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Marine-montane transitions coupled with gill and
genetic convergence in extant crustacean
Hongguang Liu1,2†, Yami Zheng1,3†, Bingyue Zhu1,3, Yan Tong1,3, Wenpei Xin1, Han Yang1,3,
Pengyu Jin1, Yueyao Hu1,3, Mengyi Huang1,3, Wanjin Chang4, Francesco Ballarin5, Shuqiang Li1*,
Zhonge Hou1*

Marine-terrestrial transition represents an important aspect of organismal evolution that requires numerous
morphological and genetic innovations and has been hypothesized to be caused by geological changes. We
used talitrid crustaceans with marine-coastal-montane extant species at a global scale to investigate the
marine origination and terrestrial adaptation. Using genomic data, we demonstrated that marine ancestors re-
peatedly colonized montane terrestrial habitats during the Oligocene to Miocene. Biological transitions were
well correlated with plate collisions or volcanic island formation, and top-down cladogenesis was observed on
the basis of a positive relationship between ancestral habitat elevation and divergence time for montane line-
ages. We detected convergent variations of convoluted gills and convergent evolution of SMC3 associated with
montane transitions. Moreover, using CRISPR-Cas9 mutagenesis, we proposed that SMC3 potentially regulates
the development of exites, such as talitrid gills. Our results provide a living model for understanding biological
innovations and related genetic regulatory mechanisms associated with marine-terrestrial transitions.
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INTRODUCTION
Transitions from marine to terrestrial, including montane life, have
occurred multiple times in diverse organisms (e.g., vertebrates,
insects, and angiosperms), and they represent one of the most im-
portant evolutionary changes (1–5). These biological shifts have
been hypothesized to be caused by geological changes and require
numerous morphological and genetic innovations (1–4). Notable
examples include the water-to-land transition of tetrapods due to
drastic continent moving and severe drought in the Devonian,
coupled with the evolution of the lung respiratory system and
related genetic regulatory networks during this transition (1–3, 6).
Marine-montane transitions often occurred in the continental

margins, where preexisting marine habitat transitioned into air-
exposed landscape by a series of geological changes and created con-
ditions favoring organisms that transitioned from the sea to land
and mountains (7). During the Oligocene to Miocene, the global
geological setting of sea and land was greatly modified by tectonic
collisions (India/Eurasia plate and Australia/Sundaland plate),
island/mountain emergence (the Indo-Australian Archipelago),
and volcanic activities (Southeast Australia, Tasmania) (8).
However, detailed spatiotemporal investigations on the marine-
montane transition and the relationship to these geological
changes remain scarce because the animals involved in the
ancient transitions are extinct.
Talitrid crustaceans are found worldwide and have extant

marine, coastal, and montane species (Fig. 1A). Therefore, they

could be a living model for investigating the marine-terrestrial tran-
sition and related morphological and genetic innovations. The
montane talitrids are truly terrestrial; they inhabit forest and
exhibit a unique jumping behavior into air. By contrast, their
marine sister groups swim in seawater. Their success in transition-
ing to montane habitats is thought to have resulted from invasion of
intertidal habitats by marine ancestors along with the innovation of
respiratory gills with convoluted lobes, folds, and filaments, which
provide a larger surface for gas exchange (9). Their current distribu-
tions in the continental margins or island arcs and gill changes
between habitats indicate that this group may bear a signature of
geological changes and evolved morphological adaptation during
the marine-montane transition.
In this study, we reconstructed a global spatiotemporal frame-

work of talitrids based on de novo genome assembly and obtained
genome-wide data of 851 individuals spanning marine, coastal, and
montane habitats (Fig. 1, B and C). Geometric morphometric anal-
yses of respiratory gill features were performed to explore phenotyp-
ic innovations inmontane talitrids. To investigate the genomic basis
of morphological innovation and convergent evolution during the
marine-montane transition, we conducted genomic and transcrip-
tomic comparisons, performed hypothermia/hypoxia acclimation
experiments, and identified structural maintenance of chromo-
somes 3 (SMC3) as a functional gill-related gene. CRISPR-Cas9
knockout validated the potential role of SMC3 in regulating the
gill phenotype. In summary, we explored the marine-montane tran-
sition and provided genetic evidence for the morphogenesis of gill
innovation in talitrids, which serve as a living model system for elu-
cidating marine origination and montane adaptation.

RESULTS
Genome features and phylogenomic data assembly
To establish a solid spatiotemporal framework, we first generated a
near-chromosomal-level genome of Morinoia aosen and five draft
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genomes of talitrids. Then, we designed a genomic-scale dataset for
Amphipoda according to exons from these genomes (Fig. 1C and
tables S1 and S2).
We generated a 1.99-Gb contig-level assembly ofM. aosen based

on the approximately 60× coverage of PacBio long-read data and
121.84× coverage of short-read data; the contig number was 1783,
and there was a high contig N50 value of 4.89 Mb. We obtained
135× coverage of Hi-C data and produced an approximately 1.99-
Gb near-chromosomal-level genome. Approximately 99.96% of the
draft genome sequences could be anchored, which resulted in 25
near-chromosomal scaffolds and four other scaffolds with a scaffold
N50 value of 77.7 Mb (fig. S1 and tables S3 to S5). The Benchmark-
ing Universal Single-Copy Orthologs (BUSCO) genome complete-
ness score was 94.5% (table S6). Our M. aosen genome showed a
higher scaffold N50 value and completeness assessment score
among published crustacean genomes, which indicated that it is a
high-quality reference genome. We also generated draft genome as-
semblies for five species; details are provided in tables S6 and S7.
On the basis of the high-quality genome and draft genomes, the

designed phylogenomic dataset contained 96 loci from next-

generation sequencing (NGS) data and seven loci from Sanger se-
quencing for 71 marine, 421 coastal, and 359 montane individuals
(fig. S2 and table S1). The concatenated dataset contained 851 indi-
viduals with 121,422 nucleotides [NGS, 113,559 base pairs (bp);
Sanger, 7863 bp]. On the basis of the molecular species delimitation
using general mixed yule coalescent (GMYC)method (10), we com-
posed a 397-tip dataset at the species level. Detailed information on
samples, molecular operational taxonomic units (MOTUs), and se-
quence primers is presented in tables S1, S2, and S8.
Our innovative phylogenomic dataset was highly efficient for ta-

litrid polymerase chain reaction (PCR) experiments because 80
markers showed more than 80% amplification (fig. S3, A and B).
Compared with the varying percentages of variable sites of Sanger
sequencing markers, such as cytochrome c oxidase subunit II
(COII) with 34.01% and 18S ribosomal RNA with 6.42%, variable
sites of the 96 nuclear markers were stable and ranged from 12.1
to 21.8%, with length ranging from 599 to 1634 bp (average, 1183
bp; fig. S3C).
The inferred maximum likelihood, Bayesian inference, and

species tree phylogenies based on concatenation of the 851- and

Fig. 1. Global sampling and chromosome-level genome assembly. (A) Collection sites included in this study. Colored circles on themap and photos below correspond
to talitrids inhabiting different habitats. Photograph by T. Jiang and Z. Yao. (B) Circos plot ofM. aosen genomic features. From the outer circle to the inner circle, four types
of information (25 chromosomes, gene density, GC content, and synteny blocks between different chromosomes) are shown. The statistic was based on a 500-kb sliding
window. (C) Workflow showing the dataset and main analyses used in this study.
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397-tip datasets achieved identical and well-supported resolution of
relationships among all major lineages (figs. S3D, S4, and S5). The
multidimensional scaling plot from unweighted Robinson-Foulds
distances of the individual gene tree and the concatenated tree in-
dicate that the majority of the NGS markers overlapped with each
other, except for three markers that had relatively low sequence re-
covery rates. Such results revealed that the 96 nuclear markers are
stable and informative for phylogenetic reconstruction. Moreover,
the NGS markers also showed a wide application for the order Am-
phipoda; seven Gammaridae samples received nearly 50% amplifi-
cation (fig. S3, A and B).

Evolutionary history ofmarine-montane habitat transitions
Our phylogenetic reconstruction indicated that Talitridae formed a
monophyletic group. The divergence time estimation and ancestral
habitat reconstruction suggested the Talitridae originated in a
marine habitat and then colonized the coast at 56.16 [95% highest
posterior density (HPD): 70.46 to 48.72] million years (Ma) ago. It
contains seven major clades (Fig. 2A, figs. S4 to S8, and tables S9
to S12).
The Southeast Asian mangrove clade, including the genus Cochi-

norchestia, is a basal group that inhabits mangrove forests along
Southeast Asian and Australian coasts. The Myanmar-Australia
montane clade diversified at 53.46 (95% HPD: 67.61 to 46.23) Ma
ago and split into local geographic lineages in Myanmar at 26.6
(95% HPD: 32.04 to 23.07) Ma ago, South Australia at 20.37 (95%
HPD: 23.25 to 17.64) Ma ago, Tasmania at 21.94 (95% HPD: 26.43
to 19.41) Ma ago, Southeast Australia at 19.47 (95% HPD: 21.67 to
16.92) Ma ago, and the Southern Alps of New Zealand at 18.6 (95%
HPD: 23.36 to 15.11) Ma ago. The global Talitroides clade started
diversifying at 36.56 (95% HPD: 51.29 to 27.94) Ma ago and was
formed by terrestrial species from global mountains and some
coastal species distributed along southeastern Australia. The
Indo-West Pacific and Mediterranean Talorchestia clade contains
coastal species belonging to genera Notorchestia and Talorchestia.
The island montane clade consists of a coastal lineage from Austra-
lia and five montane lineages from different islands, including
Luzon Island in the Philippines (25.56 Ma ago with 95% HPD:
32.12 to 21.41 Ma ago), the Japanese islands (24.52 Ma ago with
95% HPD: 29.06 to 20.94 Ma ago), Mount Kinabalu, Borneo
(10.28 Ma ago with 95% HPD: 11.94 to 8.7 Ma ago), Northland
New Zealand (30.65 Ma ago with 95% HPD: 38.35 to 25.94 Ma
ago), and Sulawesi (14.72 Ma ago with 95% HPD: 16.4 to 12.84
Ma ago). The tropical Floresorchestia clade is distributed along
the Indo-West Pacific coast, of which montane lineages are mono-
phyletic originated at 24.46 (95% HPD: 27.12 to 21.55) Ma ago and
are distributed in the Malay Peninsula, Myanmar, and southwest
China. The West Pacific Platorchestia clade is widely distributed
at the margin of East Asia and the Northwest Pacific coast; it is con-
sidered a coastal clade because the mean elevation of inland Pla-
torchestia species is below 100 m and some of these species are
distributed near the coast.
Biogeographic inference and ancestral habitat reconstruction in-

dicated that talitrids independently colonized montane habitats at
least four times during the Oligocene to Miocene (Fig. 2, A and B,
and figs. S7 and S8). The Myanmar-Australia montane clade orig-
inated along a broad portion of the coast in the Indo-West Pacific
region and then colonizedmontane habitats of continental margins.
The island montane clade originated in coastal habitats that

spanned the Japanese islands, Southeast Asia, and Australia, and
then colonized montane habitats of the West Pacific islands. The
Sundaland montane Floresorchestia is hypothesized to have origi-
nated along the Southeast Asia coast and then colonized Sundaland
and Yunnan, China. Talitroides originated along the Australia coast;
then, the terrestrial Talitroides topitotum became globally distribu-
ted by sylviculture (9).

Diversification dynamics and top-down cladogenesis of
montane lineages
To investigate diversity patterns in each montane lineage and detect
the biodiversity difference between the coastal and montane lineag-
es, we selected eight montane lineages (Myanmar, Southeast Aus-
tralia, South Australia, Tasmania, Japanese islands, Sulawesi,
Philippines, and Northland New Zealand) and four coastal lineages
(Talorchestia, Platorchestia, Floresorchestia, and Notorchestia line-
ages) based on the sampling completeness.
We first investigated the elevational diversification within each

montane lineage. We inferred the ancestral habitat elevation for in-
ternal nodes of montane lineages and found that the elevation of the
most recent common ancestor (MRCA) was higher than the average
or median elevation of descendent species. Meanwhile, an overall
trend of a positive relationship was detected between ancestral ele-
vation and divergence time of internal nodes within each montane
lineage (Fig. 2C and table S13). The nodes with old divergence times
were associated with high-elevation habitat, and the nodes with
young divergence times were associated with low-elevation
habitat. These findings indicate that the ancestor of montane tali-
trids colonized higher elevations and then diversified downslope.
We defined this scenario as top-down cladogenesis.
Elevational gradients of mountains lead to greater ecological

niche space for diversification compared with coastal areas. To fa-
cilitate the evolutionary interpretation of geographic variation in di-
versification rate, we compared spatial diversification differences
between montane and coastal habitats. First, Mantel tests indicated
significant correlations between pairwise genetic and geographic
distances for all montane lineages but did not reveal significant cor-
relations in the coastal lineages Talorchestia and Platorchestia (table
S14). Second, the bivariate and density plots demonstrated substan-
tially higher genetic diversity in short distances for montane lineag-
es, with multiple endemic species coexisting within a small
mountain region (Fig. 2D and figs. S9 and S10). Third, the diversi-
fication analyses revealed that each montane lineage had a similar
near-constant lineage accumulation trajectory and experienced
higher initial but gradually decreased net speciation rates; this
may be related to the occupation of new habitats by incipient
species (fig. S11 and table S15). The spatial diversification rate,
derived from the net diversification rates (λ-μ) from the binary-
state speciation and extinction (BiSSE) (11) and λBAMM from Baye-
sian analysis of macroevolutionary mixtures (BAMM) (12) divided
by their area size (λ-μMontane or λBAMM-Montane/166 grid cells, λ-
μCoastal or λBAMM-Coastal/278 grid cells), showed faster spatial diver-
sification rates in the montane lineages compared with coastal lin-
eages (fig. S12 and table S16).
To test if the top-down cladogenesis and high endemism of

montane lineages deviated from random expectation, we ran 1000
simulations of a phylogenetic parameter (the slope of the linear re-
gression between the habitat elevation and divergence times) and
geographic parameter (the slope of the linear regression between
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Fig. 2. Global marine-montane evolution of talitrids. (A) Dated phylogeny of talitrids. Clade colors refer to different habitat types. Circles on major nodes represent
potential habitats inferred from ancestral reconstruction. The bottom maps represent geological distribution of montane lineages and geological ages of related tran-
sition events. (B) Linear regression and Spearman correlation between divergence times of major montane lineages (green horizontal bars contain 95% highest posterior
density) and the corresponding geographical ages (orange vertical bars contain the upper and lower extremes of geological events). (C) Positive relationships between
elevation and divergence time of internal nodes for montane lineages influenced by different geological events in Myanmar (plate collision), Sulawesi (island formation),
and Southeast Australia (volcanic activity). (D) Bivariate plots of pairwise geographical and genetic distances show high genetic divergence within small geographic
ranges for montane species (represented by Myanmarorchestia from Mount Victoria, Myanmar) and low genetic divergence for widely distributed coastal species (rep-
resented by the Talorchestia lineage from the Indo-West Pacific). (E) Distribution and diversification simulations for montane lineages. Parameters selected from phylo-
genetic and geographic perspectives. For the simulations, 1000 permutations were performed using random phylogenies and geological distributions. Eight montane
lineages were integrated via simulated values that were normalized by the upper limits of the 95% confidence interval (CI) as follows: (slope − CI)/CI.
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pairwise genetic and geographic distances) with random rearrange-
ment of species coordinates and phylogenetic relationships
(Fig. 2E). Simulation results showed that observed values from six
of eight montane lineages fell near the upper limits of the 95% con-
fidence interval (CI; figs. S13 and S14), indicating that patterns of
top-down cladogenesis and montane endemism unlikely emerged
at random.

Convergent gill innovation during montane transition
To test whether transitions to montane habitats were associated
with a set of convergent morphological traits that contributed to
high fitness, we assembled a morphological dataset (including
body size and gill shape) from 569 individuals; this dataset included
49 marine, 112 coastal, and 158 montane species (Fig. 3A, fig. S15,
and tables S17 to S19). Sensitivity analyses indicated that there was
no significant difference in body length between species from dif-
ferent habitats (Fig. 3B). The principal components analysis (PCA)
performed on Procrustes coordinates from 102 homologous land-
marks generated a morphospace defined by two principal compo-
nents. PC1 and PC2 provided the best approximation for the total
gill shape variance and, together, accounted for more than half
(59.9%) of the variation (Fig. 3C). Coastal species occupied the pos-
itive range of PC1, whereas montane species were distributed in the
negative range, and significant differences existed between these
two habitats (P = 2.2 × 10−16; Fig. 3C). According to the wireframe
analyses, negative PC1 values reflected extra lobes and extra folds of
the gill, whereas positive values indicated a streamlined and smooth
margin (fig. S15C). The Procrustes analysis of variance (ANOVA)
and phylogenetic ANOVA further indicate that the gills of marine,
coastal, and montane species are significantly different from each
other (table S20).
According to the analyses on phenotypic variance and habitat, a

negative relationship was detected between gill shape (represented
by PC1 value) and elevation, whereas a positive relationship was de-
tected between gill size (represented by the centroid size, normal-
ized by body length) and elevation (Fig. 3D), which indicated that
montane species have more convoluted and enlarged gills than
coastal species (fig. S16). Similar results were found between pheno-
typic variance and annual mean temperature, which is a climate var-
iable that differentiates montane and coastal habitats (Fig. 3E, figs.
S16 and S17, and tables S18 and S19). These results indicate the
presence of convoluted and enlarged gills in colder montane habi-
tats compared with relatively warmer coastal habitats.
The combined PCA plot of extant and ancestral species (fig.

S15D) indicated that the gill shape of the MRCA of coastal and
montane species had a positive PC1 value and was close to those
of extant coastal species, whereas the gill shape of ancestral
montane species had a negative PC1 value and was similar to
those of the extant montane species.
The pairwise Procrustes distance analysis, weak phylogenetic

signal (K = 0.216), and phylogenetic ANOVA among different lin-
eages revealed that the morphological distances were not correlated
with phylogenetic relationships (tables S20 and S21). The recon-
structed phylomorphospace demonstrated evidence for convergent
evolution because species from the same habitat occupied similar
spaces (fig. S16E). The same instances of convergence became ap-
parent in the tanglegram of the phenogram and phylogram, which
showed clear clusters of coastal andmontane clades, and converging
morphological species from different clades occupied the same

habitat (Fig. 3F and fig. S15E). Distance-based convergence mea-
sures also supported shape convergence in marine, coastal, and
montane habitats (all P < 0.001; table S22).

Genetic changes of gills in montane habitats
To investigate genetic adaptation to montane life and convergent
genomic change among distantly related montane clades (figs.
S18 and S19), 1749 one-to-one single-copy orthologs were identi-
fied on the basis of genomes and transcriptomes from three
montane, seven coastal, and two marine talitrid species. The phylo-
genomic tree inferred by linked orthologs was identical to the topol-
ogy from the 851-tip full dataset and 397-tip species-level dataset
(fig. S18A).
We obtained 274 positively selected genes (PSGs) across all three

montane species using the branch-site likelihood ratio test in Phy-
logenetic Analysis by Maximum Likelihood (PAML) (table S23).
Gene Ontology (GO) categories associated with PSGs across the
montane species include “GO: 0006979, response to oxidative
stress,” “GO: 0005524, ATP binding,” and “GO: 0055114, oxida-
tion-reduction process” (details in fig. S18B).
In the gene expression analyses, a tissue-specific expression

pattern was revealed by PCA and the hierarchal-clustering expres-
sion profile across all four species clustered by gills, brains, legs, and
antennae (fig. S19, A and B). We identified 49 up-regulated differ-
entially expressed genes in the gills relative to the other three tissues
in montane species, compared with coastal species (fig. S19C).
Details on the differentially expressed genes of montane species in
each tissue can be found in fig. S19 (C to H).
Among the PSGs, 17 genes showed up-regulated expression in

the gills of montane species (table S24). According to functional an-
notation, three of them participate in the process of energy metab-
olism (Fig. 3G);AMY1 is involved in the first step in the digestion of
dietary starch and glycogen (13). OGDH encodes proteins that cat-
alyze the oxidative decarboxylation of α-ketoglutarate to reduce nic-
otinamide adenine dinucleotide (oxidized form) (NAD) to reduced
form of nicotinamide adenine dinucleotide (NADH) during the tri-
carboxylic acid cycle (14), and ACLY encodes the primary enzyme
responsible for cytosolic acetyl-CoA (coenzyme A) synthesis and
participates in the lipogenesis pathway (15). Upon hypoxia/hypo-
thermia retreatment ofM. aosen (a species that lives at a low eleva-
tion and in a warm habitat), we found that AMY1 was up-regulated
in gills and legs regardless of treatment. The other two genes (ACLY
and OGDH) only showed up-regulated expression in hypoxia treat-
ment and had significantly increased expression in gills but not legs
during hypoxia treatments (Fig. 3H).
As the evolutionary rate differences indicated 17 genes showed a

significantly higher dN/dS ratio in montane species compared with
coastal species (table S25). Three of them (ENPP, PDHX, and
HXK2) are involved in the process of energy metabolism
(Fig. 3G). ENPP plays a central role in purine signaling regulation
by sequentially hydrolyzing adenosine triphosphate (ATP) to aden-
osine diphosphate to adenosine (16). PDHX encodes a component
of the pyruvate dehydrogenase (PDH) complex that catalyzes the
conversion of pyruvate to acetyl-CoA, thereby connecting glycolysis
to the tricarboxylic acid cycle (17). HXK2 encodes hexokinases,
which catalyze the first essential step of glucose metabolism, the
conversion of the substrate glucose into glucose-6-phosphate; this
increases glycolysis rate (18).
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Fig. 3. Gill innovation, convergence among habitats, and related genetic changes of talitrids. (A) Gills of male gnathopod II from marine, coastal, and montane
habitats. Homologous landmarks used for shape comparison are shown by red dots. (B) Comparison of body size (represented by body length) between species from
different habitats. (C) PCA plot showing gill shape distribution. Numbers in brackets indicate the percentage of variance explained by each of the PC axes. (D) The negative
relationship between elevation and PC1 (a proxy for gill shape) and positive relationship to centroid size (normalized by body size). (E) Comparison of annual mean
temperature shows montane areas with colder temperatures than coastal habitats in both tropical and temperate regions. (F) UPGMA phenogram constructed from
Procrustes distances showing convergent morphological traits of species in coastal and montane clades. Dots at the tips of the phenogram represent particular lineages
with convergent morphology from different habitats. (G) Schematic displaying the PSGs that showed up-regulated expression or rapid evolution and are involved in the
energy metabolism process. Gill innovation with extra lobes and extra folds increased oxygen supply during respiration. (H) Significantly increased expression of AMY1,
ACLY, and OGDH in gills under hypothermia (10°C) or hypoxia (13.5% oxygen) treatment relative to normal conditions but nonsignificant expression changes of ACLY and
OGDH in legs under hypoxia treatment. *P < 0.05, **P < 0.01, and ***P < 0.001 (Wilcoxon test). ns, not significant.
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SMC3 function and knockout experiments
We identified 258 genes with common amino acid substitutions in
any two of the three montane species. Higher semantic similarities
existed between these convergent genes and PSGs of montane
species based on functional enrichment analysis (fig. S18, B to D),
which indicates that the genetic convergence among montane
clades resulted from similar habitat pressures. Of these genes, 44
are considered adaptively convergent genes that have been subject
to positive selection and undergone nonrandom convergent
changes (table S26).
According to annotations of the adaptively convergent genes, we

found that SMC3 is involved in insect wing morphogenesis (19).
Considering potential serial homologies between insect wings and
crustacean gills (20, 21), we hypothesized that the gene SMC3 is
related to gill morphology difference in talitrids. We first amplified
the SMC3 sequence from 45 montane, 50 coastal, and 9 marine ta-
litrids and confirmed that an amino acid mutation at the sequence
level only existed between habitats rather than clades (Fig. 4A). On
the basis of these sequences, accelerated dN/dS values were detected
on the nodes where habitat transition occurred compared with
those without habitat transition, which indicated that this gene
faced strong selective pressure during montane transitions
(Fig. 4B). The three-dimensional structures of SMC3 also demon-
strated that the fixed mutation was predicted to be a ligand binding
site and there were structural deviations between the three habitats
(Fig. 4C and fig. S20). The gene expression analyses indicated that
SMC3 and cut were expressed at lower levels in gills of montane
species than those of coastal species (Fig. 4D).
To investigate the phenotypic consequences of the SMC3 muta-

tion in crustaceans, knockout experiments using CRISPR-Cas9
were performed in Daphnia magna, which has a nearly worldwide
distribution and short life cycle, and has been a model system in
ecology and evolution of Crustacea for hundreds of years (22).
We designed three single-guide RNAs (sgRNAs) and did not
observe allele mutations for sgRNA-1 and sgRNA-2. However, for
sgRNA-3, 25 mutants showed short, frameshift-inducing indels rel-
ative towild-type sequences, and themajority showed that nonsense
alleles caused frameshift mutations with a 17-bp insertion (Fig. 4E
and fig. S21). In the mutant Daphnia, we observed four individuals
with carapace defects, mainly irregular margins (Fig. 4F and fig.
S21). Further quantitative PCR (qPCR) validation indicated that
the mutants had significantly lower expression levels of SMC3
and cut compared with wild-type in the carapace but did not have
significant expression differences in the legs (Fig. 4, G and H).

DISCUSSION
Global marine-montane transition
Our informative genome-wide data provide a robust and well-re-
solved phylogeny and temporal framework to explore the evolution-
ary trajectory of talitrids (Fig. 1). Talitrids originated in the sea, with
the first transition to coastal mangroves occurring approximately
56.16 Ma ago (Fig. 5). The expansion of mangrove forest since the
early Eocene provided a suitable habitat and sufficient food sources
for marine ancestral talitrids to colonize coastal habitats (23).
Similar scenarios occurred in terrestrial gastropods and crabs,
which colonized land from the sea via mangrove swamps (24).
The coastal habitats experienced repeated tidal influences but
allowed a gradual accumulation of terrestrial adaptations for the

ancestral coastal talitrids, which inhabited cosmopolitan seashores
and then independently shifted to mountains in different regions
during the Oligocene to Miocene (Figs. 2A and 5).
Montane talitrids are distributed in mountains of continental

margins or island arcs, where preexisting marine environments
were uplifted by a series of geological changes. We summarized
related geological marine-montane transition events of 11 moun-
tains or islands at a global scale from the Oligocene to Miocene
(table S10). The divergence times of three montane lineages corre-
sponded well to the age of plate collision (table S10): the Myanmar
lineage diverged approximately 26.6 Ma ago (when the Burma Plate
collided with the northeast edge of the Indian plate) (25), the New
Zealand Southern Alps lineage diverged approximately 18.6 Ma ago
(the Southern Alps straddles amajor tectonic boundary between the
Pacific and Australian plates) (7), and the Sundaland lineage di-
verged approximately 24.46 Ma ago (when Australia moved north
and was subducted under Sundaland) (8). The formation of five lin-
eages was consistent with island formation processes (table S10): the
Central Cordillera of the Philippines lineage formed ~25.56 Ma ago
(as a result of the subduction of the South China Sea plate along the
Manila Trench beginning in the Early Miocene) (26), the Southwest
Sulawesi lineage ~14.72Ma ago (the collision of different terranes in
Sulawesi and subsequent fragmentation beginning ~15 Ma ago)
(27), the Mount Kinabalu, Borneo lineage formed ~10.28 Ma ago
(orogeny in the Kinabalu area began ~20 Ma ago after the collision
of North Borneo with the South China continental crust) (28), the
Northland New Zealand lineage ~30.65 Ma ago (Northland ophio-
lite terrane of northern New Zealand indicates that it formed in a
suprasubduction zone setting) (29), and the Japanese islands
lineage ~24.52 Ma ago (which coincides with when continental
rifting made the Japan Sea push the Eurasian fringe out to form a
series of offshore islands) (30). TwoAustralian lineages and the Tas-
manian lineage originated later than the continent formation, but
their divergence is concordant with some younger Oligocene volca-
nic orogenic events on the continental margins (31, 32).
The divergence times of montane lineages correspond well with

geological events that lead to marine-montane transitions (table
S10), which indicates that geological events played a vital role in
the biological transition of marine organisms moving into land
areas (Figs. 2B and 5). Fossil deposits of marine gastropods,
corals, and calcareous algae in montane areas of Southeast Asian
islands and Australia also provided insight into geological
marine-montane transitions (table S10).
For lineages that colonized montane areas, early divergent nodes

were associated with higher ancestral elevation, and later divergent
nodes were associated with lower ancestral elevation; this demon-
strated a top-down cladogenesis pattern with a positive relationship
between habitat elevation and divergence times (Fig. 2C). The un-
derlying scenarios could be that early ancestors and their land sub-
strates were elevated to montane top by orogenetic events,
subsequently diversified downslope. This type of elevational diver-
sification pattern can be found in lineages influenced by different
geological marine-montane transition events, such as in
Myanmar (plate collision), Sulawesi (island formation), and South-
east Australia (volcanic activity). With marine-montane transitions,
mountains provide ecological opportunities for talitrid diversifica-
tion and result in higher initial net speciation rates and occupation
of new habitats by incipient species (figs. S11 and S12 and tables S15
and S16). The steepness of mountains and the ecological gradient
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increase habitat diversity per geographic unit, which leads to nu-
merous endemic species that aggregate and diversify in the geo-
graphical vicinity. This results in higher genetic diversity and
spatial diversification rates (Figs. 2D and 5 and figs. S9 to S12),
forming highly diverse centers of montane endemism and underes-
timated biodiversity (33).
The permutation models revealed that the observed patterns of

montane lineages (six of eight) were significantly different from the
simulated random dispersal pattern, and most of these lineages

(excluding the South Australia and Northland New Zealand lineag-
es) were distributed near the upper limits of the 95% CI. It is pos-
sible that the South Australia and Northland New Zealand lineages
were outside the 95% CI because of incomplete sampling and over-
lapping ranges. For example, samples fromNorthland New Zealand
are limited from 50 to 130 m in altitude. These results indicated that
the current montane species distribution reflected by our sampling
and phylogeny did not result from random dispersal, which further
supports the occurrence of top-down cladogenesis.

Fig. 4. SMC3 regulates the exite margin development in crustaceans. (A) Comparison of amino acid substitutions in the SMC3 protein sequence. Polymorphic and
fixed substitutions are indicated with colored circles that correspond to different habitats. (B) Accelerated dN/dS ratio on the nodes where habitat transition occurred
comparedwith nodes without habitat transition. (C) Three-dimensional structuremodels of SMC3 in coastal andmontane talitrids inferred by homologousmodeling. The
fixed substitution site was predicted to be a ligand-binding site and is depicted in red. (D) Significantly decreased expression of SMC3 and cut in gills of montane species
relative to coastal species. (E) Mutations generated in the CRISPR-Cas9 SMC3 knockouts. The sgRNA target sites used for mutagenesis are indicated by the green arrow.
Gray arrows represent the designed sgRNA; however, a stable genotype with allele mutation was not obtained. The short, frameshift-inducing indels relative to the wild-
type sequences were identified by PCR, molecular cloning, and Sanger sequencing. SMC3 sgRNA targets are highlighted in red, and PAM sequences are highlighted in
pink. (F) Notable carapace margin defects were found in homozygous SMC3-knockout Daphnia. (G) Expression patterns of SMC3 and cut in D. magna revealed signifi-
cantly decreased expression of these genes in the carapace of Daphnia mutants relative to the control and without significant expression shifts in the leg after SMC3
knockout. (H) Potential regulatory pathway of SMC3 from suppressing cut that affects the exitemargin development, which leads to phenotypic changes of the talitrid gill,
Daphnia carapace, and insect wing. **P < 0.01(Wilcoxon test).
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Convergent gill innovation and related genetic changes
During marine-montane transitions, respiration should be the first
process to change, and marine ancestors often evolved morpholog-
ical innovations for air breathing (1, 2). PCA and Procrustes
ANOVA demonstrated a significant difference in gill morphology
among species from different habitats; montane species have
larger gills with a more convoluted shape than coastal species
(Figs. 3C and 5, fig. S15C, and table S20). The correlation analyses
indicated that this variance was significantly correlated with habitat
variables, e.g., elevation and annual mean temperature (Fig. 3, D
and E, and fig. S16, C and D). Ancestral reconstruction of gill
shape showed that the montane gill shape was coupled with
montane colonization, which indicated that gills changed during
the montane transition (fig. S15D).
Phylogenetic ANOVA, the reconstructed phylomorphospace,

distance-based convergence measures, and phenogram all demon-
strated the convergent evolution of gills on global mountains
(Fig. 3F, fig. S15E, and tables S20 to S22). The convergent enlarged
gills with extra lobes and extra folds increase oxygen supply during
respiration. In addition, montane species appear to have a thickened
gill cuticle to prevent desiccation (9). These variations of gill shape
may be related to maintenance of daily energy intake in colder en-
vironments for montane talitrids and may have been beneficial for
global habitat transitions.
The genomic and transcriptomic comparisons and hypoxia/hy-

pothermia acclimation experiments provide further understanding
of energy metabolism when an enlarged gill is supplied with suffi-
cient oxygen. Selective pressure and differentially expressed gene
analysis revealed that three PSGs showed up-regulated expression
in the gills (AMY1,OGDH, andACLY), and these genes are involved
in the process of energy metabolism (Fig. 3G and tables S23 and
S24). Hypoxia and hypothermia treatment of coastal species

validated the up-regulated expression of these genes in gills when
responding to montane environments, which indicates that these
genes participate in hypoxia response and increase expression in
the gills (Fig. 3H). In addition, three rapidly evolving genes
(ENPP, PDHX, and HXK2) are also involved in this process,
which demonstrates accelerated selection of this process across
montane species (table S25). Similar energy metabolism has been
observed in terrestrial crabs and seems to be a useful genetic re-
sponse to terrestrial living in crustaceans (34).

The role of SMC3 in gill innovation
Convergent phenotypes could be driven by convergent genetic
changes. Among the adaptively convergent genes (table S26),
SMC3 shows a fixed amino acid mutation at the sequence level
between habitats and an accelerated dN/dS ratio on the nodes
with habitat transitions. Protein structural prediction verified
three-dimensional structural variations between habitats. Further-
more, significantly lower expression levels of SMC3 and cut were
detected in gills of montane species. Collectively, these results
reveal that SMC3 is a crucial gene involved in habitat transitions
and gill morphogenesis.

SMC3 encodes cohesion protein binding to the regulatory region
of cut, which encodes a homeobox transcription factor; this sup-
presses cut expression in the developing wing margin (19). SMC3
knockdown in fruit flies results in the loss of the wing margin
(19). The insect wing has been proposed to be potentially serial ho-
mology to crustacean gills (20, 21). Bruce and Patel (35, 36) docu-
mented that outgrowths, such as insect wings, crustacean gills, and
the Daphnia carapace, originated from ancestral crustacean exites
(lateral leg lobe), which are ready to be de-repressed/activated
under the right circumstances and then molded into new shapes
and functions by evolution. On the basis of the hypothesis that

Fig. 5. Temporal process and corresponding cladogenesis of marine-montane transition in talitrids. The biological transitions from coastal to montane habitats
occurred in parallel with geological changes and were coupled with diversification, gill, and genetic changes.
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gills, wings, and carapace derived from exites, we propose that this
gene has a potential regulatory role in the talitrid gills.
Our knockout experiments using CRISPR-Cas9 in D. magna

showed that the mutant Daphnia had notable carapace defects,
mainly from irregularly shaped margins (Fig. 4, E and F). Further
qPCR validation demonstrated significantly decreased expression of
SMC3 and cut inDaphniamutants (Fig. 4G), with similar scenarios
for montane talitrids. Therefore, we propose that SMC3 has a pos-
sible function in regulating morphological changes that influence
the development of the appendage exite margin, including the tali-
trid gill, Daphnia carapace, and insect wings. The regulatory
pathway of SMC3 is likely related to down-regulated expression of
cut and further involved in talitrid gill development (Fig. 4H).
Future research on talitrids using CRISPR-Cas9 will provide a com-
prehensive explanation of SMC3 function in gill development.
In summary, we report Oligocene to Miocene global marine-

montane transition of crustaceans and demonstrate geological
changes related to the biological transition that triggered top-
down cladogenesis (Fig. 5). Convergent gill evolution and the reg-
ulatory mechanism of SMC3 demonstrate that respiratory innova-
tion may have facilitated the marine-montane transition of talitrids.
The key trait innovations and related genetic mechanisms account
for the evolutionary success of talitrids’ global diversification and
elucidate the formation of prosperous terrestrial biodiversity.

MATERIALS AND METHODS
Taxon sampling and DNA sequencing
In this study, we sampled 851 talitrids worldwide and covered most
of the distribution of the family (table S1). Almost 86.3% of the
samples (734 of 851) were collected from 592 sites from our
group and several collaborators over three decades, another 13.7%
samples (117 of 851) were downloaded from National Center for
Biotechnology Information (NCBI). We defined habitats of talitrids
as marine, coastal, and montane. Marine species are those com-
monly found swimming in seawater. Coastal species depend on
algal litter and beach debris and can swim in water, although they
are usually found jumping on the seashore. Montane species are in-
habitants of forest leaf litter and accustomed to a fully terrestrial ex-
istence, and they exhibit a unique jumping behavior. Twenty-seven
samples were selected as outgroups mainly based on the data avail-
able from the work of Hou and Sket (37). Detailed sampling infor-
mation is given in table S1.
All procedures performed on animals were approved by the

Animal Care Committee of the Institute of Zoology, Chinese
Academy of Sciences. DNA was extracted from legs of specimens
using the TIANamp Genomic DNA kit (TIANGEN Inc., Beijing,
China). Three mitochondrial fragments of cytochrome c oxidase
subunit I (COI), COII and 16S ribosomal RNA, and four nuclear
regions of 18S, 28S ribosomal RNA, histone 3 (H3) and sodium-po-
tassium adenosine triphosphatase a-subunit (NaK) were amplified.
Details on primers and PCR conditions were provided in table S2.

Genome and transcriptome sequencing, assembly, and
annotation
Specimens of M. aosen were collected from Olympic Park, Beijing,
China. Genomic DNA for short and long read sequencing was iso-
lated from 12 adult talitrids from a same breeding lineage, using the
QIAGEN Blood & Cell Culture DNA Kit (QIAGEN, Hilden,

Germany). A total of 239.88-Gb clean reads produced on the
DNBseq platform were used for genome survey and assembly cor-
rection after removal of low-quality reads and adapters. A total of
118.46 Gb of HiFi reads were generated for genomic contig assem-
bly using hifiasm v0.15.2 (38) with default parameters. The 266-Gb
reads from the Hi-C library sequencing were used for chromosome
construction after primarily filtered and mapped to the genome.
Another five species (Vallorchestia sp., Cochinorchestia sp., Flor-

esorchestia mkomani, Talorchestia martensii, and Platorchestia pa-
cifica) were selected for short read genome sequencing and draft
genome assembly using SPAdes v3.13.0 (39) and K-mer values of
21, 41, 61, 81, 101, and 121 were selected, based on around 300-
Gb clean reads produced from DNBseq platform.
Genome quality and completeness assessment was conducted

with BUSCO v4.1.1 (40) using the arthropoda_odb10 and generated
genome statistics using the assembly-stats v1.0.1 (https://github.
com/rjchallis/assembly-stats).
For gene annotation of genome, we sequenced the transcrip-

tomes of whole body and different tissues fromM. aosen, including
the antennae, brains, gills, and legs. The total RNA of the whole
body from one individual, and the tissue RNA from a mixture of
tissues from 10 to 15 individuals, were extracted using the RNAsim-
ple Total RNA kit (TIANGEN, Beijing, China). Sequencing was
performed on the NovaSeq 6000 platform, and each transcriptome
got at least 6-Gb clean data after removing reads containing adapter,
ploy-N, and low-quality reads. For genetic analysis, four tissues
same as above from three species (Floresorchestia xueli, Myanmar-
orchestia nunomurai, and P. pacifica) were sequenced. Clean reads
were quality checked and trimmed using the FastQC (www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and FASTXTool-
kit (http://hannonlab.cshl.edu/fastx_toolkit/index.html). We also
sequenced two full-length transcriptomes for talitrid species of M.
nunomurai and F. xueli, based on the PacBio Sequel platform. A
total of 33.62-Gb clean data were obtained for F. xueli, and 33.37
Gb were obtained for M. nunomurai.
Three strategies were applied for gene structure prediction across

the genome: homology-based annotation, de novo prediction, and
RNA sequencing (RNA-seq)–based annotation. For homology-
based annotation, the published genomes of three amphipods—Hy-
alella azteca (GCA_000764305.3), Trinorchestia longiramus
(GCA_006783055.1), and Parhyale hawaiensis
(GCA_001587735.2)—were used by GeMoMa (41). For transcrip-
tome-based prediction, the RNA-seq reads from different tissues
were aligned to the genome to identify the exonic regions and
splice positions to optimize the annotation. We identified and clas-
sified repetitive elements de novo and generated a library of consen-
sus repeat sequences for the genome using RepeatModeler (www.
repeatmasker.org/RepeatModeler/). We then annotated and
masked repeats in the assembly with RepeatMasker v4.1.2 (www.
repeatmasker.org/) using the custom repeat library generated in
the previous step. Besides, Tandem Repeats Finder (TRF) v4.09
(42) was used to analyze tandem repeats. Genes were functionally
annotated against NR (www.ncbi.nlm.nih.gov), Swiss-Prot (www.
uniprot.org/), GO (http://geneontology.org/).

Phylogenomic marker design
To establish a solid phylogenetic framework, we designed a series of
primers to produce numerous genomic markers suitable for
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Amphipoda based on the generated chromosome-level genome,
five draft genomes, and publicly available genome sequences of
H. azteca and P. hawaiensis. Transcriptomes of two amphipod
species (Gammarus electrus and Jesogammarus hebeiensis) were
added to expand the scope of the application of primers in the
order Amphipoda.
First, single-copy and long exons were selected on the basis of the

genome ofM. aosen. Then, exons fromH. azteca, P. hawaiensis, and
five draft genomes were used for reciprocal best-hit (RBH) (43) with
the selected exons, with identity >70% and coverage >50%. If the
selected exons BLAST hit more than three species, then they were
treated as an orthologous sequence for primer design. We found
268 orthologous sequences that were used to design primers as can-
didate genes. All the candidates were aligned and trimmed on both
ends according to the sequences of M. aosen, H. azteca, and P. ha-
waiensis. The aligned candidate genes were displayed at the amino
acid level, and conserved blocks (>7AA) were selected to design
nested PCR primers to improve amplification success.
Last, a total of 192 pairs of primers for 96 candidate genes were

designed, and all of these were amplified using nested PCR (table
S8). The first-round PCR cycling program was an initial denatura-
tion step of 94°C for 4 min, 35 cycles of 94°C for 45 s, 45°C for 40 s,
72°C for 2 min, and a final extension step of 72°C for 10 min. The
second-round PCR cycling programwas an initial denaturation step
of 94°C for 4 min, 30 cycles of 94°C for 45 s, 50°C for 40 s, 72°C for
1.5 min, and a final extension step of 72°C for 10 min. All the ob-
tained amplification products from the same taxon were pooled to-
gether; then randomly sheared to small fragments (200 to 500 bp)
by dsDNA Fragmentase (NEB), then blunt-end-repair, and A-
tailing; and attached to a species-specific barcode linker. We
mixed 24 indexed amplification product pools together and se-
quenced them on an Illumina HiSeq 2500 platform. About 3 Gb
of Illumina HiSeq paired-end 150-bp data were obtained. The raw
sequence was sorted by barcode into different taxa. Each species’
data were then assembled into full-length sequences independently.
The assembled sequences were examined by BLASTn searches
against the 96 reference sequences from the primer design. Last,
all of the refined sequences were checked again to see whether
they could be correctly translated.

Biomarker performance and phylogenetic reconstruction
All 96 NGS nuclear markers and seven Sanger sequencing markers
were aligned by theMAFFT v7.455 with the G-INS-i model (44). To
test the performance of biomarkers, we calculated variable sites for
96 NGS markers and compared them to the Sanger sequenc-
ing markers.
We performed GMYC analysis to define the MOTUs by using R

package splits (10) based on the ultrametric tree generated with mi-
tochondrial genes for all samples in BEAST v2.5.2 (45). Mitochon-
drial sequences for 12 samples are unavailable, but their
morphology characters are different from existing MOTUs; there-
fore, we treated them as independent MOTUs. We chose one
sample from each MOTU (the ones with less missing genetic
data) and composed a 397-tip dataset at the species level (table S1).
For phylogeny reconstruction, ML analyses were first carried out

using RAxML v8.0 (46). Branch support was evaluated with 1000
rapid bootstrap replicates. A thorough optimization of the best-
scoring ML tree and the GTRGAMMAmodel of rate heterogeneity
were applied. We also conducted ML analyses and used the

embedded ultrafast bootstrap approach to estimate nodal support
values using IQ-TREE v1.6.12 (47). Bayesian analyses were con-
ducted using ExaBayes v1.4.1 (48). Two Markov chain Monte
Carlo (MCMC) runs were performed with one cold chain and
three heated chains for 50 million generations, sampling every
1000 generations. The average standard deviation of split frequen-
cies and potential scale reduction factor were <0.01 and close to 1
across the two runs, respectively. The effective sample sizes were
checked, and all parameters were >200 after the first 20% of gener-
ations were discarded (45). The species tree analysis without gene
concatenation was performed with ASTRAL v4.7.6 (49) under the
coalescent model based on the species-level dataset. The species tree
analysis was conducted using the best ML trees and corresponding
bootstrapping trees for each of 103 genes inferred by RAxML under
the multilocus bootstrapping option with 1000 replicates (−r
= 1000).
The pairwise distances between ML tree topologies generated

from the single-gene, and the concatenated topologies were calcu-
lated on the basis of Robinson-Foulds distance (https://scriptomika.
wordpress.com/2014/01/27/59/). The tree-to-tree distances were
then visualized using multidimensional scaling in the R package
reshape2 (50).

Divergence time estimation
For molecular dating, we used two fossils and five geological events
as calibration points: (i) The MRCA of Tethorchestia andMexorch-
estia was set at ∼16 Ma ago (lognormal, offset = 16, M = 2, S = 1)
based on Dominican amber fossils of the talitrid Tethorchestia (51).
(ii) We constrained the MRCA of two endemic Palmorchestia
species at ∼2 Ma ago (normal, mean = 2, sigma = 0.1) assuming
that the clade originated simultaneously to or later than the forma-
tion of La Palma (Canary Islands) (52). (iii) The Eocene Baltic
amber record of Niphargus. We retrieved Niphargus sequences
from GenBank (table S1) and constrained the MRCA as ∼45 Ma
ago (lognormal, offset = 45,M = 2, S = 1) (53). (iv) The separation
of Arctic marine and freshwater Gammaracanthus was connected
with Plio-Pleistocene climatic cycles at ∼6 Ma ago (normal, mean
= 6, sigma = 1) (37). (v) The MRCA of the Baikal amphipod clade,
for which we assigned ∼27 Ma ago (normal, mean = 27, sigma = 2)
based on the inception of rifting in the Baikal Basin triggered the
formation of Lake Baikal around 35 to 27 Ma ago (54). (vi) The
MRCA of Sarothrogammarus and Rhipidogammarus originated at
∼37 Ma ago (normal, mean = 38, sigma = 2) corresponding to
the regression of the Tethys from east Pamir in the late Eocene
(55). (vii) The onset of the Gammarus radiation in Lake Ohrid
was constrained to ∼1.36 Ma ago (normal, mean = 1.36, sigma =
0.1) based on the formation of the ancient lake ecosystem (56). Cal-
ibration nodes four to seven from outgroup have been widely used
in dating amphipod phylogenies (37). We constrained the
maximum age of the root to 358 Ma ago to represent the origin
of Amphipoda based on the earliest known Eumalacostraca fossil
from the Late Devonian, Palaeopalaemon newberryi Whitfield,
1880 (57).
We first used the seven Sanger sequencing markers to estimate

the divergence times in BEAST2 with an uncorrelated lognormal
relaxed molecular clock model with a Yule process for the specia-
tion model and GTR + I + G for the substitution model based on
851-tip full dataset and 397-tip species-level dataset obtained from
IQ-TREE. Next, we used penalized likelihood method as
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implemented in treePL v1.0 (58) and conducted two analyses inde-
pendently based on topology from full data and species-level data.
Last, we estimated divergence times using Bayesian relaxed clock
approaches implemented in MCMCTREE from the PAML
package v4.9j (59, 60) with the uncorrelated rate model (clock =
2). The phylogram of the species-level data was used as the reference
topology.
To test the sensitivity of our time calibration to particular cali-

bration points, we used a jackknife analysis based on the BEAST2
calibration. We successively deleted each of the individual calibra-
tion points and repeated the calibration analyses with the same
setting parameters. The correlation of median age estimates at
major nodes between these analyses, and the full calibration was as-
sessed with Spearman’s rank correlation analysis.

Inferences of ancestral ranges and ancestral habitats
To infer the ancestral ranges of talitrids, we used the DEC, DEC + j,
DIVALIKE, DIVALIKE+j, BAYAREALIKE, and BAYAREALIKE+j
models implemented in the R package BioGeoBEARS (61) based on
the calibrated species-level tree from treePL, allowing dispersal
without restriction. The Akaike information criterion and likeli-
hood values were evaluated to test the fit of models. The distribu-
tions were categorized into seven biogeographic ecoregions:
Australia region (including Australia, New Zealand, and Fiji),
Indian Ocean (including Indian Ocean coast area), Mediterranean
region (including Europe, Mediterranean Sea coast, and East Atlan-
tic region), Southeast Asia (including Southeast Asia islands and
coast area), Myanmar (including Myanmar inland region and
southwestern China), Northwest Pacific region (including Japanese
islands and Russian Far East), and eastern China.
We reconstructed the ancestral habitat with PastML (62) on the

basis of the calibrated species-level tree using the marginal posterior
probabilities approximation method with an F81-like model.
Marine, coastal, and montane states were coded as discontinuous
habitat traits. We also applied the “ace” function in the R package
ape (63) to evaluate ancestral states across the phylogeny by gener-
ating 1000 stochastic character maps. The posterior probabilities
were summarized at nodes to infer each node’s best-supported an-
cestral state.

Diversification dynamics associated with habitat shift
On the basis of the calibrated species-level tree from treePL, we in-
ferred the ancestral elevation at all internal nodes of each montane
lineage using the “fastAnc” function in the R package phytools (64).
The inferred ancestral elevation of the root was compared with the
medium and average elevation of corresponding tips. Then, we in-
dependently extracted divergence times of internal nodes to infer
the linear regression relationship between elevation and divergence
time.
To assess the biodiversity of montane species, the Mantel tests

were conducted to obtain a correlation between genetic distance
and geographical distance using 1000 permutations to assess signif-
icance in the R package vegan (65). The pairwise genetic distances
between the pairs of tips based on the branch lengths from the IQ-
TREE analysis were calculated by “cophenetic.phylo” from ape. The
pairwise geographical distance was calculated in the R package geo-
sphere based on the sampling coordinates (66). The relationship
between pairwise geographical and genetic distances was visualized
by the bivariate plot and density plot.

We applied a series of methods to detect the diversification
modes within lineages or between habitats. First, the lineage-
through-time (LTT) plots for each montane lineage were construct-
ed to visualize the diversification rate over time. The variation of the
diversification rate shown on the LTT plots was calculated by the
“bd.shifts.optim” function in R package TreePar (67). We used
seven BiSSE models (table S16) implemented in the R package “di-
versitree” to model speciation (λ), extinction (μ), and transition (q)
rates of coastal versus montane talitrid lineages (11, 68). BiSSE
enables correcting for incomplete sampling by indicating a sam-
pling fraction (total, 58.05%; coast, 48.7%; mountain, 72.7%). This
fraction was based on the number of our sampled species divided by
already known species until October 2021 from the World Register
of Marine Species (www.marinespecies.org). Last, we estimated the
diversification dynamics of each clade and the speciation rates
(λBAMM) for each tip using the BAMM v2.5.0 (12).
To better predict the diversification difference between coastal

and montane habitats, we used an index of spatial diversification
rate, defined as diversification rate weighted by range size (69).
We first quantified distribution range area using 0.1° × 0.1° grid
cells across the species distribution. We calculated the spatial diver-
sification rate by dividing the net diversification rates (λ-μ) from
BiSSE and λBAMM from BAMM by the range size (λ-μ, λBAMM/
grid cells of range size) to detect the spatial diversity changes after
the marine-montane transition.

Distribution and diversification pattern simulations
To determine whether the relationship between phylogeny and geo-
graphic distribution (including elevation and pairwise geographic
distance) deviated from a random expectation, we simulated the dis-
tribution and diversification patterns in R using a bootstrap ap-
proach for the eight montane lineages described above
independently. Two parameters were calculated and compared to
our observed phylogenetic results: the slope of the linear regression
between the distribution elevation and divergence times and the
slope of the linear regression between pairwise genetic and geo-
graphic distances.
In our models, a random evolutionary history was generated

(number of taxa and root age were fixed but phylogenetic relation-
ships were random), and each species’ geographic distribution (lo-
cation and elevation) was randomly rearranged; one thousand
permutations were performed for each montane lineage. Observed
values from our phylogeny distributed within the limits of the 95%
CI of simulations indicated that their distribution and diversifica-
tion patterns were caused by random dispersal. Observed values
greater than the upper 95% CI from an elevation-divergence time
perspective revealed a positive relationship between elevation and
divergence time, which indicated top-down cladogenesis. Observed
values from a geographic-genetic distance perspective that were
greater than the upper 95% CI indicated significant isolation by
distance.

Climatic difference between montane and coastal habitat
To explore the climatic difference between coastal and montane
species in statistics, we did a phylogenetic PCA using “phyl.pca”
function in phytools based on the 19 bioclimatic variables and
dated species-level phylogenetic tree. For species with multiple
specimens, the mean for each of the 19 variables was calculated
and used. To decrease the influence of latitude difference on the
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temperature of sampling location, we divided tropical (latitude <
23.5° north or south) and temperate (latitude >23.5°north or
south) ecoregions and analyzed them separately within each ecor-
egion. After removing those that were highly correlated (i.e., corre-
lation > 0.9), ten variables were selected (table S18). All ten variables
were used first, and then, temperature variables (bio1, bio2, bio3,
and bio7) and precipitation variables (bio12, bio13, bio14, bio15,
bio18, and bio19) were used separately for further analysis. The var-
iables that can differentiate montane and coastal species signifi-
cantly were chosen for future analysis.

Gill morphology analysis
We first dissected and photographed the gill of male gnathopod II
from 569 individuals. Then, we measured the body length of spec-
imens with a Vernier caliper to show body size differences between
different habitats. Geometric morphometric analyses of gill varia-
tion were conducted on the basis of 102 landmarks (Fig. 3A) that
were digitized with tpsDig v2.05 (70). The first two landmarks
were marked as the two sides of the joint site with body and the
other 100 landmarks resampled by equal length according to a
curve drawn along the edge of the gill from left to right counter-
clockwise. All geometric morphometric analyses were carried out
in the R package geomorph v3.0.5 (71) unless stated otherwise.
All measured gills were scaled, translated, and rotated against the
consensus configuration using generalized Procrustes analysis
(GPA). Species with multiple specimens in the dataset were repre-
sented by their mean Procrustes shape and centroid size values.
To describe the patterns of shape variation, we used covariance

matrices of shape data after GPA to calculate the principal axes of
shape variation with PCA. PC1 and PC2 morphospace plots by
wireframes provided visualization that facilitated identification of
patterns of clustering and related gill shape changes. PC1 explained
41.6% of the gill variation and significant differences between hab-
itats along PC1 values, so we used PC1 as a proxy for gill shape. In
our study, gill size was represented by the centroid size, which was
estimated as the square root of the sum of squared distances of each
landmark from their centroid and normalized by body length. For
statistical analyses of phenotypic variation, we compared the PC1
values and centroid size between separate habitats using Wilcoxon
rank sum test. Procrustes ANOVAwith 1000 random permutations
of the residuals among habitats and clades was applied for signifi-
cance testing. Furthermore, we estimated morphological disparity
and performed pairwise comparisons among marine, coastal, and
montane habitats and phylogenetic clades using “morphol.dispar-
ity” function. We estimated Blomberg’s K (an estimator that assess-
es the strength of the phylogenetic signal in quantitative variable)
using the “physignal” function to investigate the influence of phy-
logeny on gill shape variation (72). The linear regressions and cor-
relation analyses were conducted between two habitat variables
(elevation and annual mean temperature) and two phenotypic rep-
resentatives (PC1 values and centroid size).
We reconstructed ancestral gill shape of all nodes using all land-

mark coordinates from the modules of the Rhetenor package in
Mesquite v3.5 (73). All the calculated nodes’ gill shapes were export-
ed and integrated with landmark data of the tips as a combined
dataset to infer gill difference among extant and ancestral talitrids.
PCA was used to visualize morphospace occupation of ancestral
gill shape.

A series of approaches were used to assess the scope and strength
of convergence, and we hypothesized that species from the same
habitat group would “converge” toward similar shapes. First, for
an initial visual inspection, we produced a phylomorphospace
plot in PC1-PC2 shape space. Second, to quantify convergent evo-
lution in the different habitats, the distance-based convergence
measures C1 to C4 were computed using the R package convevol
(74). Significance was assessed in the same package using 1000 sim-
ulations along the phylogeny according to a Brownian Motion
model. Third, the unweighted pair group method with arithmetic
mean (UPGMA) phenogram was constructed on the basis of Pro-
crustes distances from species mean configurations and computed
as a tanglegram to compare the molecular phylogeny and pheno-
gram using the “cophylo” function in phytools.

Genetic adaptation analysis
Nine genomes [including two marine species H. azteca and P. ha-
waiensis and seven coastal species M. aosen, T. longiramus , P. pa-
cifica, F. mkomani, T. martensii, Vallorchestia sp., and
Cochinorchestia sp.], two full-length transcriptomes (F. xueli and
M. nunomurai), and one transcriptome (Curiotalitrus sp.) were
used for detecting the genetic basis of montane adaptation. For
identifying orthologous genes, the RBH method was used with an
E value cutoff of 1 × 10−5 and a minimum percentage identity of
70% based on protein-coding DNA sequences (CDS). M. aosen
was used as an anchor species.
To detect coding sequence changes involved in montane adap-

tation, we identified PSGs using the branch-site model and likeli-
hood ratio test based on the well-aligned orthologs. Three
montane species (F. xueli, M. nunomurai, and Curiotalitrus sp.)
were set as foreground branches in PAML. The null model
(model = 2, NSsites = 2, fix_omega = 1) and the alternative
model (model = 2, NSsites = 2, fix_omega = 0) were used, and P
values were calculated using chi-square distribution with one
degree of freedom. A false discovery rate (FDR) cutoff of 0.05 was
used in multiple test corrections.
For comparing evolutionary rate difference of PSGs between

separate habitats, we used “Free-ratio model” on the branches in
PAML to estimate the ratio of nonsynonymous substitutions per
nonsynonymous site to synonymous substitutions per synonymous
site (dN/dS) of each branch for all orthologs (method = 1, model =
1, verbose = 1). The difference of the dN/dS ratio between montane
and coastal species was compared using the Wilcoxon rank sum
test. Genes with a higher dN/dS value for the montane species
than the coastal species were considered as evolving with a signifi-
cantly faster rate.
For identifying differentially expressed genes across coastal and

montane species during marine-montane transitions, the RNA-seq
reads of four tissues (antennae, brains, gills, and legs) from two
coastal species, P. pacifica and M. aosen, and two montane
species, F. xueli and M. nunomurai, were mapped to their own
trimmed orthologs. For each species, the expression level (frag-
ments per kilobase million) of orthologs was calculated with
RSEM v1.3.3 (75) and log-transformed (N + 1), following the quan-
tile-normalization. Hierarchal-clustering expression profile analysis
was conducted on the basis of Spearman’s correlation coefficients of
gene expression between pairs of samples. Differential gene expres-
sion between tissues and species was compared using “DESeqData-
SetFromMatrix” and “DESeq” function in R package DESeq2 (76).
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Up-regulated differentially expressed genes of gills from montane
species with fold change >2 and 5% FDR were filtered for further
analysis.
We examined convergent amino acid substitutions between

pairs of three montane species by using JTT-fgene amino acid sub-
stitution models according to branch model in the CODEML
module of the PAML. A Poisson test was used to detect differences
between the observed and expected number of convergent sites in
each ortholog (77). Genes in which convergent amino acid changes
in montane species significantly exceed expectations (P < 0.05) were
considered convergent candidates.
The functional enrichment analyses of the PSGs and convergent

genes were performed by KOBAS 3.0 (78) using Fisher’s exact test
(P < 0.05) with Drosophila melanogaster as a reference. To evaluate
the overall similarity of the functional enrichment patterns between
the convergent genes and PSGs, we calculated pairwise semantic
similarity (SS) values of the GO terms and examined SS values rel-
ative to random samples with the R package GoSemSim based on
the BMA algorithms (79). To determine whether the observed SS
values notable deviated from a random expectation, we performed
two different permutations. First, we randomly sampled the same
number of genes (274 PSGs and 258 convergent genes) from the
pool of all 1749 genes. We repeated this sampling 1000 times and
then performed analogous functional enrichment analysis for each
random gene set followed by calculating SS values based on the en-
riched categories. Second, we sampled the same numbers of GO
terms (14 for PSGs and 16 for convergent genes) from the GO cat-
egories of D. melanogaster 1000 times and calculated the SS values.
For both permutations, observed SS values greater than or equal to
the 95th percentiles of the random samples were considered
significant.

Acclimation experiment under hypothermia or hypoxia
treatment
To validate the changes in RNA expression response to the marine-
montane transition, talitrids (M. aosen) were acclimated for 3 days
in hypothermic (10°C) or hypoxic environments (the latter of which
included a hypoxic gas mixture containing 13.5% oxygen, which is
equivalent to an altitude of 3200 m). The talitrids fed at room tem-
perature and normoxic environment were used as a control. The
gills and legs were separately dissected for RNA extraction, and
cDNA was generated using the HiScript cDNA Synthesis Kit
(Vazyme). RT-qPCR was performed in a 20-μl system, with 50 ng
of diluted cDNA and forward and reverse primers at 0.4 μM. The
following conditions were used for PCR: 95°C for 5 min (initial de-
naturation), denaturation at 95°C for 30 s, annealing at 58°C for 30
s, and extension at 72°C for 30 s for 30 cycles to stay within the linear
range of amplification. The expression levels of key genes (AMY1,
ACLY, and OGDH) were calculated using the 2–ΔΔCt method. The
GAPDH gene was used to normalize gene expression. All primers
are listed in the table S27. All data were obtained from three inde-
pendent assays with three replicates in each assay.

Genetic confirmation and knockout of SMC3
We designed primers of SMC3 gene (SMC3-F, GACACGTACAA-
CATGGAGCA; SMC3-R, GCAGCGTCCTCGCGTCTCTTC) for
PCR amplification and sequenced across 104 species evenly selected
according to phylogeny (Fig. 2A). We also implemented the “Free-
ratio model” to estimate the variable dN/dS ratio on each

phylogenetic branch and node based on the aligned codon sequenc-
es in PAML.
To investigate the phenotypic consequences of SMC3, we used a

CRISPR-Cas9 strategy to knockout the SMC3 gene in D. magna.
The SMC3 gene of D. magna has 15 exons, and the orthologous se-
quence of the talitrids mutation site is at exon 5. Two sgRNAs
(sgRNA-1 and sgRNA-3) were designed to bind the sense strand
from exons 3 and 5, respectively. One (sgRNA-2) was designed to
bind the anti-sense strand from exon 4 (Fig. 4E). The target site of
the SMC3-targeting sgRNA-1 was 5′-ATCACTTGAGACCTGAG-
CAAagg-3′; sgRNA-2 was 3′-ggtTCGACGAGCTCTCCTCGCGC-
5′, and sgRNA-3 was 5′-GAGACAATTGCTCAAAAAGAcgg-3′.
Syntheses of sgRNAs and Cas9 protein (Invitrogen) were per-
formed as described previously (80).
For CRISPR somatic mutagenesis, approximately 0.2 nl of

sgRNA and Cas9 mixture (400 ng/μl) were injected into embryos,
which were collected fromDaphniawithin 0.5 hours after ovulation.
An injected embryo was transferred into a well of a 12-well plate
filled with 100 μl of 80 mM sucrose for 3 days at 22°C. The
average hatching rate with the deleterious SMC3 knockouts
was 56.5%.
The phenotypes were examined under a LEICA M205C stereo-

microscope. For genotyping, we extracted the DNA of single hatch-
lings that showed a CRISPR-induced phenotype using the
TIANamp Micro DNA Kit (TIANGEN). The sgRNA-targeted
genomic templates in the SMC3 locus were amplified by PCR.
The primer sequences are SMC3-fwd-gDNA (5′-
GCGTTCGGTTGAATATACCAT-3′) and SMC3-rev-gDNA (5′-
CACGCTGATCTCGGGATGTGA-3′). The PCR products were
cloned by using the pEASY-T3 Cloning Kit (TransGen Biotech),
and 20 positive clones per individual were sequenced with the
M13R universal primer. D. magna showed the phenotypic change
that was selected for analysis of expression changes by RT-qPCR.
The GAPDH gene was used as an internal reference, and fold
changes applied in the calculations are means obtained from the
analyses of three biological replicates. All primers are listed in
table S27.
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