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Transitions to terrestriality have been associated with major animal radi-
ations including land snails and slugs in Stylommatophora (>20 000
described species), the most successful lineage of ‘pulmonates’ (a non-mono-
phyletic assemblage of air-breathing gastropods). However, phylogenomic
studies have failed to robustly resolve relationships among traditional pul-
monates and affiliated marine lineages that comprise clade Panpulmonata
(Mollusca, Gastropoda), especially two key taxa: Sacoglossa, a group
including photosynthetic sea slugs, and Siphonarioidea, intertidal limpet-
like snails with a non-contractile pneumostome (narrow opening to a
vascularized pallial cavity). To clarify the evolutionary history of the pan-
pulmonate radiation, we performed phylogenomic analyses on datasets of
up to 1160 nuclear protein-coding genes for 110 gastropods, including 40
new transcriptomes for Sacoglossa and Siphonarioidea. All 18 analyses
recovered Sacoglossa as the sister group to a clade we named Pneumopul-
monata, within which Siphonarioidea was sister to the remaining lineages
in most analyses. Comparative modelling indicated shifts to marginal
habitat (estuarine, mangrove and intertidal zones) preceded and accelera-
ted the evolution of a pneumostome, present in the pneumopulmonate
ancestor along with a one-sided plicate gill. These findings highlight key
intermediate stages in the evolution of air-breathing snails, supporting the
hypothesis that adaptation to marginal zones played an important role in
major sea-to-land transitions.
1. Introduction
Transitions from marine to terrestrial habitats occurred rarely over the history of
animals due to the challenges of adapting to dry land and episodic oxygen
limitation, yet ultimately produced spectacular radiations in groups including
arachnids, hexapods and tetrapods [1–3]. Freshwater has not typically been
an intermediate habitat for lineages shifting from sea to land, but transitional
zones along coastal margins such as high intertidal, estuarine or mangrove
(hereafter, ‘marginal’) habitats may be key intermediate environments during
the evolution of terrestriality [1,4,5]. The ability to respire in both air and
water may be favoured for amphibious lineages adapted to marginal habitats,
which could facilitate shifts to land [4]. However, little work has formally tested
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for evolutionary correlations between habitat and traits
involved in air-breathing that may drive such shifts and
thus promote adaptive radiations.

Gastropods have been exceptionally successful at transi-
tioning from marine to terrestrial habitats, with at least 10
independent origins of terrestriality distributed among sub-
classes Neritimorpha, Caenogastropoda and Heterobranchia
[6,7]. Within Heterobranchia, clade Euthyneura encompasses
diverse ‘sea slug’ lineages plus traditional ‘pulmonates’, a
non-monophyletic group of air-breathing snails and slugs
including the explosive radiation of land snails and slugs in
Stylommatophora (>20 000 spp.) [8]. Resolving phylogenetic
relationships of euthyneurans is essential to resolve the inter-
play of key innovations and ecological transitions that fuelled
this radiation of land gastropods. Traditional but less diverse
‘pulmonate’ groups that may be critical to understanding
stylommatophoran success include Hygrophila (approx. 500
spp. [9,10]) from freshwater, and Ellobiida (approx. 250
spp. [11]) and Systellommatophora (approx. 110 spp. [12])
from mangroves and estuaries. A derived euthyneuran
clade was named Panpulmonata based on molecular studies,
encompassing traditional pulmonates as well as mostly
(Acochlidiacea, approx. 50 spp.) or entirely (Pyramidelloidea,
>6000 spp.) marine groups [13–15]. Panpulmonates account
for over a third of described molluscan species, although
this diversity is threatened by human activity [8,9,16,17].
However, relationships among major lineages are unresolved
and the early branching order within Panpulmonata remains
enigmatic [18–20]. This obscures our understanding of the
evolutionary origins of air breathing and terrestriality in pan-
pulmonates, and potentially of lineages that returned to the
sea [21,22].

Previous analyses of rDNA-dominated datasets recovered
Panpulmonata nested within heterobranch sea slugs as a
polytomy comprising: (i) Siphonarioidea, mostly intertidal
limpet-like snails; (ii) Sacoglossa, sea slugs that feed sucto-
rially on algae using a uniseriate radula (one tooth per row);
and (iii) the remaining panpulmonate groups (electronic sup-
plementary material, figure S1A) [11–15,18–20]. Siphonariids
respire using both a plicate gill and a lung with a non-contrac-
tile pneumostome [23,24]. Sacoglossa includes shelled
superfamily Oxynooidea with a one-sided plicatidium (gill)
and unshelled superfamily Plakobranchacea noted for photo-
synthesis by chloroplast-retaining family Plakobranchoidea
and Costasiella [25]. Given the distinctive plicatidium shared
by siphonariids and shelled sacoglossans, and the presence
of a pneumostome in siphonariids, resolving the relationship
of these lineages to other sea slugs and eupulmonates is crucial
to reconstruct the evolution of air breathing and habitat
transitions in Panpulmonata [20–24,26,27].

Some early analyses of mitochondrial genomes recovered
a sister relationship for Sacoglossa and Siphonarioidea
(‘Siphoglossa’ hypothesis) nested within a monophyletic
‘Opisthobranchia’ (sea slugs) and Pyramidelloidea grouping
with pulmonates (electronic supplementary material, figure
S1B) [28,29]. With increased lineage sampling, maximum-like-
lihood (ML) analyses of mitogenomes supported an ‘inverted’
topology: pulmonates were paraphyletic with respect to a
monophyletic Opisthobranchia, while lower heterobranchs
and Nudipleura occupied a derived position suggesting a
rooting artefact (electronic supplementary material, figure
S1C) [30,31]. The first phylogenomic analysis focused on
euthyneuran relationships instead recovered Sacoglossa,
then Siphonarioidea, as the earliest-branching panpulmonate
lineages (electronic supplementary material, figure S1D) [32].
However, in more recent analyses of reduced-representation
genomic datasets, Siphonarioidea either nested within tra-
ditional pulmonates [33] or was unstable among analyses
[34], and Bayesian inference (BI) analyses of mitogenomes
reversed the branching order of Siphonarioidea and Saco-
glossa (electronic supplementarymaterial, figures S1E–F) [31].

Resolving evolutionary relationships at the root of
the panpulmonate radiation will permit comparative
analyses of traits that facilitated the transition to non-marine
habitats and promoted lineage diversification, including
lungs, osmoregulatory systems and direct development
[6,11,26,27,35,36]. Here, we greatly expand on prior phyloge-
nomic analyses which included 0–1 siphonariids and 1–3
sacoglossans [32–34], improving taxonomic sampling for
these key lineages. We sequenced new transcriptomes from
representative lineages in Siphonarioidea (n = 4) and Saco-
glossa (n = 34), including the enigmatic Cylindrobulla which
has a multiseriate radula like most gastropods, and was var-
iously recovered sister to [37] or within [38,39] Sacoglossa.
We generated a new phylogenetic hypothesis for Euthyneura,
then performed comparative tests to explore how habitat
transitions influenced the evolution of the pneumostome,
and how other key traits were gained or lost across this
hyperdiverse radiation.
2. Material and methods
(a) Sample collection
For full methodological details see electronic supplementary
material, appendix S1 and tables S1 and S2. Briefly, specimens
were collected under permits by the authors or colleagues and
identified by morphology and placement in reference phyloge-
nies. Undescribed species were provisionally numbered [39,40].
Specimens were maintained without food for several days to
clear their digestive system, preserved in RNAlater and frozen
at −80°C prior to extraction. New transcriptomes were generated
for sacoglossans representing 24 of 34 widely accepted genera,
including two Cylindrobulla spp.; ‘Ercolania boodlea’ is non-Ercola-
nia Trinchese, 1872 [39], and ‘Stiliger sp.’ is of uncertain affinity
given a polyphyletic Stiliger [40]. The only unsampled sacoglos-
san genera with≥5 spp. were Ascobulla and Ercolania s.s. We
included 12 representatives of chloroplast-retaining clade Plako-
branchoidea and two Costasiella spp. to test for multiple origins
of kleptoplasty. A public transcriptome attributed to Oxynoe vir-
idis [33] was reassigned to O. jacksoni [41] by comparison of
barcoding markers. Sampled siphonariids represent divergent
lineages (e.g. Williamia) as well as multiple exemplars of
species-rich Siphonaria. We also sequenced an unidentified Gani-
tus sp. (Acochlidiacea) and the nudipleuran Pleurobranchus
areolatus, yielding 40 total new transcriptomes.

(b) Library preparation and sequencing
Total RNAwas extracted from tissue using a Trizol protocol (UC
Davis) or the Omega Bio-Tek EZNA Mollusc RNA Kit (Univ. of
Alabama). RNA concentration was measured with a Qubit 3 fluo-
rometer and purity with a Nanodrop spectrophotometer; RNA
quality was assessed from Bioanalyzer traces (Agilent). At UC
Davis, cDNA libraries were prepared using the NEBNext Ultra
II Directional RNA Kit (New England Biolabs); library concen-
trations were assessed by qPCR and an equi-molar solution
prepared for 150 bp paired-end sequencing on an Illumina
HiSeq 4000 (four runs). At the University of Alabama, cDNA
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libraries were prepared using the Takara SMART-Seq HT Plus kit
and sequenced by Illumina NovaSeq.

(c) Transcriptome assembly and decontamination
After removing adapters and quality trimming reads in Trimmo-
matic [42], transcriptomes were assembled de novo in Trinity [43].
Quality and completeness of assemblies were assessed against
metazoan and eukaryote databases using BUSCO 3.0.2 [44,45].
HiSeq runs were individually decontaminated from ‘barcode
hopping’ using CroCo [46].

(d) Orthology assessment, alignment and matrix
construction

Our approach followed the bioinformatic pipeline of [47]. Briefly,
original data were combined with public data for 28 panpulmo-
nate taxa (including four sacoglossans and one siphonariid),
22 other heterobranchs and 20 caenogastropods. We used Ortho-
Finder 2.4.0 [48] to identify putatively orthologous sequences
among taxa, removing sequences of <100 amino acids (a.a.)
from fasta files and keeping the longest non-redundant sequence.
Fasta files sampled for≥ 75% of taxa were aligned with MAFFT
7.310 [49], putatively mistranslated regions removed with
HmmCleaner [50] and alignments trimmed to remove ambigu-
ously aligned regions with BMGE 1.12.2 [51]. Approximately
ML trees were constructed for each alignment with FastTree 2
[52], and PhyloPyPruner 0.9.5 (https://pypi.org/project/phylo-
pypruner) was used to identify strictly orthologous sequences.
We also selected the best 600 and 900 genes based on seven prop-
erties calculated in genesortR [53] and analysed those subsampled
datasets separately from the complete 1160-gene dataset.

(e) Phylogenomic analyses
We initially performedMLanalyseswith IQ-Tree 2 [54] on the three
datasets using the best-fitting model of a.a. substitution for each
partition (-m MFP), assessing topological support with 1000
rapid bootstraps. A second ML approach used the PMSF model
[55] in IQ-TREE 2, fitting profile mixture models (C20, C40, C60)
to each supermatrix, with a guide tree generated for each analysis
using the best-fitting site-homogeneous model for each partition.
A final ML analysis implemented GHOST [56], an edge-unlinked
mixture model accommodating heterotachy among lineages with-
out data partitioning. The four sets of branch lengths were
inspected individually. Analyses were performed on the Univer-
sity of Alabama High-Performance Computing cluster (MFP) or
using the CIPRES web portal (PMSF, GHOST) [57].

Phylogenetic analyses using BI were performed via CIPRES
with PhyloBayes-MPI 4 [58] on the 1160 gene dataset, using site-
heterogeneous models to account for site-specific a.a. frequencies.
The first analysis ran four chains for up to 2400 cycles using the
CAT-f81 (Poisson) model, with four gamma-distributed rate
classes [59]. We assessed convergence using the tracecomp com-
mand and by inspecting outputs in Tracer 1.7 [60]. One chain
was discarded because outgroup taxon Semisulcospira grouped
with pulmonates for one-third of the run, impeding convergence
and mixing. We combined the last 50% of trees from three chains,
generated a 50% majority-rule consensus tree and determined
posterior probability (Pp) of nodes. A second BI analysis used
the more computationally intensive CAT-GTR +G model, run-
ning four chains for 1200 cycles each. One chain became
trapped in a local minimum and was excluded; parameters for
the remaining three chains showed acceptable convergence (effec-
tive size > 100, relative difference < 0.3) although chains stabilized
on alternative topologies with respect to the sister group of
Stylommatophora. As placement of these taxa did not affect our
primary conclusions, results of BI analyses were deemed
interpretable [59]; the final 600 trees from each chain were
pooled to generate a consensus tree and Pp scores.

Evolutionary relationships were also evaluated under the
multi-species coalescent (MSC) using ASTRAL [61] and FAS-
TRAL [62], which infer species trees from gene trees in contrast
with concatenation approaches. Nodal support was assessed by
bootstrapping (ASTRAL) or local Pp (both methods).

( f ) Comparative analyses
Trait evolution was modelled in BayesTraits 3.0.2 [63], correcting
for phylogenetic uncertainty with the post-burnin sample
from the CAT-GTR analysis. Characters were coded based on
morphological analyses of sampled taxa or their closest congener
in published datasets (electronic supplementary material,
table S3). For ancestral state reconstruction (ASR) and model-fit-
ting tests, priors were drawn from an exponential distribution
generated using a hyperprior. MCMC chains were run for 5 ×
107 iterations, sampling every 105 iterations and discarding the
first 20% as burnin. Marginal likelihoods were estimated using
the stepping-stone sampler, running 200 stones for 2 × 105 iter-
ations and performing three runs per analysis. A reverse-jump
(RJ) MCMC approach was used to reduce the sampled set of
model parameters [64]. Using log-Bayes Factor (BF) tests, we
compared support for alternative models by taking twice the
difference between the median log (L) marginal likelihood (lk)
score of three runs and treating values >2 as positive evidence
and >5 as strong evidence favouring one model [65].

Habitat was coded as freshwater, marine, terrestrial (grouped
as ‘stable’ for binary analyses) or ‘marginal’ (estuarine, mangrove
or high intertidal zones with substantial aerial exposure, sensu
[5]). Ancestral habitat was reconstructed across all key nodes,
treating a node as confidently reconstructed if the median Pp
for one state was twice the null probability (25% given four
states); ‘transitional’ branches connect nodes with different
inferred states [66]. Support for alternative states at select
nodes was also compared by log-BF tests.

Fit of constrained versus unconstrained models was com-
pared to test whether transitions to terrestrial or freshwater
habitat occurred more rapidly from marginal habitat. A covarion
modelwas supported over homogeneous evolution (log-BF = 3.9),
so transition rates among habitatswere first estimated by fitting an
RJ Multistate + Covarion model. Unconstrained model fit was
compared to models constraining different pairs of transition
rates to be equal: (i) marginal to terrestrial (qET) =marine to ter-
restrial (qMT) habitats and (ii) marginal to freshwater (qEF) =
marine to freshwater (qMF) habitats; reduced support for a con-
strained model indicates those transition rates are not equal.

To test for correlated evolution between habitat and the
pneumostome (a key character in the evolution of air breathing),
independent versus dependent models were fit to two binary
traits: (i) habitat, coded as marginal versus stable and (ii) pneu-
mostome present/absent. A homogeneous-rates RJ-dependent
model was used, given weak support for a covarion model
(log-BF = 1.0) [64]. Fit of an unconstrained dependent model
was also compared to a dependent model with rates of pneumos-
tome gain constrained to be equal in both habitats (q12 = q34),
testing whether marginal habitat was a selective force in pneu-
mostome evolution.

ASRs for additional morphological characters (electronic
supplementary material, table S3) were also performed to ident-
ify cases of parallel trait evolution.
3. Results and discussion
(a) Phylogenomic relationships in Euthyneura
The ≥75% taxon-occupancy matrix consisted of 1160 genes
with 170 277 amino acid positions and 73.6% matrix
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occupancy. Based on genesortR results (electronic supple-
mentary material, figure S2), we compared analyses of the
complete matrix with the 600 and 900 best genes. Except
where noted, all ML and BI analyses (n = 15) of concatenated
datasets yielded highly congruent tree topologies. For com-
plete results, see electronic supplementary material, appendix
S2. Within Caenogastropoda, relationships among major
lineages were well resolved and varied little among analyses,
except ML and BI analyses recovered different relationships
within Neogastropoda among Buccinoidea, Muricidae and
Conidae. InHeterobranchia, all but 10 nodes received complete
support in every analysis (figure 1; electronic supplementary
material, figures S3–S6). All ML analyses supported the
sampled lower heterobranch lineages as sister to a monophy-
letic Euthyneura, a clade not recovered in recent studies
[33,34,67]; only two analyses returned less than complete
support for Euthyneura: PMSF-C40 analysis of the best
600 genes (99%) and GHOST (88%) (electronic supple-
mentary material, figure S4). However, both BI analyses
recovered the lower heterobranchs as sister to Nudipleura
with full support (electronic supplementary material,
figure S5; see also [33]), whereas coalescent analyses did not
resolve the placement of the lower heterobranchs (electronic
supplementary material, figure S6A). All analyses fully sup-
ported the monophyly of Nudipleura (Nudibranchia +
Pleurobranchaea), in contrast with [32], as well as Tectipleura
(Euopisthobranchia + Panpulmonata) and Euopisthobranchia
(figure 1; electronic supplementary material, figures S3–S6)
(see also [33,34,67]).

Sacoglossawas recovered as sister to the remaining panpul-
monate taxa in all partitions of the dataset using ML analysis
(figure 1; electronic supplementary material, figures S3–S4),
in BI analyses (electronic supplementary material figure S5),
and in coalescent analyses (electronic supplementary material
figure S6). No analysis supported Siphoglossa (Siphonarioi-
dea + Sacoglossa), or any alternative sister group for
Sacoglossa. Traditional suborders Oxynooidea (shelled) and
Plakobranchacea (shell-less) were separated by branch lengths
exceeding those distinguishing major panpulmonate lineages;
superfamilies Limapontioidea (bearing dorsal cerata) and
Plakobranchoidea were sister groups in all analyses (figure 1;
electronic supplementary material, figure S4B, S5–S7). Most
shell-less taxa are currently placed in superfamily Plakobran-
choidea [68] because prior molecular studies recovered a
paraphyletic Limapontioidea [25,39–40]. Our results support
the monophyly of Limapontioidea, the traditional clade
name for predominantly ceratiform families, and Plakobran-
chacea, the traditional clade name for Limapontioidea +
Plakobranchoidea (electronic supplementary material, figure
S7A) [37,69]. Contrary to the hypothesis that Cylindrobullidae
was sister to Sacoglossa [33], all analyses recovered Cylindro-
bulla sister to the remaining shelled sacoglossans (figure 1;
electronic supplementary material, figure S7). Among shell-
less taxa, family Caliphyllidaewas polyphyletic: most analyses
recovered Cyerce (cerata lacking digestive glands) as sister
to the remaining taxa in Limapontioidea. Placida was also
non-monophyletic, highlighting the need for systematic revi-
sion of Sacoglossa (see electronic supplementary material,
appendix S2 for full results).

Most ML analyses recovered Siphonarioidea as sister to
the remaining panpulmonate lineages with ≥95% support
(figure 1), except for the PMSF-C20 (<70%) and PMSF-C60
analyses (85%) of the best 900 genes (electronic
supplementary material, figure S3), and the GHOST analysis
(79%). Under the GHOST model, three sets of branch lengths
returned topologies congruent with the ‘main’ topology from
partitioned ML analyses (figure 1; electronic supplementary
material, figure S4); in the 4th set, evolutionary rates were ten-
fold slower and major panpulmonate lineages formed a
polytomy, suggesting this subset of sites evolves too slowly to
resolve sampled gastropod diversity. All BI analyses recovered
Siphonarioidea sister to the remaining ‘pulmonates’ (sensu [70])
(electronic supplementary material, figure S5), but coalescent
analyses failed to resolve the phylogenetic placement of Sipho-
narioidea (electronic supplementary material, figure S6). No
analysis supported alternative relationships proposed for
Siphonarioidea, such as Basommatophora (Siphonarioidea +
Hygrophila +Amphiboloidea) or Thalassophila (Siphonarioi-
dea +Amphiboloidea). Within Siphonarioidea, the subtidal
Williamia was sister to a clade comprising the four high
intertidal Siphonaria spp.

Our concatenated analyses are the first since [32] to support
Siphonarioidea as sister to the remaining panpulmonate
lineages aside from Sacoglossa, echoing some morphological
analyses [26,27]. Our findings contrast with studies in which
a single siphonariid exemplar nested among ‘pulmonates’
[33] or was unstable across data partitions [34]. Presently,
there is no agreed-upon clade name for traditional ‘pulmo-
nates’ plus affiliated groups (Pyramidelloidea, Acochlidiacea)
[70]. We propose Pneumopulmonata for the clade comprising
all descendants of the last common ancestor (LCA) shared by
Siphonarioidea, Amphiboloidea and Stylommatophora, to
reflect our findings that the LCA of Pneumopulmonata
possessed a pneumostome (see below) as do extant representa-
tives of those lineages.

The remaining panpulmonate lineages formed a clade
with a core topology consistently recovered across ML and
BI analyses (figure 1; ‘main topology’, electronic supplemen-
tary material, figure S3B). Most ML analyses supported
(Pyramidelloidea +Amphiboloidea) as sister to Acochlidiacea
(electronic supplementary material, figure S3A), although
these relationships were unresolved in BI and coalescent ana-
lyses (electronic supplementary material, figures S5 and S6).
We could not fully test the monophyly of Pylopulmonata
as transcriptomic data for Glacidorboidea, a potential sister
group to Pyramidelloidea, were unavailable [13,34]. Hygro-
phila (freshwater snails) was fully supported in all analyses
and was sister to Eupulmonata with full support in MFP
and PMSF analyses of the complete dataset (figure 1; elec-
tronic supplementary material, figure S3A), and with strong
support in 4 of 8 ML analyses using 600 or 900 loci (electronic
supplementary material, figure S3A); under the GHOST
model (electronic supplementary material, figure S4); in
BI analyses (figure 1; electronic supplementary material,
figure S5) and under the MSC (electronic supplementary
material, figure S6). Within Hygrophila, the three species of
Lymnaeidae formed a clade in all analyses, with Physidae
sister to (Lymnaeidae + Planorbidae), consistent with other
recent studies [10]. Finally, the major subclade ((Pyramidelloi-
dea +Amphiboloidea) + Acochlidiacea) was recovered as
sister to (Hygrophila + Eupulmonata) in all ML analyses of
the complete dataset with ≥99% support and with strong
support in some analyses of the best 600 genes (figure 1; elec-
tronic supplementary material, figure S3). These relationships
were also recovered in analyses under the GHOST (electronic
supplementary material, figure S4) and CAT +GTR models
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Figure 1. Phylogeny of Euthyneura based on amino acid sequences from 1160 nuclear protein-coding genes, showing ML topology and branch lengths from the
PMSF-C60 analysis. All nodes received complete support in four analyses of the concatenated dataset unless values are given (order per inset box); asterisk = 100%
BS or 1.0 Pp support; dash = non-significant (BS < 70%, Pp < 0.9). Some families or genera collapsed where indicated. Bolded terminal names indicate original
transcriptomes sequenced for this study (including members of collapsed lineages).
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(electronic supplementary material, figure S5A), albeit with-
out significant support.

Eupulmonata was fully supported as monophyletic in all
analyses. ML analyses of the complete dataset strongly sup-
ported Stylommatophora sister to Amphipulmonata [70], in
which Ellobiida and Systellommatophora (primarily from
marginal habitats) were sister groups (≥98%) (figure 1).
Amphipulmonata was also supported in five of eight ML ana-
lyses using the best 600 or 900 genes (electronic supplementary
material, figure S3E), under GHOST (electronic supplementary
material, figure S4B), and by ASTRAL (electronic supple-
mentary material, figure S6B). BI analyses either recovered
Ellobiida sister to Stylommatophora (CAT + f81) or a polytomy
(CAT +GTR) (electronic supplementary material, figure S5).
Geophila (Systellommatophora + Stylommatophora) was
weakly supported in only one analysis (electronic supplemen-
tary material, figure S3C). The sister relationship of Achatina to
the rest of Stylommatophora and other internal relationships
were fully supported in every analysis.

(b) Habitat shifts and correlated evolution of the
pneumostome

For the LCA of Panpulmonata, Pp support was almost evenly
divided between marine and marginal habitat, but compara-
tive tests favoured a marine ancestor (log-BF = 4.1). Marginal
habitat was strongly supported for the LCA of Pneumopul-
monata and Eupulmonata (figure 2a), consistent with [5].
Transitions to terrestriality occurred more often from mar-
ginal (qET) than from marine (qMT) or freshwater (qFT)
habitats, with the latter two rates frequently set to 0 by RJ
MCMC chains (figure 2b). The only likely path to terrestrial-
ity occurred through marginal habitat, with median values of
qMT = qFT = 0 based on the pooled posterior sample of three
runs (figure 2c). An unconstrained model was favoured over
a model constraining qET = qMT (log-BF = 3.3), indicating
terrestriality originated more often from marginal habitat
than from a marine ancestor. Marginal habitat was thus a
key evolutionary intermediate, facilitating transitions to all
other habitat types at roughly equal rates; in contrast, most
transition rates between stable habitats were much lower
(qMF) or approximately 0 (qMT/TM, qFT/TF) (figure 2c).

Habitat shifts occurred frequently near the base of the
pneumopulmonate radiation. For instance, each habitat type
was represented in the lineage comprising Acochlidiacea
(mostly marine, some freshwater) + Pyramidelloidea (marine,
parasitic) + Amphiboloidea (estuarine and mangrove). We
did not sample Glacidorboidea (freshwater), which in prior
analyses grouped with Pyramidelloidea and Amphiboloidea
as Pylopulmonata [34]. Notably, our ASRs support a reversion
to marine habitat for Pyramidelloidea (approx. 6000 spp.),
which is more speciose than non-marine pylopulmonate
lineages and could be an exception to the rule that secondarily
marine lineages generally diversify less than non-marine sister
groups [21]. Improved taxonomic sampling of Pylopulmonata
should confirm this result and explore the combination of
ecological and life-history traits (parasitism, specialization,
dispersal) that expanded pyramidelloidean diversity.

A vascularized pallial cavity protected by a pneumostome
may have been a key pre-adaptation favouring the coloniza-
tion of terrestrial biomes by Stylommatophora [1,6,26].
A pneumostome was strongly favoured (log-BF = 6.8) in the
LCA of Pneumopulmonata. Positive evidence favoured a
correlation between habitat and pneumostome evolution
(figure 2d–e); dependent models were favoured whether all
transition rates were estimated independently (log-BF = 4.9)
or reduced models were sampled by RJ MCMC (log-BF =
2.0). Based on transition rate estimates, transitions to
marginal habitat preceded, and favoured, gaining a pneumo-
stome. RJ chains assigned three rates to the zero bin >80% of
the time: gaining or losing a pneumostome in stable habitats
(q12 and q21); and shifts into marginal habitat after evolving
a pneumostome (q24) (figure 2e; electronic supplementary
material, figure S8). An unconstrained RJ-dependent model
was strongly favoured over a model constraining q34 = q12
(log-BF = 5.0), supporting more frequent gains of a pneumos-
tome in marginal habitat. These findings indicate marginal
habitats were occupied before the pneumostome evolved
(q13»q12), a key morphological change that in turn preceded
the evolution of contractile pneumostomes and air-breathing
in several lineages. A pneumostome also arose in marginal
environments (q34 > 0) but not in other habitats (q12≈ 0),
suggesting marginal habitat was a selective force behind the
narrowing of the pallial opening.
(c) Morphological trait evolution in Euthyneura
Our phylogenetic hypothesis provides a new framework for
analysing character evolution across Euthyneura. For instance,
the plicatidium (a derived gill) is two-sided in euopistho-
branchs, whereas shelled sacoglossans have a one-sided
plicatidium considered homologous with that of siphonariids,
which also possess a pneumostome (non-contractile in most
species) [23,24,26,27]. Log-BF tests favoured a one-sided over
a two-sided plicatidium in the LCAs of both Panpulmonata
and Pneumopulmonata (log-BF = 2.5; electronic supplemen-
tary material, figure S9), although ASRs differed in whether a
plicatidium was more likely than no gill at all. The evolution
of gill structure may thus be important to the tectipleuran radi-
ation, culminating in a pneumopulmonate ancestorwith both a
one-sided gill and a pneumostome.

Other traits showed a high degree of evolutionary lability.
Most sacoglossans have a uniseriate radula (one tooth
per row), a presumed synapomorphy, whereas Cylindrobulla
has a multiseriate radula [37,38]. ASR supported a uniseriate
radula as the likely ancestral state for the LCAs of Sacoglossa
and of Oxynooidea, but with Pp < 1.0, and ‘uniseriate’ was
not favoured over ‘multiseriate’ for either node (log-BF < 1)
(electronic supplementary material, figure S7A). It thus
remains ambiguous if multiple origins of ‘uniseriate’ are
favoured over a reversal to the multiseriate state in Cylindro-
bulla. A non-photosynthetic LCAwas strongly favoured forall
unshelled sacoglossans (Plakobranchacea; log-BF= 6.9) and for
Limapontioidea (log-BF = 7.6), supporting independent origins
of kleptoplasty in Costasiella versus Plakobranchiidae (electronic
supplementary material, figure S7B); however, transitions could
not be placed on branches due to ambiguous ASRs.

An operculum is present in larvae of most sampled gas-
tropods, and most adult caenogastropods, but few adult
heterobranchs. ASR supported at least three re-acquisitions
of an adult operculum within Heterobranchia: Rissoellidae
in the lower Heterobranchia; a subset of thecostome ptero-
pods in Euopisthobranchia; and (Pyramidelloidea +
Amphiboloidea) in Panpulmonata (electronic supplementary
material, figure S10). The operculate Architectonicidae may
represent an additional origin but exemplars were excluded
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Figure 2. (Caption overleaf.)
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Figure 2. (Overleaf.) Comparative analyses of habitat and pneumostome evolution in Euthyneura. (a) Cladogram plotting Pp for four habitat states on key nodes; ML
topology and branch lengths from figure 1. Branches joining nodes with the same ancestral state (ASR Pp≥ 0.5) were coloured as retaining that state; branches
joining nodes differing in ASR were coded ‘transitional’. (b) Frequency kernels for transition rates (95% CI) sampled for shifts to terrestriality from marginal (qET),
freshwater (qFT) or marine (qMT) habitat. (c) Transition rates among habitats, with line width proportional to median rate; % of time rate = 0 given in parentheses,
unless < 15% (not shown) or ≥ 50% (greyed out; median = 0). (d ) Independent model of evolution for two binary traits: (i) stable versus marginal habitat;
(ii) pneumostome present versus absent. Median rate estimates were pooled from three runs. (e) Model of dependent evolution supporting an evolutionary cor-
relation between marginal habitat and gaining a pneumostome. Median transition rates given (black) unless assigned to the zero bin >80% of the time (grey;
median = 0). (Online version in colour.)
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due to phylogenetic instability, hence character states at the
base of Heterobranchia could not be robustly inferred. The
operculate Glacidorbidea was unsampled but likely shares a
common origin with other pylopulmonates [34].

Within Eupulmonata, stalked eyes were traditionally con-
sidered a synapomorphy of Geophila (Stylommatophora +
Systellommatophora), but our analyses did not recover Geo-
phila and strongly supported ‘eyes at base of tentacles’ in
the LCA of Eupulmonata (log-BF = 8.5); thus, stalked eyes
likely evolved independently in Stylommatophora and Sys-
tellommatophora. Globineurons in the procerebrum may be
a synapomorphy for Eupulmonata [26], but many other char-
acters are shared by eupulmonates and early branching
groups including a dorsal jaw (Siphonarioidea) and gizzard
pouch (Hygrophila, Amphiboloidea). Most character states
shared by Pyramidelloidea and other panpulmonates are
inferred to be plesiomorphic in Heterobranchia, but a re-
examination of the CNS of Acochlidiacea and Pyramidelloi-
dea is warranted to assess whether the procerebrum and
dorsal bodies are possible synapomorphies for Pneumopul-
monata [26,71]. Overall, our ASRs support frequent
homoplasy consistent with the historical challenges identify-
ing synapomorphies for major panpulmonate clades,
highlighting the dynamic evolution of morphology in this
radiation [19,26,27,70].
4. Conclusion and prospectus for future study
A pallial cavity with a pneumostome and a one-sided plicate
gill were supported as plesiomorphic for the diverse radi-
ation we term Pneumopulmonata, with Siphonarioidea as
the sister taxon of the remaining lineages. Together with evi-
dence that marginal habitat preceded and favoured the
evolution of the pneumostome, our findings support the
hypotheses that marginal environments facilitated transitions
from sea to land, and that amphibious ancestors adapted to
respire in both air and water were key intermediates. As
shifts onto land triggered major adaptive radiations in several
animal lineages, these results are important to understand
general processes that contributed significantly to animal
diversification. Adaptation to terrestriality depends partly
on lineage-specific pre-adaptations (e.g. the specific air-
breathing organ: book gills evolving into book lungs, and
repeated evolution of tracheae in arthropods; a respiratory
pharynx evolving into the tetrapod lung; a vascularized pal-
lial cavity with a pneumostome evolving into the
stylommatophoran lung [3]). However, our work highlights
the initial drivers that promoted such change and allowed
several groups to exploit niches available on dry land with
remarkable success.
Gastropods repeatedly evolved terrestriality in several
clades. Given this evolutionary replication, future work
should sample all terrestrial neritomorph and caenogastropod
lineages as well as related taxa from representative habitat
types. This will facilitate tests of whether pre-adaptation to
marginal habitat was important in repeated shifts from sea to
land. Within Panpulmonata, present-day diversity is low for
groups adapted to the stressful and fluctuating conditions of
marginal zones (e.g. Siphonarioidea, Ellobiida and Onchidii-
dae), yet such environments facilitated transitions to stable
biomes in which Hygrophila (approx. 500 spp., freshwater),
Pyramidelloidea (>6000 spp., marine) and Stylommatophora
(>20 000 spp., terrestrial) radiated. Pyramidelloidea may be
secondarily marine, a rare case of diversification rate increas-
ing after a return to the sea. Overall, the extraordinary
diversity of Panpulmonata results from a complex interplay
of pre-adaptation, ecological opportunity and the outcome of
species-level selection triggered by lineage-specific traits; how-
ever, this radiation also provides broad insights into the
evolutionary mechanisms that may have generally promoted
animal diversity as lineages transitioned onto land.
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