPP) = 
1, SH-aLRT/UFBoot2 = 100/100, and wASTRAL bootstraps = 1; 
Fig. 2). A total of five weighted-ASTRAL (wASTRAL) trees, 29 
Maximum Likelihood (ML) trees, and three Bayesian Inference 
(BI) trees were inferred from the six supermatrices (Dataset  S3 
and SI Appendix, Supplementary Appendix B) to test the effect of 
the substitution model on the recovered topology. Trees based on 
different supermatrices and inference models were congruent at most 
nodes (Fig. 2) but resulted in three different topological hypotheses 
(H1–3) about the relationships of the early-diverging hexapod clades 
(Fig. 3 A–C). Hypothesis 1 supported the placement of Collembola 
as sister to the remaining hexapods [H1: “Collembola-sister” 
hypothesis, i.e., Collembola + (Protura + (Diplura + Insecta))]. 
Under the second hypothesis [H2: “Elliplura” hypothesis, i.e., 
(Collembola + Protura) + (Diplura + Insecta)], Collembola and 
Protura formed a monophyletic group as sister group to Diplura 
+ Insecta [= the Pleomerentoma concept of Krause and Wolfe 
(75)], corresponding to the “Elliplura” hypothesis (8). Protura 
was inferred as the sister group to the remaining three hexapod 

Table 1.   Summary of USCO amino acid supermatrices used for phylogenetic analyses

Supermatrix
Average missing 

taxa per locus (%) No. of loci No. of sites Missing sites (%)
Average  

locus length

 Matrix 1 12.5 949 455,036 35.7 479.49

 Matrix 2 13.87 475 267,183 37.08 562.49

 Matrix 3 12.61 554 335,767 36.36 606.08

 Matrix 4 12.6 586 296,560 37.4 506.08

 Matrix 5 12.96 305 199,586 38.56 654.38

 Matrix 6 — 949 164,081 18.01 172.90D
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groups in the third hypothesis [H3: “Protura-sister” hypothesis, i.e., 
Protura + ((Collembola + Diplura) + Insecta)], or the Protura + the 
Holomerentoma of Prell (76).

 The most complex site-heterogeneous models, PMSF(C60) and 
CAT-GTR, supported the “Protura-sister” hypothesis when all 
supermatrices were analyzed (except for the Matrix 2, which 
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Fig. 2.   Phylogeny of the noninsect hexapods. Main topology inferred from the Matrix 6 using the Bayesian across-site compositional heterogeneity CAT-GTR 
model implemented in PhyloBayes. Node supports from all analyses are indicated by the colored squares (The node supports of each phylogenetic tree is shown 
in SI Appendix, Supplementary Appendix B). Only the lowest support values are shown when different matrices or different models produced conflicting results. 
[H1.guide: Collembola + (Protura + (Diplura + Insecta)); H2.guide: (Collembola + Protura) + (Diplura + Insecta); H3.guide: Protura + ((Collembola + Diplura) + Insecta)]. 
Collembola + Diplura = original circumscription of Entognatha; Entognatha + Insecta = Holomerentoma (a.k.a. Holomera).
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supported the “Elliplura” hypothesis ( 8 ) under the PMSF(C60) 
model with H2 topology as the initial guide tree). Under this topol-
ogy, Protura were the sister group to Diplura + Collembola and the 
remaining hexapods. Our model comparison based on leave-one-out 
cross-validation (LOO-CV) and widely applicable information 
criterion (wAIC) for Matrix 6 provided high resolution on the 
performance of different models, offering a reliable basis for select-
ing the best topology ( 77 ). In our results, the site-heterogeneous 
CAT-GTR model fitted the dataset better than the site-homogeneous 
LG model (ΔCV = −35.4127 + 37.5290 = 2.1163, and ΔwAIC = 
−35.3988 + 37.5290 = 2.1302; Dataset S4 ). Partitioned analysis 
supported the “Elliplura” hypothesis ( 8 ) with the Matrix 1 to Matrix 
3, and “Protura-sister” with the Matrix 4 and Matrix 5, while mul-
tispecies coalescent analyses recovered all three hypotheses, albeit 
some nodes were poorly supported (Dataset S3 ). When subjected 
to Dayhoff 6-state recoding and analyzed with GTR+R model, the 
results were consistent with the partitioned analyses, and the 
“Protura-sister” hypothesis is also supported by this analysis based 
on Matrix 6. In addition, gene concordance factors (gCF) and site 
concordance factors (sCF) were used to gain a deeper understanding 
of how well different genes and sites support the different hypoth-
eses (SI Appendix, Supplementary Appendix B ). For most branches 
in all three topologies, the gCF values are lower than the sCF values, 
suggesting that the focal sites that support these topologies are scat-
tered across different genes.  

Evaluating Alternative Hypotheses and Phylogenetic Support. We 
conducted several tests to discriminate between the four hypotheses 
(three hypotheses obtained in this study and ‘Entognatha’ hypothesis 
from the previous studies (14, 44); Fig. 3) of hexapod relationships. 
Topology tests were conducted on all six supermatrices with 
the C60+F+R model using the Approximately Unbiased (AU), 
Weighted Kishino–Hasegawa (WKH), and Weighted Shimodaira–
Hasegawa (WSH) tests. Three supermatrices (Matrix 4 to Matrix 6) 
supported the “Protura-sister” hypothesis (P-value < 0.05). Three 
other supermatrices (Matrix 1 to Matrix 3) supported the “Elliplura” 
hypothesis without significance (Dataset  S5). The Matrix 6 was 
furthermore subjected to AU test with the more computationally 
demanding models CAT-PMSF, LG+C60+F+G, LG+C20+F+G, and 
LG+F+G; these unequivocally yielded support for the “Protura-sister” 
hypothesis (Dataset S5 and Fig. 3).

 We detected potentially confounding signals using four-cluster 
likelihood mapping (FcLM) analysis with all six supermatrices and 
evaluated which hypothesis (unrooted trees) was predominantly sup-
ported by these quartets: T1 (SI Appendix, Fig. S1G﻿ ), (Collembola + 
Diplura) and (Protura + Insecta); T2 (SI Appendix, Fig. S1H﻿ ), 
(Collembola + Insecta) and (Diplura + Protura); T3 (SI Appendix, 
Fig. S1I﻿ ), (Collembola + Protura) and (Protura + Insecta). The major-
ity of quartets placing Collembola plus Diplura were sister group to 
a clade comprising Protura + Insecta, i.e., unrooted topology T1 was 
favored, corresponding to the “Protura-sister” hypothesis, i.e., H3 
(SI Appendix, Fig. S1G﻿ ), with strong support (FcLM range from 64.4 
to 84.6%; SI Appendix, Fig. S1 A–﻿F ).

 In addition, we subjected every gene from the five supermatrices 
(except for the Matrix 6) to AU, WKH, and WSH tests to compute 
the distribution of gene tree supports (i.e., the gene-wise likelihood 
scores). In three supermatrices (Matrix 1 to Matrix 3), the “Elliplura” 
hypothesis had the highest number of gene tree supports, and the 
“Collembola-sister” hypothesis had lowest. However, the “consistent” 
genes (Matrix 4 and Matrix 5) lent more support to the “Protura-sister” 
hypothesis than the “Collembola-sister” scenario (Dataset S6  and 
﻿SI Appendix, Fig. S2A﻿ ). We furthermore compared the site-wise like-
lihood scores for the three hypothesized topologies. For Matrix 3 and 
Matrix 4, a distinctly greater number of sites supported “Elliplura” 

than any of the other two hypotheses (Dataset S7 ; SI Appendix, 
Fig. S2B﻿ ). The “Elliplura” and “Protura-sister” hypotheses had a sim-
ilar number of sites support in the Matrix 2 (SI Appendix, Fig. S2B﻿ ).   

Discussion

Molecular and Morphological Congruence. As with many 
other ancient radiations (16), molecular phylogenetic studies 
have found it challenging to elucidate the relationships of the 
noninsect hexapod clades, which may have diverged as early as 
the Cambrian–Silurian (8, 78), although a Cambrian origin is 
less likely given that arthropods had not yet ventured onto land. 
Expanding the taxon sampling of noninsect hexapods, including 
sequencing the transcriptome of the enigmatic Sinentomon, 
Octostigma, and Lepidocampa, enabled us to explore various 
sources of phylogenomic signal and mitigate common artifacts 
at the base of the hexapod tree of life, which has been plagued by 
topological uncertainty (9, 16). We recovered three alternative 
topologies, corresponding to long-standing competing hypotheses 
regarding insect origins (8, 38, 79, 80) (Dataset S3 and Fig. 3 A–C).  
Under the GTR+R (with Dayhoff6 recoding alignments) and 
partitioned ML models, the “Elliplura” hypothesis was supported, 
as in Misof et al. (8), along with the “Protura-sister” hypothesis. 
The multispecies coalescent analyses recovered all three topologies 
(Dataset S3). The site-heterogeneous PMSF(C60) model, as well 
as CAT-GTR model, provide support for Protura as the first-
diverging lineage of hexapods. Additionally, based on Matrix 2, the 
PMSF analysis, with H2 topology as the initial guide tree, supports 
the “Elliplura” hypothesis (Dataset S3). The question is then why 
similar analyses give different results and how we should interpret 
variation in results obtained from different analyses. The first 
important insights pertain to model fit. Cross-validation (CV) is a 
reliable approach to assessing the fit of models to the data (77). The 
general idea is to split the dataset into two subsets, using one subset 
for training the model and then evaluating the fit of the model 
over the remaining subset. In the context of Bayesian inference, a 
natural procedure to implement CV is to average the validation 
likelihood over the training posterior distribution. The resulting 
score is then log transformed and averaged over multiple random 
splits of the original dataset into training and validation sets. In 
LOO-CV of PhyloBayes, each observation is taken in turn and set 
aside for validation, using the n − 1 remaining observations to train 
the model (77). We used LOO-CV to compare site-heterogeneous 
model (CAT-GTR) and the site-homogeneous model (LG) on 
the Matrix 6. Our analysis revealed that CAT-GTR provided a 
better fit to the dataset compared to LG (Dataset S4). Therefore, 
LOO-CV supports the hypothesis that the compositionally site-
heterogeneous model CAT-GTR provides a better fit than the site-
homogeneous models with LG. Other topologies were supported 
by less well-fitting models, and by partitioned analyses, the latter 
of which has been shown to fit empirical data significantly less 
than approaches that consider heterogeneity at the site level, in 
most cases (16). The second insight pertains to topology tests. We 
compared the four topologies on all supermatrices under C60+F+R 
model using the AU, WKH, and WSH tests. Three supermatrices 
supported the “Protura-sister” hypothesis with strong confidence, 
and the others supported the “Elliplura” hypothesis with no 
confidence. When topology tests were conducted using the 
site-heterogeneous models CAT-PMSF, LG+C60+F+G, and 
LG+C20+F+G, the “Protura-sister” hypothesis was supported 
unequivocally. Meanwhile, the FcLM analyses also supported the 
“Protura-sister” hypothesis. Additionally, we further found that 
evolutionary rates of genes and “inconsistent” genes can influence 
the tree reconstruction results. For instance, when using Matrix D
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2, Matrix 4, or Matrix 5, the “Protura-sister” hypothesis can be 
recovered even without employing complex site-heterogeneous 
models. Lower API values, i.e., higher evolutionary rate, indicate 
lower sequence conservation and more variable sites, which in turn 
provide stronger phylogenetic signals. Therefore, it is evident that 
selecting appropriate loci is crucial when addressing the issues in 
our study. These analyses suggest that we could recover “Protura-
sister” hypothesis over the much broader substitution model and 
topology test.

 Proturans have long been considered morphologically divergent 
hexapods, leading some early authors to argue that they may not be 
related to hexapods at all ( 81 ). The status of proturans as the 
earliest-diverging hexapods is further supported by a suite of mor-
phological characters shared with myriapods and crustaceans. In 
proturans, the first three abdominal segments retain segmented or 
unsegmented vestigial appendages ( Fig. 1 D  and G  : al) ( 82 ), a plesi-
omorphy shared with most myriapods and crustaceans where all trunk 
segments are equipped with a pair of segmented limbs ( 83 ). These 
abdominal appendages have been reduced to unsegmented stubs or 
have been lost altogether in most hexapods ( 84 ). A further plesiomor-
phic character proturans share with myriapods and crustaceans ( 85 ), 
but not other hexapods, is their anamorphic postembryonic devel-
opment (anamorphic development may be plesiomorphic), but it is 
highly variable in groups like myriapods, where epimorphic develop-
ment is common (e.g., Scolopendromorpha, Geophilomorpha). That 
is, proturans emerge from the egg with nine abdominal segments and 
add a segment with the first molt and two more segments with the 
second molt, which results in 12 segments in the adult abdomen, 
including a distinct telson. The proturan embryonic membrane pos-
sesses the ability to differentiate into the dorsal body wall, a feature 
shared with aquatic “crustaceans” and myriapods, but not with other 
hexapods ( 86 ). A further potential plesiomorphy of proturans may 
be the single claw (pretarsus) on each leg, while other hexapods have 
paired pretarsal claws ( 87 ). Proturans have no antennae, and they 
walk on four legs with the front two repurposed as raised sensory 
structures, which diverges strongly from other hexapods ( 88 ), but 
assuredly a unique apomorphy for their unusual life history. They 
have no eyes, just pseudoculi, whose homology remains uncertain, 
and which probably only senses light without forming images ( Fig. 1 
﻿E  and F  : po) ( 89 ), another autapomorphy for the clade. Flagellate 
spermatozoa in proturans have a variable axonemal pattern, but a 
common, distinctive feature is the absence of central microtubules 
( 90 ). Proturans moreover possess a simplified or absent tracheal sys-
tem unlike any other hexapods ( 91 ); when tracheae are present at all, 
they are present as only two pairs of spiracles on the thorax ( 92 ), a 
remarkable apomorphic reduction of the tracheal system unique to 
the lineage.

 Characters supporting a Collembola + Diplura as a clade, i.e., 
the original circumscription for Entognatha, which did not include 
Protura ( 93 ), are fewer but include a similar process of blastokinesis 
( 94 ), and each antennal division with intrinsic musculature, whereas 
in the Insecta only the antennal scape possesses intrinsic muscles 
( 27 ). A close relationship between the two groups is moreover sup-
ported by some analyses of mitochondrial protein-coding genes ( 59 ) 
and genomic datasets under heterogeneous models ( 20 ). We herein 
propose to return Entognatha to its original conception by removing 
Protura and returning it to a clade with only Collembola and 
Diplura. This narrowed Entognatha thus restored is a well-founded 
monophyletic group sister to Insecta.  

Implications for Hexapod Terrestrialization. The terrestrialization 
of hexapods, the most cryptic episode of the clade’s evolutionary 
history, has long remained shrouded in mystery, but equally attracted 
interest due to its importance for delimiting the ground plan of 

the ancestral hexapod. Unfortunately, there is no fossil evidence 
supporting the idea that Protura is the earliest-diverging lineage 
of hexapods. Consequently, utilizing molecular data, especially the 
omics data, has remained the only effective means to address this 
uncertainty. The resolution of proturans as the earliest-diverging 
hexapods enables the reconstruction of the last hexapod ancestor 
and permits the sequence of character evolution to be traced and 
homologies to be established. A lasting contention in understanding 
hexapod terrestrialization is whether adaptations for life on land were 
acquired in a stepwise fashion or whether the last common ancestor of 
Hexapoda already possessed a complex respiratory, reproductive, and 
sensory systems (95, 96). In other words, were there a series of serial 
stem groups progressively more “terrestrialized” and progressively 
closer to crown-Hexapoda? Some molecular and morphological 
studies over the past decade have argued that given their unusual 
organ systems, some proturan characters of the reproductive and 
respiratory systems may not be homologous with other hexapods 
and instead represent an independent ancient lineage (41, 95, 97). 
Despite the highly unusual morphology of the proturans, evidently 
sculpted by their soil habitats, several inferences can be drawn.

 Our results suggest that the last common ancestor of the hexa-
pods was terrestrial, contrary to some earlier hypotheses that sug-
gested possible aquatic or semiaquatic modes of life in early 
hexapods ( 52 ,  98 ). The hexapod colonization of land was facilitated 
by a sequence of morphological innovations. Crucial to survival on 
land is respiration in air, which in insects is facilitated by a 
well-developed tracheal system. The tracheal system is present in 
some proturans, collembolans, and all diplurans, leading to debates 
about its homology ( 30 ,  95 ). In light of the present results, it is 
plausible that the tracheal system was present in the ancestor of 
Diplura + Collembola and may have been present in the ancestor 
of Hexapoda, with subsequent apomorphic reduction in Protura as 
evidenced by the vestigial tracheal elements sometimes present, 
although the latter remains somewhat contentious but is a more 
parsimonious interpretation of the pattern of character-states rela-
tive to Remipedia and other “crustaceans”. Terrestrial arthropods, 
namely insects, myriapods, and arachnids, share osmoregulation 
and excretion facilitated by the Malpighian tubule system. The 
“Protura-sister” hypothesis implies that the Malpighian tubules were 
secondarily reduced to small papillae in Protura and Diplura, while 
they have been secondarily lost altogether in Collembola ( 99 ). All 
in all, our results imply that the last common ancestor of Hexapoda 
already possessed many of the key adaptations for life on land.

 Proturans are notable among the other early-diverging hexapod 
linages for their highly specialized mode of life. An almost obligate 
ectomycorrhizal feeding ( 100 ), or at least strong preference for 
fungal feeding ( 98 ,  101 ,  102 ), has been documented across pro-
turans in laboratory and field experiments. All proturans possess 
specialized sucking mouthparts and appear to feed on hyphal cyto-
plasm. Meanwhile, diplurans and collembolans are generalist omni-
vores, feeding on roots, fungal hyphae, spores, and decaying organic 
matter or may sometimes be predaceous ( 12 ,  103 ,  104 ). The recov-
ery of proturans as the earliest-diverging hexapod clade poses the 
possibility that specialized ectomycorrhizal mycelia represent a 
plesiomorphic condition also present in the last hexapod ancestor. 
Fossil mycorrhizal fungi are known from the Early Devonian ( 102 ), 
putative terrestrial fungi fossils occur from the Silurian onward 
( 105 ), and molecular clock studies suggest that they may have been 
present as early as the Cambrian ( 103 ). In any case, early terrestrial 
ecosystems before the development of tall woody vegetation were 
likely dominated by microbial mats and fungi ( 106 ), highlighting 
a possible food source for early hexapods that may have facilitated 
their invasion of land. Further understanding of the ancestral hexa-
pod body plan relies on a better understanding of the extant D
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early-diverging hexapod lineages such as Protura and Diplura, for 
which many character systems are poorly known. Resolution of 
relationships among noninsect hexapods will further facilitate 
ground plan comparisons with other arthropod lineages and the 
reinterpretation of controversial fossils ( 107 ) that may help trace 
the transition of marine pancrustaceans to the terrestrial realm and 
ultimately the earliest of fossil hexapods.   

Materials and Methods

Transcriptomes from two rare diplurans (O. sinensis and L. weberi) and one pro-
turan (S. erythranum) were sequenced. Forty-five other hexapod species and 
nine crustacean outgroups were downloaded from NCBI to deepen our under-
standing of phylogenomic relationships among hexapods (Dataset S1). Universal 
single-copy orthologs (USCOs) were extracted from all samples, aligned multiple 
sequences, trimmed poorly aligned regions, filtered loci, and used to construct six 
distinct supermatrices. We employed a variety of phylogenetic methods to tackle 
common systematic errors, including multispecies coalescent and concatenation-
based models. Our study further utilized multiple analytical methods such as 
topology tests, four-cluster likelihood mapping analyses, site-wise and gene-wise 
likelihood analyses, and model comparison, all aimed at accurately delineating 
relationships among noninsect hexapods. See also SI Appendix for details.

Data, Materials, and Software Availability. All data and materials are available 
from the public repository on GitHub (108). The custom scripts, based on Du et al. 
(109), can also be found on GitHub (https://github.com/xtmtd/Phylogenomics/
tree/main/basal_hexapods/scripts). All supplementary appendices are available 
on GitHub (https://github.com/xtmtd/Phylogenomics/tree/main/basal_hexapods/
Supplementary_material) (108). All matrices and tree files are available on GitHub 

(https://github.com/xtmtd/Phylogenomics/tree/main/basal_hexapods/matrices 
and https://github.com/xtmtd/Phylogenomics/tree/main/basal_hexapods/treef-
iles) (108). NCBI accession numbers are provided in Dataset S1.
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