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1. Supplementary Text

1.1 Novel genes of terrestrial lineages are different from those in
aquatic lineages

Our observed data, which include terrestrial nodes nested within aquatic ones, lacks sufficient
statistical power for standard parametric tests (e.g., t-tests, ANOVA). Instead, we used
phylogeny-wide permutation tests, which determine the statistical significance of observed
data by comparing it against an empirical null distribution generated from numerous random
permutations of the original data (e.g., evolutionary rates of novel genes in a node, GOs in a
node) with their labels (aquatic or terrestrial) reshuffled in each permutation. This allows us to
test specific hypotheses about evolutionary patterns by breaking the observed correlation
between variables while preserving their individual distributions.

1.1.1 Novel gene rates found in terrestrial lineages are significantly higher than
in aquatic nodes

In the first permutation test, we evaluated if the number of novel genes emerging per million
year (Myr) in terrestrial nodes was significantly higher than in aquatic nodes. We collected the
rate of emergence of novel genes for 11 terrestrial nodes and randomly selected 11 aquatic
nodes (Actinopterygii, Ambulacraria, Bivalvia, Branchiopoda, Chondrichthyes, Cnidaria,
Decapoda, Platyhelminthes, Priapulida, Sabellida and Vetigastropoda). We calculated the
observed total evolutionary rate in the 11 terrestrial nodes as the total number of novel HGs
divided by total divergence time (rate=4.900). We then repeatedly drew 11 sets of aquatic nodes
randomly (with replacement) from the aquatic pool to build 10,000 permutations, and
recomputing the evolutionary rate (total novel HGs counts divided by total divergence time),
producing a null distribution of novel gene rates in aquatic nodes. As shown in Extended Data
Fig. 3a, the observed terrestrial rates (red bar) exceeds the aquatic permutation rates (one-tailed
p = 0.0015). Thus, the observed higher novel gene rates found in terrestrial lineages are
significantly higher than in aquatic nodes, even after correcting for divergence time. The
expanded and contracted genes were inferred with CAFES!, whose birth—death model is
intrinsically scaled by branch length and does not require any correction.

1.1.2 Functions derived from novel genes in terrestrial lineages are significantly
distinct from those in aquatic nodes

The second permutation test assessed if the biological functions found in terrestrial nodes are
significantly different from those in other nodes. We included lineages with the biggest taxon
sampling from random aquatic lineages, including Actinopterygii, Ambulacraria, Bivalvia,
Branchiopoda, Cnidaria, Decapoda and Platyhelminthes. First, we converted the Gene
Ontology (GO) matrix derived from the novel genes for each lineages into a binary
presence/absence matrix, then quantified the dissimilarity between terrestrial and aquatic GO
term profiles by measuring the proportion of non-shared terms (Jaccard GO distance). Then we
built 10,000 permutations reshuffling the aquatic/terrestrial labels between lineages and
recalculating the Jaccard distance between the reshuffled aquatic and terrestrial lineages. This



generates a null distribution of GO distances between lineages whose habitat has been
reshuffled (Extended Data Fig. 3b). The GO distances for the real observed data (0.583, red
bar, empirical p < 1 x 10™*) are outside the permutation distribution, indicating that ~46% of
GO terms are habitat-specific and that this degree of gene turnover is highly unlikely under
random node choice. This demonstrates that GO terms derived from novel genes are
functionally distinct between terrestrial and aquatic lineages.

1.2 Key biological functions evolved convergently through gene gains
in terrestrialisation events

1.2.1 Total number of HGs performing key functions increased in terrestrial nodes

Our findings show that not only novel HGs associated with those 55 GOs (“most specific” GO
functions shared in novel HGs, Fig. 3b) convergently emerge in different terrestrial nodes, but
the total number of novel HGs performing these functions also increased during these
transitions. For the 10 “most specific” GO terms derived from the 27 GO terms shared by all
nodes (Fig. 3a), we compared their numbers in terrestrial nodes with the HGs in their ancestors
performing the same functions (Extended Data Fig. 4). The nodes Bdelloidea, Clitellata,
Tardigrada, Onychophora, Armadillidium, and Tetrapoda show higher HG numbers hitting
these GO terms compared to their immediate aquatic ancestors. For example, the number of
novel HGs hitting GO:0005886 plasma membrane in Tetrapoda (22 HGs) is twofold that of
Osteichthyans (14 HGs) or Dipnotetrapodomorpha (15 HGs), and fourfold that of Sarcopterygii
(4 HGs). In conclusion, this indicates that the number of HGs involved in these biological
functions increase in several terrestrial animals. However, given the limited taxa samplings in
Tardigrada (two genomes), Onychophora (one genome), and Armadillidium (one genome),
comparisons of HG numbers in these groups should be interpreted with caution, as additional
genomes of these lineages may further refine this pattern.

1.2.2 Detailed Interpretation of representative genes hitting terrestrialisation-
linked GOs in human and fruit fly

Genes included in those 55 GO terms in humans (tetrapods) and the fruit fly (hexapods)
highlight the importance of biological functions linked to terrestrialisation (Extended Data
Table 1). Human genes such as IL272, APOA2%# are involved in lipid metabolism. APOA2, in
particular, plays a role in lipid transport and fat accumulation and has been positively selected
in cetaceans during their secondary aquatic adaptation®. Terrestrial and freshwater animals
typically have more short-chain polyunsaturated fatty acids (PUFAs), such as alpha-Linolenic
acid, than long-chain PUFAs>®, suggesting that adaptations in lipid metabolism are critical for
landing animals. Genes OSM, XCL1, CXCL16, TNFSF18, FLT3LG, XCL2, CDI family
members, PLAUR, LYPD3, and TMIGD2 play crucial roles in immunity and response to stimuli,
key to the transition to a new environment’. The Gene MPIG6B regulates blood cell function
critical for terrestrial adaptation, driving a decreasing in thrombocyte size in amphibians and
reptiles, and further in fully terrestrial species, with a significant reduction in mammals where
thrombocytes evolved into anucleated platelets. This not only expands the membrane surface
area to target more viruses but also facilitates distribution in flowing blood®. In addition, SPP/

4



gene is involved in bone health’, and the novel ENAM gene encodes a large protein in the
enamel matrix for teeth development, which interestingly became inactivated in secondary
aquatic species (Mysticeti) with the loss of enamel'?. GPR152, a receptor located in the plasma
membrane and expressed in the retina, functions in retinal cell-to-cell communication'!.
Reproductive strategies also greatly changed from water to land. Novel genes in this category
include members of the AKAP family, TBC1D21, DKKLI, and ZNF239, with ZNF239 being a
transcription factor related to the onset of sexual maturation!?. Additionally, the HR gene was
the first gene identified to be related to hair-cycle regulation!®, which possibly had a role in the
skin barrier in early tetrapods. Lastly, PPPIR3F is found in brain astrocytes and
neurodevelopment, helping the brain to regulate the storage of glycogen for energy'. In fruit
flies, examples of terrestrial novel genes in hexapods include reproductive genes such as Pof,
vital for viability in both sexes and female oogenesis!®, and the transcription factor MESR4,
which promotes differentiation in ovarian germline stem cells!®. Notably, fruit fly ionotropic
receptors (Ir64a, Ir75d, Ir3la, Ir84a, also called ligand-gated ion channels) and the Gr39h
gene are amongst the terrestrial novelties. These genes are linked to the detection of olfactory
stimuli'’, including promoting male courtship'® and taste stimuli'®, respectively, revealing key
roles that novel genes play in terrestrial adaptation.

1.2.3 Enriched GO terms of expanded HGs

We applied GO terms enrichment analysis for the expanded HGs, using the bilaterian ancestral
genes as background. These analyses also support that stimulus response and ion transport are
key functions related to terrestrialisation (Supplementary Figure 6, Supplementary Table 8). In
this analysis, all nodes except Tardigrada, Arachnida and Myriapoda show enriched GO Terms.
Remarkably, we found GO terms convergently shared in at least five terrestrial nodes. Among
these GO terms, biological process related to response to stimuli (such as stress, chemical,
nutrients, external and biotic stimulus) and monoatomic ion transport occupy an important
position. Other shared enriched functions include plasma membrane and transmembrane
transporter complex in cellular components and transmembrane transporter activity (such as
ion channel activity) in molecular functions.

1.3 Semi-terrestrial animals share more adaptations than fully
terrestrial lineages

1.3.1 Principal Component Analysis of the GOs associated with novel and
ancestral genes

We first performed Principal Component Analysis (PCA) of the GOs associated with novel and
ancestral genes (Supplementary Figure 8) of terrestrial animal clades, as an initial exploratory
ordination. The principal components (PC1 and PC2) are axes that represent the directions of
maximum variance in the data. In the PCA of GO terms derived from novel genes, bdelloid
rotifers do not cluster with the other animals (Supplementary Figure 8c), possibly due to their
high rate of horizontal gene transfer, large genome sizes, asexual reproduction and extreme
stress tolerance?’. After removing Bdelloidea (Supplementary Figure 8d), PC1 and PC2 were



dominated by nematodes and tetrapods, respectively, with the single onychophoran genome
(indicated with a red dot) did not clustering with any group (p<0.05, Supplementary Table 12).
Semi-terrestrial groups are significantly different from fully terrestrial lineages on PCl1
(p=1.278e-10). The top 1% dominating differences in novel gene functions encompass features
related to semi- and fully terrestrial habitats (Supplementary Table 13), such as response to
osmotic stress, epithelium development, physical barriers, cuticle development, reproduction
and visual development. Ancestral genes do not show any clear clustering, even after removing
the highly sampled tetrapods (Supplementary Figure 8a and 8b); this was expected, as ancestral
genes include all the protein-coding genes present in the LCA of a lineage, which may not have
a strong terrestrialisation signal. Bdelloidea (p<0.05 on PC2, Supplementary Table 12) and
nematodes (p<0.05 on PC1 and PC2, Supplementary Table 12) are isolated from others.
Interestingly, tardigrades are clearly separate from all other lineages on PC2 (p<0.05,
Supplementary Table 12), which might be explained by their ability to survive in environments
where other animals cannot thus possessing unique molecular adaptations®'?2, However,
because shared absences might bias Euclidean-based PCA on binary presence/absence data,
inflating similarity between groups that simply lack many of the same features, we further
performed Principal Coordinates Analysis (PCoA) on Jaccard dissimilarities of functional
terms in novel genes for the main analyses (Figure 5), which more robustly reflects the “shared
presence” structure.

1.3.2 Share GO terms of novel genes in semi-terrestrial groups

For novel genes, we explored the gene gains within the two groups, semi/terrestrial and fully
terrestrial. There are 16 GO terms shared by the novel genes in all five semi-terrestrial events,
while these terms were not shared with fully terrestrial lineages (Supplementary Figure 9).
Interestingly, our results show that circulatory system development is linked to novel genes in
all semi-terrestrial species, including GO:2000181 negative regulation of blood vessel
morphogenesis, GO:0016525 negative regulation of angiogenesis and GO:1901343 negative
regulation of vasculature development. The circulatory system has co-evolved with respiratory
systems, which are simpler in semi-terrestrial species. Clitellates, bdelloidea, nematodes and
tardigrades rely on diffusion-based or integumentary respiration, while onychophorans possess
a simple tracheal system. These adaptations are in contrast with the more complex vascular
mechanisms seen in fully terrestrial species (e.g., pneumostome of land snails, tracheal system
in arthropods and lungs in tetrapods). Novel genes that negatively regulate excessive blood
vessel formation to maintain efficient gas exchange and nutrient transport in their semi-
terrestrial habitats?®. Additionally, due to high soil dependence, semi-terrestrial species might
have adapted to cope with waterborne and soil-based pollutants (GO:0009636 response to toxic
substance) and break down nutrients (GO:1901565 organonitrogen compound catabolic
process, GO:0009057 macromolecule catabolic process and GO:0030163 protein catabolic
process).

1.3.3 Share expanded HGs in semi-terrestrial lineages

We investigated convergence in expanded HGs of animals adapting to semi-terrestrial
environments (Figure 4a). Our results indicate that the terrestrial pattern of semi-terrestrial



lineages evolves convergently, with shared expanded HGs involved in osmoregulation
(Tyrosine signaling regulators?* and TWiK family?®), nutrient absorption (Cathepsin B-like
cysteine proteinase for protein breakdown?® and Sulfate permease for sulfate uptake?’), muscle
contraction (Myosin family?®), energy conservation (Dehydrogenase?), detoxification (ABC
transporter* located on membranes and Protein-disulfide reductase®! for antioxidation) and
response to stimuli (transient receptor potential (TRP) channel family responding to
temperature, touch, pain, osmolarity and taste’? and SET domain protein3?).

1.3.4 Share expanded HGs in fully terrestrial lineages

Most shared adaptations among fully terrestrial lineages are found in arthropods (see 1.4.7).
Only two expanded HGs are shared by Armadillidium and Stylommatophora: the sodium-
dependent glucose transporter, involved in glucose transport®*, and TRP channels, ion channels
functioning as stimulus sensors®> (Figure 4a, Supplementary table 7). Therefore, fully
terrestrial lineages do not display a global pattern.

1.4 Distinct functions are found in each terrestrial node

1.4.1 Bdelloidea

Bdelloid rotifers evolved exceptional stress tolerance mechanisms, including resistance to
desiccation, extreme temperatures, and radiation, enabling them to thrive in harsh
environments?’. In our study, Bdelloid rotifers genomes®® show enrichment in stress-response
functions (20% of expanded HGs, Supplementary Table 15), indicating adaptations to hypoxia,
osmotic stress, temperature, radiation, PH and more. Key genes include nhr-4879, Hr9680,
CYP4V281, and MAP2K382, which play roles in stress response. Bdelloid novel core genes
(Supplementary Table 17) include nhr-48%, Hr96%’, CYP4V23® and MAP2K3*°, which play a
critical role in stress response.

1.4.2 Clitellates

Clitellates adapted their nervous and muscular systems to cope with terrestrial challenges
enhancing locomotion and desiccation resistance. Clitellate terrestrial adaptations center on

40,41
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nervous system changes, with expanded HGs encoding proteins like Neuroglian and Agrin for
neuromuscular junctions** (Supplementary Table 16). Their novel genes support
neurotransmitter-mediated synaptic communication. Terrestrial traits like simplified ganglia
and ventral nerve cords, which enable rapid responses to environmental change*®*!, while
muscle-related expanded HGs like Tropomyosin and Calponin-homology (CH) domain-
containing protein*’, encoded by two expanded HGs in clitellates, aid in locomotion for

desiccation avoidance (e.g., burrowing).

1.4.3 Stylommatophora

Terrestrial snails’ adaptations include shell and eggshell formation (Calcitonin receptor, Chitin-
binding proteins) mucus secretion and aestivation**; expanded and novel core genes
(Supplementary Table 16, Supplementary Table 17) encode proteins like Calcitonin receptor®’
and Chitin-binding type-2 domain-containing protein®®, which are involved in calcium
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metabolism and shell mineralization or eggshells deposition in molluscs, similar to previous
study*’. In addition, mucus-related genes such as Glycosyltransferase and Beta-1,3-galactosyl-
O-glycosyl-glycoprotein beta-1,6-N-acetylglucosaminyltransferase are inferred in expanded
genes, indicating glycosylation, an essential step in mucin-type biosynthesis*®, as shown in
earlier studies reporting mucin-related gene family expansions*->°. Moreover, estivation, an
ideal survival strategy for dealing with arid conditions where snails secrete a mucus to cover
the aperture of the shell and prevent water loss’!, is supported by the expansion of
dehydrogenase gene family in our results. These genes help conserve energy, adjust glucose

metabolism and enhance antioxidant defense?’, also supported by other studies®*->°.

1.4.4 Nematoda

Free-living nematodes adapt through cuticle-related genes for structural resilience, to cope with
pollutants, and modulate moulting®. In agreement with previous study>, we found cuticle-
related functions (e.g., structural constituents of collagen, cuticulin-based cuticle, cuticle
modulation®#) emerged in the nematode LCA (Supplementary Tables 17 and 18). Expanded
HGs like acetylcholine receptors facilitate neuromuscular functions for soil navigation and
feeding®-° (Supplementary Table 16).

1.4.5 Tardigrada

Tardigrades are able to survive in extreme environments, particularly during anhydrobiosis?!.
Our findings revealed several new stress response genes in novel core genes (Supplementary
Table 17), for instance, YWHAQ gene (osmotic stress and dehydration®’), CSNK gene
(oxidative stress response and ROS levels®®), and NPR genes (salt-water balance and blood
pressure®). Additionally, expanded HGs (Supplementary Table 16) in tardigrades include
genes involved in Olfactory receptor, thodopsin family, G-protein coupled receptor and opsin
family (light-sensitive receptor®).

1.4.6 Onychophora

Onychophorans share key characteristics with arthropods such as exoskeleton, segmentation,
respiration via tracheae and an open circulatory system. Interestingly, we found Onychophora
shared ten expanded HGs with Armadillidium, some of which are responsible for adaptation to
oxygen levels (Glutathione Peroxidase®’ and NADH-Ubiquinone Oxidoreductase®?) and
nutrient and ion uptake (Major Facilitator Superfamily®®) (Supplementary Table 7).

1.4.7 Arthropoda

They are the most diverse animal phylum on Earth, originated in the sea and colonized the land
several times independently. In this study, we focus on fully terrestrial clade: Hexapoda,
Myriapoda and Arachnida first and Armadillidium later®. These lineages in arthropods exhibit
convergent evolutionary traits for terrestrial adaptation, such as exoskeleton structure, water
conservation and sensory development (Figure 4a, Supplementary Table 7). For instance, the
wax layer of the exoskeleton is responsible for waterproofing, minimizing desiccation, and
repairing cuticle abrasions®®, regulated by expanded gene O-acyltransferase WSD1 (shared in
Myriapoda and Hexapoda), improving osmotic stress tolerance®. Also, Retinol-binding protein
genes required in the retinal pigment cells expanded in Arthropoda terrestrial lineages, linking
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to visual development to adapt to light conditions on land®’. Other expanded gene families
include those responsible for wing hinge (MADF domain®), endothelial cell proliferation
(THAP domain®®) and response to various stimulus (Regucalcin for oxidative stress and sperm
quality’®, C2H2 domain for drought, excessive light and oxidative stress’!), consistent with
stress tolerance physiology in terrestrial arthropods’. Hexapods gave rise to the majority of
terrestrial animal biodiversity®*. Interestingly, we found that Hexapoda exhibit enriched GO
annotations in expanded genes (Supplementary Table 15) related to moulting (e.g., terpenoid
metabolic process, juvenile hormone metabolic process, sesquiterpenoid metabolic process and
steroid metabolic process) and vison (e.g., rhodopsin biosynthetic process) in response to
terrestrialisation. Moulting, triggered by steroid hormones’ and regulated by terpenoid’,
allows hexapods to grow within the constraints of their exoskeletons”, providing waterproof
protection thus facilitating their survival in terrestrial environments. Additionally, the evolution
of sophisticated visual system involving the light-sensing protein rhodopsin in visual
phototransduction’®, enables hexapods to navigate and avoid predators on land.

1.4.8 Tetrapoda

Land vertebrates show both novel and expanded genes with enriched GO annotations related
to immunity functions (Supplementary Table 18 for novel HGs, Supplementary Table 15 for
expanded HGs), such as T cell co-stimulation, positive regulation of activated T cell
proliferation, neutrophil degranulation and specific granule lumen. Interestingly, the last two
annotations play essential roles in innate immunity’’. In addition to novel genes (mentioned in
chapter two, e.g., OSM, XCL1, CXCL16 and CDI), expanded HGs also contribute to the
immune system (Supplementary Table 16), involving the Ly-6/uPAR family’®, sialic-acid-
binding immunoglobulin-like lectins” and mucins®® and resistin®'. Notably, most of these
genes have been highlighted in innate immunity. Such adaptation was crucial as tetrapods
adapted to terrestrial habitats, evolving a specialised and reinforced epidermis with active
keratinization and a resistant outer stratum corneum®, closely linked to innate immunity. To
defend against pathogens spreading in terrestrial environment, innate immunity is essential to
provide both physical and chemical barriers®, as evidenced by our study.

1.5 Comparison between freshwater and terrestrial groups

We analysed the shared GO terms (Supplementary Figure 4) and shared PFAMs
(Supplementary Table 5) of novel genes between terrestrial and freshwater species, mostly
sister groups. We found freshwater functional terms overlapping with terrestrial ones, including
GO terms such as response to stress, plasma membrane and protein-containing complex, and
Pfams such as protein kinase and Trypsin (Supplementary Table 5), supporting the view that
some major functional categories involved in terrestrialisation were present in freshwater
ancestors and later refined for land adaptation.



2. Supplementary Figures
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Supplementary Figure 1.

Relationship of 118 (27+91) Gene Ontology (GO) terms (yellow-filled boxes) associated
with novel HGs shared by at least ten terrestrial nodes, including 27 GO terms shared
across all nodes and 91 GO terms shared across all nodes except one. The figure created

by GuickGO®,
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Supplementary Figure 2.

Analysis of "Unique GO" terms across terrestrial nodes. "Unique GO" terms were defined as
GO terms associated with novel genes that are present in terrestrial nodes but absent in their
ancestor nodes. The upset diagram shows the number of shared “Unique GO across terrestrial
nodes. All nodes except Nodel Bdelloidea and Node7 Arachnida contain "Unique GO". The
three bottom panels display GO term relationship networks generated using QuickGO3, with
shared "Unique GO" terms highlighted in yellow-filled boxes. The UpSet diagram is generated
by package UpSetR®.
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Analysis of "Unique Pfams" across terrestrial nodes. "Unique Pfams" were defined as Pfams
associated with novel genes that are present in terrestrial nodes but absent in their ancestor
nodes. The upset diagram shows the number of shared “Unique Pfams” across terrestrial nodes.
All nodes except Node3 Stylommatophora and Node7 Arachnida contain "Unique GO". The
shared "Unique Pfams" in at least three nodes are labelled with green bars.
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GO terms of novel genes shared between terrestrial and freshwater species

Biological Process Cellular Component Molecular Function

Supplementary Figure 4.

GO terms of novel genes shared between terrestrial and freshwater species
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a Node10 Hexapoda — GO terms that are associated with novel genes but not with novel core genes
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Node11 Tetrapoda — GO terms that are associated with novel genes but not with novel core genes
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Supplementary Figure 5.

GO terms that are associated with novel genes but not with novel core genes, these functions
were gained in the terrestrial ancestor but later lost. Our study distinguishes novel genes (gained
in the last common ancestor a lineage, but that can be lost later) and novel core HGs (novel
genes that are consistently retained across a lineage). Thus, the difference between novel and
novel core highlights the differences between critical and non-critical functions. a) Examples
of Hexapoda and Tetrapoda. b) Shared functions gained in the terrestrial ancestor but later lost
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Supplementary Figure 6.

Shared enriched GO terms of significantly expanded HGs. All nodes except Tardigrada,
Arachnida and Myriapoda show enriched GO Terms. The upset diagram displays the enriched
GO terms of significantly expanded HGs shared among different combination of terrestrial
nodes. We found GO terms convergently shared in at least five terrestrial nodes. Among these
GO terms, biological process related to response to stimuli (such as stress, chemical, nutrients,
external and biotic stimulus) and monoatomic ion transport occupy an important position.
Other shared enriched functions include plasma membrane and transmembrane transporter
complex in cellular components and transmembrane transporter activity (such as ion channel
activity) in molecular functions. The UpSet diagram is generated by package UpSetR®>.
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Supplementary Figure 7.

Shared Lost HGs across terrestrial nodes. The UpSet diagram displays the intersection of lost
HGs across different combinations of terrestrial nodes. Lost HG shared in at least seven
terrestrial nodes are highlighted by green dots, lost HG shared in semi-terrestrial nodes are
highlighted by blue dots. The UpSet diagram is generated by package UpSetR®.
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Supplementary Figure 8.
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Node7 Arachnida

© Node8 Myriapoda
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Principal Component Analysis (PCA) of GO terms hit ancestral and novel genes across
terrestrialisation. Four PCA plots showing the distribution of GO terms across semi- and fully
terrestrial groups, representing GO terms in a, Ancestral HGs, b, Ancestral HGs (removing
Tetrapoda, ¢, Novel HGs, and d, Novel HGs (removing Bdelloidea). Each dot represents a
species, coloured by taxonomic group as shown in the legend. Statistical ellipses are drawn to
highlight semi-terrestrial group and fully terrestrial group. Ellipses were generated using
normal distribution parameters to visualize the clustering patterns of taxonomic groups. The x
and y axes represent the first two principal components (PC1 and PC2) with their respective

explained variance percentages.
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Supplementary Figure 9.

Shared GO terms associated with novel HGs among semi-terrestrial lineages and fully terrestrial lineages. The UpSet plot displays the distribution of shared GO
terms, with orange bars highlighting GO terms shared among semi-terrestrial nodes. In the left panel, terrestrial nodes are color-differentiated to highlight semi-
terrestrial nodes (orange text) and fully terrestrial nodes (green text). There are 16 GO terms shared in all semi-terrestrial lineages, marked by orange star. Their
relationships and hierarchy shown below are created by QuickGO** in yellow-filled boxes. The UpSet diagram is generated by package UpSetR®.
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3. Supplementary Tables Descriptions
Supplementary Table 1.

154 genome samplings information, including their sources, BUSCO® results of genomes
quality and habitats.

Supplementary Table 2.

Reconstruction of Homology groups (HGs) content, including eleven terrestrial nodes and their
three immediate ancestors and aquatic sister groups. HG categories include novel, novel core,
expanded, contracted, and lost HG.

Supplementary Table 3.

Evolutionary rates of novel HGs and novel core HGs. The numbers of novel and novel core
HGs divided by branch length (in Myr) on our dated species tree.

Supplementary Table 4.

GO terms associated with novel or novel core HGs shared in at least ten terrestrial nodes,
including the list of 27 GO terms (hit novel HGs) shared across all nodes and 91 GO terms (hit
novel HGs) shared across all nodes except one, and list of 3 GO terms (hit novel core HGs)
shared across all nodes and 23 GO terms (hit novel core HGs) shared across all nodes except
one.

Supplementary Table 5.

Shared GO terms/Pfam domains associated with novel genes between terrestrial and freshwater
species.

Supplementary Table 6.

GO terms with description that are associated with novel genes but not with novel core genes,
these functions gained in the last common ancestor of each terrestrial clade but later lost.

Supplementary Table 7.

Uniprot annotation®” of significantly (p<0.5) expanded HGs shared in terrestrial events.
Including:
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sheetl) Uniprot annotation of expanded HGs shared across four terrestrial events;
sheet2) Uniprot annotation of expanded HGs shared across semi-terrestrial lineages;
sheet3) Uniprot annotation of expanded HGs shared across fully terrestrial lineages;

sheet4) Uniprot annotation of expanded HGs shared between Onychophora and Armadillidium

Supplementary Table 8.

Enriched GO terms of significantly expanded HGs shared among at least five terrestrial events,
with bottom (most specific) GO terms and their descriptions

Supplementary Table 9.

Uniprot annotation of Lost HGs shared among at least seven terrestrial events

Supplementary Table 10.

Uniprot annotation of significantly (p<0.5) contracted HGs shared in terrestrial events.
Including:

sheetl) Uniprot annotation of contracted HGs shared across four terrestrial events;
sheet2) Uniprot annotation of contracted HGs shared across semi-terrestrial lineages;

sheet3) Uniprot annotation of contracted HGs shared across fully terrestrial lineages;

Supplementary Table 11.

Enriched functional terms separately in semi-terrestrial and fully terrestrial groups, including
bottom (most specific) GO terms and their descriptions, and Pfam domains.

Supplementary Table 12.

Statistical summary (Tukey Test) of Principal Component Analysis (PCA) for GO terms hit
novel HGs (removing Bdelloidea) and ancestral HGs(Removing Tetrapoda)

Supplementary Table 13.

Summary of GO terms with dominant contributions to Principal Component Analysis (PCA).
The table presents GO terms with the highest loadings (top 1%) in both PC1 and PC2
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Supplementary Table 14.

Uniprot annotation of lost HGs shared among all semi-terrestrial lineages, using Capitella
teleta as example

Supplementary Table 15.

GO term enrichment analysis of significantly expanded HGs (p<0.5) in terrestrial nodes. The
table are exported from REVIGO®,

Supplementary Table 16.

Uniprot annotation/eggNOG-mapper®® annotation of HGs showing significant expansion
uniquely in specific terrestrial lineages. For instance, HGs that underwent expansion
specifically in Clitellata but remained unexpanded in other terrestrial nodes.

Supplementary Table 17.

Uniprot annotation/eggNOG-mapper annotation of novel core HGs in each terrestrial node.

Supplementary Table 18.

GO term enrichment analysis of novel HGs in terrestrial nodes. Significant GO term
enrichment was detected only in Nematoda and Tetrapoda, while other terrestrial nodes showed
no significant GO term enrichment. The table are exported from REVIGO®®,

Supplementary Table 19.

Function similarity among three terrestrial windows, including:

Sheet1) Uniprot annotation of expanded HGs shared between Nematoda and Arthropoda;
Sheet2) GO terms hit novel HGs shared between Nematoda and Arthropoda;

Sheet3) Uniprot annotation of expanded HGs shared between Tetrapoda and Clitellata;

Sheet4) Uniprot annotation of expanded HGs shared between Bdelloidea and
Stylommatophora

Supplementary Table 20.

60 runs of CAFE 5! to test convergence and select the best parameters.
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Supplementary Table 21.

BLASTp” results of novel core HGs validation. The results show the hit numbers and
percentage of hit above threshold (Evalue <le-10, identity > 50%)

Supplementary Table 22.

Statistics summary and comparison of consistency of results across six MCMCtree®! runs. The
table is generated by Tracer”?.
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