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Rafting dispersal has been proposed as a way for coastal species to track

climate-driven niche shifts. However, little information exists on how rafting
species disperse and adapt to shifting environmental conditions, particularly
ocean currents and salinity. Here, we integrate dispersal simulations, ecolo-

gical genomics, and salinity stress experiments to investigate rafting dynamics

and adaptive shifts in widely distributed crustaceans across the Indo-
Australian Archipelago. We develop a quantified model to examine asym-
metric gene flow between populations driven by recent seasonal oceano-
graphic shifts. Our climatic and dispersal models suggest that rafting
populations must cope with increasing salinity fluctuation caused by rapidly-
shifting oceanic connectivity patterns. Our genomic data provide evidence for
recent selective sweeps at osmoregulatory loci, and key duplications at gly-
coside hydrolase gene families. Our experimental data reveal plastic expres-
sion of osmoregulatory genes required for survival during long-distance
rafting voyages. These synergies between rafting dispersal and genomic
change highlight the potential for rafting species to adapt to rapidly shifting
oceanographic conditions.

Rafting dispersal is thought to play a fundamental role in determining
distributions of diverse marine and coastal organisms, and can facil-
itate direct responses to ecological disturbance and environmental
change'. Such long-distance voyages involve fluctuating climatic and
oceanographic conditions and can potentially promote both biogeo-
graphic and adaptive shifts in rafting taxa**. However, opportunities to
understand rafting dispersal and its role in climate-driven biological
shifts have been scarce, because such oceanographic events and
associated genomic shifts remain challenging to directly observe and
quantify®.

For species hitchhiking on rafting substrates, ocean currents can
act as vehicles for directional dispersal, potentially leading to asym-
metric gene flow and source-sink biodiversity patterns”°. Quantifying

such dispersal dynamics is crucial for understanding how oceano-
graphic processes can influence the directionality and magnitude of
gene flow. In many cases, long-distance rafting species must cope with
thermal and salinity shifts occurring during voyages, and obtain
energy from rafting substrates for months*”. In addition, under global
change, shifting oceanographic conditions (accelerating currents;
fluctuating salinity) present additional physical and metabolic
challenges" ™. Thus, there is an urgent need to address how rafting
species disperse, adapt, and respond to shifting climates. Here, we
address these questions by integrating oceanographic, physiological,
and ecological genomic analyses.

Intertidal talitrid amphipods, which are broadly distributed in the
tropical Indo-Australian Archipelago (IAA), are sensitive to
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oceanographic change because they lack autonomous larval dispersal
capacity and instead disperse primarily as adults with driftwood®.
These taxa have been inferred to disperse passively via ocean currents
for several thousands of kilometers"'®, and during such journeys must
cope with drastic salinity shifts (15 to 34 ppt). In addition, ocean cur-
rents in the IAA connecting the South China Sea and Indonesian waters
show seasonal variation, shifting northward in summer and southward
in winter”8, which have potential to impact gene flow between
populations'?°. Therefore, wide-distributed intertidal talitrids in this
region present a strong system for assessing adaptive shifts in
response to rapid environmental change.

In this study, we examine 203 talitrid samples across the IAA and
sequence the genome of the widely distributed talitrid Talorchestia
martensii. We also resequence the whole genome of 104 individuals to
infer their population structure and demographic histories. Then, we
integrate gene flow patterns and genetic simulation models to infer
their potential dispersal patterns between different geographical
regions. We develop and apply oceanographic models to further test
the role of ocean currents in rafting dispersal. In addition, we incor-
porate genomic variants into environmental modeling to assess the
relative maladaptation of different populations and predict dispersal
dynamics under future oceanographic forecasts. To assess genetic
responses to rafting dispersal, we experimentally quantify genomic
and transcriptomic shifts linked to altered salinity and identify the
duplication events of genes involved in wood-feeding. Overall, our
results provide a model system for elucidating rafting dispersal driven
by ocean currents and shed light on the genetic adaptation mechan-
isms that can underpin rafting dispersal.

Results

Population dynamics of intertidal crustaceans in
Indo-Australian Archipelago

A total of 203 talitrid samples from 80 localities were examined,
encompassing a substantial portion of the IAA coastline (Fig. 1a, Sup-
plementary Fig. 1a and Supplementary Data 1). Based on the mono-
phyletic relationship and COI distance threshold delimitation (16%)%,
we identified T. martensii as the most abundant and widely distributed
species (154 samples; Supplementary Fig. 1b, c). We first assembled a
647.1-Mb contig-level T. martensii genome and resequenced whole
genomes from 104 samples to a mean genome-wide depth of coverage
of 15 x (range: 10.2-47.8 x) per sample (Supplementary Table 1). Single-
nucleotide polymorphism (SNP) calling and stringent quality filtering
revealed 6,690,030 whole-genome SNPs. Based on retained SNPs after
stringent quality-filtering, phylogenetic analysis, ADMIXTURE analyses
(K=5), and principal component analysis (PCA) revealed five geo-
graphical populations: Vietnam-Thailand (VT), North Borneo (NB), East
Borneo (EB), South Borneo (SB), and South Sulawesi (SS) (Fig. 1b, ¢, and
Supplementary Fig. 2).

Divergence times and long-term effective population sizes for T.
martensii were estimated by Pairwise Sequentially Markovian Coales-
cent (PSMC) method® and G-PhoCS* using SNP data (Supplementary
Figs. 3 and 4 and Supplementary Table 2). Our results suggest T.
martensii originated ca. 2.5 million years ago (Ma) with a large effective
population size (Ne), and then split into two major clades with smaller
Ne (Fig. 1d and Supplementary Fig. 4a). One of these clades is dis-
tributed around South Sulawesi and East Borneo, and the other in
Vietnam-Thailand, South Borneo, and North Borneo.

Genetic simulations indicate asymmetric northward gene flow

D-statistics revealed substantial gene flow between South Sulawesi and
Vietnam-Thailand populations (Supplementary Table 3). The
G-PhoCS” and TreeMix** indicated that northward gene flow (SS to VT)
was stronger than southward gene flow (VT to SS) (Mann-Whitney U
test, P=0.024; Fig. 1e, f). To further infer detailed population migra-
tion and gene flow patterns, we performed genetic simulations twice

using Fastsimcoal 2.7 with 25 simulation models in five populations
(K=5), or 20 simulation models in three populations (K=3) (Supple-
mentary Figs. 5 and 6 and Supplementary Table 4). Both simulations
suggest asymmetric gene flow, with a northward dispersal model
favored over random and southward dispersal models (Fig. 1g-i). The
best northward model suggested that talitrids dispersed from the
southern region (East Borneo and South Sulawesi) to the northern
region (Vietnam-Thailand) through the central region (South Borneo
and North Borneo) in a stepping-stone manner. In addition, a Mantel
test performed on the pairwise geographical and genetic distances
rejected isolation by geographical distance (Spearman’s P-value = 0.5,
Fig. 1g).

Quantified model suggests association of summer ocean
currents with northward rafting

To test relationships between gene flow and ocean currents, we
developed a novel model to quantify ocean currents between two sites
based on the least-cost dispersal path (Fig. 2a). The direction and
velocity of ocean currents play important roles in explaining gene flow
between populations?. We defined direction deviation (AD) as the
angle between the direction of ocean currents and the least-cost path
line. The AD was calculated as the average of each grid cell along the
least-cost path line, and the larger value represents the mismatch
between directions of ocean currents and potential dispersal direction.
The dispersal velocity (V4s) was the average value of the grid’s effective
dispersal velocity, which was calculated as the projection of the ocean
current velocity (V,c) onto the direction of the path. The transit time
between sites was estimated by dividing the least-cost distance by
dispersal velocity (Fig. 2a).

We tested the relationship between these quantified parameters
and gene flow by correlation tests based on the following assumptions:
(1) concordant dispersal direction with ocean currents (smaller AD) will
contribute to higher gene flow; (2) faster dispersal velocity will con-
tribute to higher gene flow, showing a positive relationship between
velocity and gene flow; and (3) reduced transit time between two sites
will contribute to higher gene flow (Fig. 2a).

As seasonal monsoons in IAA shift ocean current direction
(northward flow from April to September, southward flow from Octo-
ber to March), correlation tests were conducted between gene flow and
ocean current dynamics for each month from 2014-2016. The results
suggest an opposite correlation between gene flow and ocean currents
in winter and summer (Fig. 2b), in detail, gene flow was significant
negative related to ocean current directions (P=0.02) and positive to
ocean current velocity (P=0.03) in June (Fig. 2b, c). Due to the differ-
ence between the least-cost path and actual dispersal path, we simul-
taneously calculated transit times under two scenarios using equations
in Fig. 2a and Lagrangian particle trajectory model”” (Fig. 2d, e), and
tested the correlation between transit time and gene flow. Both ana-
lyses yielded negative correlations (Fig. 2c and Supplementary Fig. 7).

To visualize the role of ocean currents in species dispersal and
distribution, we simulated the raft trajectories of T. martensii by an
individual-based Lagrangian particle trajectory model, with two drift
simulations over eight months, one starting in April (summer drift) and
the other in October (winter drift) (Supplementary Figs. 8 and 9).
According to the results from models that integrated ocean currents
and environmental temperature and salinity, intraspecific connectivity
occurred with both winter and summer simulations. Nonetheless, the
summer drift simulations (Fig. 2d) corresponded more closely to the
contemporary distribution of T. martensii than did the winter simula-
tions (Fig. 2e). For example, 14.6% of particles from SS reached VT in
summer simulations, whereas only 0.7% reached SS from VT in winter
simulations (Supplementary Table 5).

To investigate the effects of driftwood mass and shape, we varied
the value of “wind_drift_factor” in OpenDrift*®. The results indicate that
very large pieces of driftwood are likely to become stranded near their
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Fig. 1| Talorchestia martensii sampling locations, population dynamics, and
dispersal simulation models. a Collection sites included in this study. Colored
dots correspond to T. martensii populations: Vietnam-Thailand (VT, red), North
Borneo (NB, blue), South Borneo (SB, purple), East Borneo (EB, orange), and South
Sulawesi (SS, green). Light green dots correspond to other talitrid species. The right
pictures show driftwood in the coastal area and T. martensii on wood. b Unrooted
phylogeny reconstructed using RAXML. ¢ Population structure analysis of T. mar-
tensii from K = 3-6, in which K = 5 was the best-fit model. d Effective population size
fluctuations of the five geographical populations estimated by PSMC. e Gene flow
between populations estimated by G-PhoCS suggest northward gene flow (n=11) is
significantly greater than the southward (n = 9). Statistical significance was assessed
using the two-tailed Mann-Whitney U test. f Two migration events estimated by
TreeMix; arrows indicate northward migration, and are colored according to the

migration weight. g-i Alternative hypotheses of dispersal and genetic simulations.
The inset top-right plots represent the genetic simulations of each migration
model. Representative random dispersal from one location to surrounding places;
the inset bottom-left plot shows that the Mantel test rejected that gene flow
increased with geographic proximity, and Spearman’s P-value used. Shading indi-
cates the 95% confidence intervals. A linear regression model with a two-sided test
was used for the statistical analysis, and the multiple R-squared was used.

g Representative directional dispersal, including northward (h) and southward
dispersal (i) from source to destination. All genetic simulations are available in
Supplementary Figs. 5 and 6, and Supplementary Table 4. The color gradients of
oceans indicate ocean current velocity, and arrows show the directions in summer
(h) and winter (i). Source data are provided as a Source Data file.

source locations, whereas smaller wind drift factors (e.g., 1%) yielded
summer dispersal patterns comparable to the contemporary dis-
tribution of T. martensii (Supplementary Figs. 10 and 11 and Supple-
mentary Tables 6 and 7).

When we simulated the rafting trajectories of each population, we
found that the VT population could reach SS within eight months
regardless of release timing, whereas SS could only disperse north-
ward to VT during summer (Supplementary Figs. 8 and 9a-c). From the

dispersal trajectories and quantification of dispersal percentage
between populations, we found the EB population first connected with
South Sulawesi (30.1% reached) and then reached SB (20.2% reached)
(Supplementary Table 5), consistent with the close phylogenetic rela-
tionship between EB and SS. The quantified ocean current dynamics
also showed that transoceanic dispersal from EB to SS owns consistent
dispersal direction and higher dispersal velocity compared with land-
connected populations (EB and SB) (Supplementary Fig. 9g).
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Fig. 2 | Quantified model and particle trajectory simulations suggest summer
ocean currents drive asymmetric northward gene flow. a Scheme showing
quantification of ocean current dynamics between two sites. b Pearson correlation
coefficients of gene flow and oceanographic dynamics in each month from
2014-2016, including direction deviations between dispersal and ocean currents
(AD), dispersal velocity, and transit times between sites. ¢ Relationship between
gene flow and summer oceanographic dynamics in June 2016, including AD,
dispersal velocity, and transit time between sites. Shading indicates the 95%
confidence intervals. A linear regression model with a two-sided test was used

for the statistical analysis, and the multiple R-squared was used. d, e Simulated

T. martensii stranding events (orange circles represent particles that have come
into contact with shorelines) and active (blue circles are particles that remain at sea)
distribution across the IAA in summer (d) and winter (e) in 2016. Trajectories are
represented as blue lines and were generated using velocity fields from a high-
resolution GOEPR ocean model simulation. Particles were recorded every 6 h for
eight months after simulated releases from a total of 44 sites (22,000 particles) in
1 April (d) or 1 October (e). Source data are provided as a Source Data file.

Oceanographic change increases genetic offset

To test how rafting crustaceans will respond to future oceanographic
change (in the absence of plasticity), we calculated local, forward and
reverse genetic offsets®. Specifically, local offset represents the mis-
match between current and predicted future genomic variation in the
absence of migration. By contrast, forward genetic offset represents
the minimum genetic change a population would experience if
migrating to a relatively favorable future location, with high values
indicating strong mismatches between contemporary and future
genetic compositions. Thirdly, reverse genetic offset seeks to assess
whether the genotypes required to adapt to future environments
already exist within contemporary populations. To this end, we
extracted a total of 117,113 SNPs with minor allele frequency >10%, to
predict genetic offset using the gradientForest (GF) approach, a
regression tree-based machine-learning algorithm®.

The ranked importance of environmental variables based on GF
analysis indicated that genomic variation in 7. martensii was strongly
associated with sea surface salinity, which shows increasing fluctuation
with climate warming (Supplementary Fig. 12). In our analysis, we
found that populations in Souh Sulawesi, south Borneo, the coast
along the Gulf of Thailand, and many of the areas along the dispersal
route exhibited higher local, lower forward, and higher reverse genetic
offsets, except the northern Vietnam range (Fig. 3a—c, Supplementary
Fig. 13 and Supplementary Table 8, Supplementary Data 2-4). By
analyzing the dispersal potential and forward genetic offsets, we found
that increased dispersal distance could mitigate large-scale mala-
daptation, as most populations will experience reduced habitat suit-
ability if dispersal distances decrease to 100 km (Supplementary
Fig. 13e-g and Supplementary Data 3). According to the prediction
with unlimited dispersal (Fig. 3b), the future suitable niche for 98.55%
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forward genetic offset suggests 86.95% of populations will experience AD

values > 90° under 2100 SSP5-8.5, indicating increased difficulty tracking their
suitable niche. e Based on seasonal northward ocean currents, 80.35% of popula-
tions will experience AD < 90°. f Density plot showing the deviation of AD between
present and future northward ocean currents under different climate scenarios.
About 80% of populations have a larger AD to suitable habitats driven by future
ocean currents compared with the present, indicating increased difficulty tracking
their suitable habitat. Data are provided in Supplementary Data 2-6.

of populations is located north of their current distributions (a total of
22,640 grids; Supplementary Data 4).

Northward rafting supports habitat tracking but dispersal
deviations increase

Based on the GF results, we integrated forward genetic offset with
ocean current modeling to calculate directional deviation (AD)
between ocean currents and least-cost dispersal paths, to assess
rafting potential of T. martensii to suitable habitats. In the absence of
land barriers, the least-cost path was calculated as the Euclidean
distance between two sites. By contrast, when this path was inter-
rupted by land barriers, the least-cost path was inferred from
oceanographic connectivity. Based on annual mean ocean current
data under 2100 SSP5-8.5 scenarios, we found that 86.95% of
populations will face dispersal-direction deviations (AD) exceeding

90°, preventing them from reaching suitable future habitats (Fig. 3d,
Supplementary Fig. 14 and Supplementary Data 5). Given that cur-
rents in the IAA are predominantly southward, but with strong sea-
sonal variation (northward flow in summer and southward flow in
winter), we further tested the species’ dispersal potential using
seasonal northward ocean current data under present, 2050, and
2100 SSP5-8.5 scenarios. The results suggest that contemporary
conditions facilitate northward dispersal in 81% of populations
(AD <90°) (Fig. 3e, Supplementary Fig. 15 and Supplementary Data
6). However, compared to present ocean current conditions, 84% of
populations under the 2050 SSP5-8.5 scenario show increased AD
(63% with slower dispersal velocity and longer transit time), while
81% of populations under the 2100 SSP5-8.5 scenario show similar
trends (44% with slower dispersal velocity and with longer transit
time) (Fig. 3f and Supplementary Fig. 16).
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Genetic changes associated with salinity shifts

Salinity shifts pose osmotic challenges to rafting species®>?. Accord-
ingly, we found sea surface salinity to be strongly associated with
genomic variation in T. martensii, with a total of 575 significant salinity-
associated SNPs, located within 459 genes, consistently identified
across multivariate latent-factor mixed model (LFMM)*, univariate
LFMM, and redundancy analysis (RDA)** (Fig. 4a and Supplementary
Fig. 17a). Enriched genes included those involved in plasma membrane
(77 genes, GO:0005886), ion transport (five genes, GO: 0006811) and
SLC-mediated transmembrane transport (19 genes, R-DME-425407)
(Supplementary Table 9).

We then performed selective sweep analysis to detect selective
signals between the VT population, which experienced the lowest
salinity, and the SS population, which faced the highest salinity (Sup-
plementary Fig. 17b). Based on the top 5% Fsr and O ratio, we identi-
fied 126 genes with selective signals in the VT group, and 53 genes in
the SS group (Fig. 4b). Many of these genes are similarly implicated in
osmoregulatory pathways, e.g., plasma membrane (10 genes,
G0:0005886); transmembrane transport (four genes, GO:0055085);
potassium ion transport (two genes, GO:0006813) (Supplementary
Table 10). For example, GRIK2, a glutamate-gated ion channel gene that
is known to maintain ionic homeostasis in euryhaline fish*, showed
striking associations with salinity (P=3.164e -5) (Fig. 4c and Supple-
mentary Fig. 18a). We used BLASTp to detect 1:1 orthologs in the
genomes of 11 additional amphipod taxa, encompassing a variety of
freshwater, marine and terrestrial habitats. Phylogenetic analysis
revealed that these GRIK2 sequences clustered strongly by habitat type
(freshwater; marine; terrestrial) rather than reflecting the underlying
species phylogeny (Supplementary Fig. 18b), providing further sup-
port for this gene’s role in amphipod salinity adaptation.

Plastic expression of osmoregulatory genes

To further detect the expression patterns related to salinity shifts, we
designed salinity stress experiments for T. martensii, and sequenced
transcriptomes from the whole body, gills and legs across four salinity
gradients (5, 10, 20, and untreated 35 ppt), and five duration gradients
(24, 48, 72 h, 15 days, and 30 days) (Fig. 4d). Measurements of hemo-
lymph osmolality reveal significant osmolality differences between
salinity gradients (Fig. 4e).

The expression cluster analysis suggests a clear divergence
between gills and legs (Supplementary Fig. 19a). According to the
differentially expressed genes (DEGs) and gene enrichment analysis
between 5 ppt and 35 ppt treatments, the top 10 GO pathways in gills
are primarily related to osmoregulation (Fig. 4f and Supplementary
Tables 11, 12). Notably, pathways such as amino acid transmembrane
transport (five genes, GO:0003333), potassium ion transport (four
genes, GO:0006813), and cell volume homeostasis (three genes,
G0:0006884) were differentially expressed exclusively in gills rather
than legs. Thus, we propose that amphipod gills may be crucial
osmoregulatory organs, with a comparable differential expression
pattern between tissues also detected in the terrestrial talitrid, M.
aosen (Supplementary Fig. 19b).

Comparisons between salinity treatments revealed that the
number of DEGs increased as treatment duration increased from 24 h
to 15d and 30 d, and also as salinity decreased to 10 and 5 ppt (Fig. 4g).
These dynamic expression changes highlight transcriptional
plasticity*® (Fig. 4g-1 and Supplementary Fig. 19¢c—f), with the stronger
shifts linked to the larger salinity shifts (Fig. 4k) and longer treat-
ments (Fig. 41).

To further test for salinity plasticity relevant to long-lived natural
rafting voyages, we undertook extended stress experiments lasting for
15 and 30 days. Relatively strong expression shifts were detected at low
salinities (Fig. 4h) and over the longest treatments (Fig. 4i). Moreover,
the number of genes enriched in ion channel transport pathways

increased as treatment time increased (Fig. 4j, Supplementary
Table 13). Specifically, the V-type H* ATP genes related to proton
transport showed decreased expression with increasing treatment
duration (VATA, VATB, VATE, VATG, VATO). Notably, genes involved in
the transport of small molecules (Tretl, ABCA3, HXTI) and inorganic
ions (Sodium/hydrogen exchanger, Sodium/Potassium/Chloride
Transporter and KCAB2) showed increased expression in these treat-
ments (Fig. 4m, Supplementary Fig. 20 and Supplementary Table 14).

Genomic adaptations to driftwood feeding

To test for additional genomic adaptations enabling long-distance
rafting events on driftwood, we focused on the lignocellulose
digestion process (from cellulose to glucose”) (Fig. 5a) that is
hypothesized to be essential for wood-feeding taxa. We first con-
structed a phylogenomic tree for six rafting and three non-rafting
amphipod species (Fig. 5b), and identified genes involved in lig-
nocellulose degradation mediated by Carbohydrate-Active Enzymes
(CAZymes)*®® including glycosyl hydrolases (GHs), carbohydrate
esterases, auxiliary activitie, along with associated carbohydrate-
binding modules and glycosyl transferases. The CAZyme family
composition was largely conserved between rafting and non-rafting
species; however, the copy number of CAZyme genes varied notably
(Supplementary Fig. 21). In particular, rafting species exhibited sig-
nificantly higher proportions of GH genes compared to non-rafting
species (Wilcoxon signed-rank test, P=0.044) (Fig. 5c and Supple-
mentary Table 15).

Gene identification revealed 139 gene copies in the T. martensii
genome that can be classified into 39 GH families. Three of GHs par-
ticipate in major steps of wood digestion: (1) Glycoside hydrolase
family 9 (GH9) encodes 3-1,4-endoglucanases (EC 3.2.1.4) that break
cellulose (crystal) bonds to produce individual cellulose polymers; (2)
GH7 encodes f-1,4-exoglucanases (EC 3.2.1.91) that cleave cellulose
polymers from either end to produce 2-4-mer subunits; and (3) the
GH30_1 family encodes B-glucosidases (EC 3.2.1.21) that break cello-
biose (glucose 2-mer) into glucose units® (Fig. 5a).

The gene family expansion and extraction analysis suggest that
the GH7 gene family show significant expansion in the rafting species
compared with non-rafting species (Fig. 5b and Supplementary Data 7).
Phylogenetic analysis shows that crustacean GH9 and GH30_1 gene
families are closely related to insect genes, while the monophyletic
crustacean clade (including nine talitrids and non-talitrid crustaceans)
of GH7 is a sister clade to fungi, suggesting it likely originated from
fungi via horizontal gene transfer (Fig. 5d, e).

By comparing the species tree of the nine talitrids with the gene
trees of GH proteins, we identified two gene duplication models in the
evolution of these genes (Fig. 5d): one within rafting talitrids (Model I),
and another at the talitrid ancestor, including non-rafting talitrids
(Model II). The GH30_1 gene family consists of three talitrid clades and
non-talitrid relatives (Fig. Se), with six duplication events of Model Il
and three of Model I. The GH9 gene clade includes three groups: two
containing both talitrids and non-talitrids, and one exclusive to tali-
trids. Among these, two duplications belong to Model I and seven to
Model II. For the GH7 family, five duplications are in Model I and four in
Model II (Fig. Se).

To detect the potential function difference between these copies,
we compared gene expression, protein sequences and structure gen-
erated by gene duplication. Using Clade II of the GH7 gene family as a
case study, we found some amino acid variations in different dupli-
cation events (Fig. 5e). Protein structure analyses suggest these copies
share broadly similar structures (Supplementary Table 16). Moreover,
transcriptome analysis revealed that GH7, GH9, and GH30_1 gene
copies are highly expressed in the gut, with comparable expression
levels in rafting species despite their greater gene copy numbers
relative to non-rafting species (Fig. 5f and Supplementary Fig. 22).
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Summer ocean currents drive the asymmetric northward gene
flow and rafting

The phylogeographic patterns detected in this rafting talitrid out-
wardly appear to conform to the biogeographic expectations of
Pleistocene sea-level fluctuations®*' and Wallace’s Line**** (Supple-
mentary Note 1). During the early Pleistocene, sea-level decline

exposed the Sundaland landmass, connecting the coastlines of
Vietnam-Thailand and Borneo®, and isolating the VT + SB + NB clade
from the EB and SS populations (Supplementary Fig. 4). Subsequent
sea-level rise created new intertidal zones around Borneo, enabling
coastal talitrids to expand their ranges; the NB and SB lineages likely
diverged from VT around 1.78 Ma. A subsequent split between NB and
SB at ~-0.66Ma aligns with sea-level fluctuations during the
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Fig. 4 | Genetic changes in T. martensii associated with osmoregulation promote
rafting acclimations to salinity shifts. a Circos plot of T. martensii genomic features
showing 25 large scaffolds, distributions of SNP, Indels, and SNP inferred by LFMM
based on a 50-kb sliding window. b Selective sweep analysis of the South Sulawesi
population (SS, high salinity exposure) and Vietnam-Thailand population (VT, low
salinity exposure). Data points located above the upper 5% tail of the Fsr distribu-
tion, and the left and right of the 5% tails of the 6 ratio distribution were identified
as selected regions. ¢ Negative relationships between the allele frequency of SNP in
GRIK2 and annual mean sea surface salinity. Shading indicates the 95% confidence
intervals. A linear regression model with two-sided test was used for the statistical
analysis, and multiple R-squared was used. d Gradient salinity stress experiments
for coastal T. cf. martensii and terrestrial M. aosen. e The measured hemolymph

osmolality suggests a significant difference between salinity gradients. Each box

were obtained from three replicates. Statistical significance was assessed using the
two-tailed Mann-Whitney U test: ** indicates P < 0.001. f The top 10 GO enrichment

pathways for the upregulated expression genes in gills. Values in the circle repre-
sent the gene number. g The number of DEGs changed along the salinity and
duration gradient treatments. h Ternary plots depicting the higher proportion of
gene expression at 5 ppt thanl0 and 20 ppt. i Ternary plots depicting the pro-
portion of gene expression increased along the duration from72hto 15d and 30 d
compared with 24 h and 48 h. j The number of genes that enriched in ion channel
transport pathways along the treatment duration. e.g., R-DME-983712: lon channel
transport; GO:1902600: proton transmembrane transport; details in Supplemen-
tary Table 13. k, I Discriminant analysis of principal components (DAPC) indicates
gene expression plasticity in response to salinity shifts over the same duration (k)
and duration changes under the same salinity (I). m Hypothesized model of ion
transport across the gill based on genes with increased (red) and decreased (blue)
expression over duration gradient treatments. Source data are provided as a
Source Data file.

Naynayxungla Glaciation (0.78-0.50 Ma)*°, when land bridges
between the Malay Peninsula and Borneo likely drove regional isola-
tion. In addition to historical sea-level fluctuations, Wallace’s line has
long been regarded as a barrier for marine and terrestrial species in the
IAA***, even for species with extended pelagic larval dispersal**. In our
study, the relatively deep genetic split between SS + EB and VT + SB +
NB implies that modern oceanographic circulation in IAA has failed to
fully erase these historical biogeographic patterns. Nevertheless, our
analyses provide evidence of ongoing rafting-mediated gene flow
between populations across the region (Fig. 1e, f).

Oceanographic currents provide a plausible explanation for this
asymmetric northward gene flow (Fig. 6a). Crucially, during the boreal
summer, surface water from the Java Sea enters the South China Sea
through the Karimata Strait and flows northward along the Malay
Peninsula coast, and eventually joins the northeastward Vietnam Coast
Current’®*°, Quantitative ocean current dynamics revealed that
northward ocean currents in summer exhibit significant concordance
with observed gene flow patterns, which enhanced northward dis-
persal (Fig. 2a-c).

Particle trajectory simulations provide a powerful tool in rafting
dispersal studies®*¢. By using drifting particles that lack mass or
volume, such simulations carry the advantage of reducing computa-
tional complexity. However, the hydrodynamics of real driftwood
fragments may be strongly influenced by parameters such as mass,
volume, density and water density*’. By comparing “wind_drift_factors”
of 1% to 3%, we found that large driftwood pieces often strand near
their source locations, whereas smaller driftwood fragments more
readily disperse between islands of IAA (Supplementary
Figs. 10 and 11). Moreover, by integrating salinity and temperature
variables with these complex particle models, our simulations revealed
a substantial increase in successful rafting between SS and VT (14.6%)
than did comparable winter simulations (0.7%) (Fig. 2d, e).

A key characteristic of dispersal driven by ocean currents is that
the similarity among populations is more strongly correlated with
marine connectivity than with geographic distance. Along these lines,
phylogeographic analysis indicates that the EB population is more
closely related to the transoceanic SS population than to the land-
connected SB population. Both quantified ocean dynamics and parti-
cle trajectory simulations suggest that transoceanic rafting between EB
and SS is facilitated by concordant dispersal directions and higher
velocities, leading to stronger gene flow and a closer relationship
between transoceanic populations compared to the land-connected
populations (Supplementary Fig. 9).

These results demonstrated the northward ocean currents in
summer contributed to the asymmetric northward gene flow and
maintaining genetic connectivity between populations in the IAA
(Fig. 6a). Furthermore, the quantified ocean dynamics simplify the
species dispersal as the shortest path between two sites, and calculate
the ocean currents variables on this path to explain their relationship

with gene flow?*. The mutual corroboration among analyses suggests
that quantified ocean dynamics represent a promising tool for
revealing correlations between ocean currents and rafting dispersal.

Marine rafting species may require high genomic variation to
adapt to future salinity changes

Despite the importance of rafting processes in marine ecosystems, few
previous studies have combined rafting and genomic forecasting in
the evaluation of future dispersal potential*®. Genetic offsets are
measures of environmental ‘distance’ that correlate most strongly with
genetic structure, as highlighted by recent analysis of marine
invertebrates*’, migratory birds*>*!, and fishes* to evaluate the climate
maladaptation. Genetic offsets show the instantaneous degree of
maladaptation of a genome when moved to new environments****,
While such offset analyses are yet to fully account for organismal
plasticity, the substantial population genomic structure detected here
in T. martensii highlights the importance of local adaptation in this
rafting species. As a case in point, we found that osmoregulatory loci
(e.g., GRIK2) exhibit strong allele frequency shifts linked to salinity
gradients™. These results also revealed signatures of local adaptation
in rafting species despite their high dispersal potential, which align
with previous studies of other high-dispersal marine species, such as
Strongylocentrotus purpuratus®, Chlorostoma funebralis’’, and Semi-
balanus balanoides™. These signatures of natural selection further
highlight the need for adaptive responses under future climatic and
oceanographic change scenarios® (Fig. 3a—c), which are projected to
increase levels of salinity fluctuation (Supplementary Fig. 13d).

Under global change, rafting is likely to present a key mechanism
for many marine species tracking their shifting habitats. Along these
lines, northward dispersal of T. martensii could potentially mitigate the
projected genomic maladaptation of this species under future ocea-
nographic scenarios (Fig. 3b and Supplementary Fig. 13e-g). A wide
range of marine species, from phytoplankton to fish and marine
mammals, have shown direct evidence of such poleward dispersal
under climate warming®. Compared to annual mean ocean currents,
which oppose northward dispersal, seasonal northward currents may
facilitate movement to suitable habitats (Fig. 3d, e). However, nearly
80% of populations will experience increased dispersal direction
deviation as climate warming continues (Fig. 3f). These findings high-
light that shifting oceanographic conditions can pose challenges for
rafting species reliant on passive dispersal®.

Broadly, while our integrative analyses suggest that T. martensii has
the potential to disperse and adapt to the thermal and osmoregulatory
challenges provided by global change (Fig. 6b), shifting oceanographic
connectivity patterns may limit its ability to do so. Given the vast
numbers of rafting marine species likely to be impacted by forecast
marine climate change, there is also an urgent need for further data to
help assess and forecast such biological responses. Genetic offset ana-
lysis could be a powerful approach for applied conservation, although
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Fig. 5 | Horizontal gene transfer and duplication events of GH gene families.
a Three major steps of wood-degrading from cellulose to glucose and associated
glycoside hydrolase (GH) gene families. b The reconstructed phylogeny based on
three non-rafting and six rafting amphipod genomes. ¢ Comparisons of the pro-
portion of GH gene families in all cazymes indicate that rafting talitrids have more
GHs than non-rafting species (n =16). Boxplots indicate the median (center line),
the 25th and 75th percentiles (bounds of the box), and whiskers extending to 1.5 x
the interquartile range. All individual data points, including values outside the
whiskers, are shown. Two-sided paired Wilcoxon signed-rank test P-values are
reported on the plot. d Two detected duplication modes of the GH gene family in
talitrids. e The inferred phylogenetic relationships of the GH9, GH30_1, and GH7

HGT and Duplication of GH7

proteins from talitrids, non-talitrid crustaceans, insects, and fungi. Circles on the
clade represent different duplication models present in (d). Black dots on the nodes
correspond to different talitrid clades. The middle left aligned sequences show the
amnio acid variation of GH7 clade II (C-I) from Parhyale hawaiensis (Phaw), Hya-
lella azteca (Hazt), Cochinorchestia sp. (Cochi), Talorchestia martensii (Tmar), and
Morinoia aosen (Maos). The middle right schemes show a summary of the GH7
evolution, including horizontal gene transfer (HGT) from fungi to crustacean
ancestors and gene duplication in talitrids. f the expression patterns of GH7, GH9
and GH30_1 between three species and five tissues. Each line represents one gene
copy, and circle size indicates expression level. The black brace and numbers
correspond to the clade in Fig. Se. Source data are provided as a Source Data file.

their correlation with fitness changes in new environments depends on
patterns of local adaptation in the metapopulation, the fitness land-
scape, and other biological responses such as plasticity®*>. We parti-
cularly emphasize the need for additional common garden experiments
and temporal genomic studies to further inform marine biodiversity
change forecasts and potential management actions.

Osmoregulatory plasticity and wood-feeding promotes rafting
acclimation

During rafting voyages, salinity shifts can exceed 15 ppt, posing huge
osmotic challenges to species dispersing passively at sea. Crucially,
shifts in gene expression can facilitate salinity acclimation and enable
populations to survive in such dynamic habitats®***, We found
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How rafting species disperse, adapt, and respond to shifting environments
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Fig. 6 | Framework of how rafting species disperse, adapt, and respond to
shifting environments. a Schematic representation of rafting-mediated dispersal
between populations. b Facing future oceanographic changes (increasing tem-
perature and decreasing salinity), we found northward dispersal and osmor-
egulatory genetic changes that may facilitate their adaptation to future climate

change. ¢ We detected osmoregulatory gene expression plasticity that helps tali-
trids cope with short-term salinity fluctuation during rafting events, and key gene
duplications of wood-degrading enzymes that facilitate energy acquisition during
rafting.

increasing differential expression of genes in response to decreasing
salinity (Supplementary Note 2), with evidence that gills function as
the major osmoregulatory organs in maintaining homeostasis under
fluctuating salinity®*®. Rapid gene expression shifts suggest plasticity
may be a key prerequisite for successful rafting, at least in the short
term®® (Fig. 6¢). Nevertheless, theoretical studies suggest that, in the
longer term, plasticity may slow or constrain populations’ adaptive
genetic response to environmental stress”’. Therefore, we propose
that both short-term (plastic) responses to temporal environmental
variation and longer-lasting adaptive responses to local conditions
should be integrated to understand how rafting species may disperse
and respond to future climates.

In addition to physiological plasticity, competition for space and
food on the driftwood also influences rafting success®. The slender
morphology of T. martensii (<15 mm) likely facilitates their crypsis on
and in driftwood, minimizing potential predation by birds or fish®’.
Furthermore, their fecundity (10-20 eggs per female) and rapid gen-
eration time likely enhance the survival of rafting populations. Cru-
cially, the ability of this species to feed on driftwood, enables lengthy
rafting voyages™. In particular, the high proportion of key GH genes
that are highly expressed in the gut emphasizes the key role of wood
feeding in this rafting system (Fig. 6¢).

In summary, our results highlight the diverse physiological and
genomic adaptations underpinning the strong rafting ability and
adaptive success of coastal marine invertebrates (Fig. 6). This inte-
gration of diverse genomic, physiological and environmental data
sheds key new light on the adaptability of rafting species in our fluc-
tuating tropical oceans.

Methods

Sample collection and genome sequencing

A total of 203 talitrid samples from 80 localities were collected from
the IAA coastline from August 2017 to September 2018. We first per-
formed species delimitation followed Liu et al. (2023)" and inferred
phylogenetic relationships based on the concatenated dataset com-
prising the mitochondrial (COI, COIl, 16S) and nuclear (18S rRNA, 28S
rRNA, H3, NaK) gene regions. All the primers were followed by Liu et al.
(2023)™. Then, we collected T. martensii specimens (voucher number:
T2811) from Gerigat, Sarawak, Malaysia (E 111.20°, N 2.04°) for genome
sequencing. We isolated genomic DNA from adult talitrids using a
Qiagen Blood & Cell Culture DNA Kit (QIAGEN, Hilden, Germany). We
sequenced short-insert paired-end (PE, 150 bp) libraries on the Nova-
seq 6000 platform (Illumina). A total of 239.88 Gb clean reads (~ 370 x)

was obtained after removing low-quality reads with poor sequencing
accuracy and adapters with Trimmomatic v.0.39’% Genome assembly
and annotation followed the method of Liu et al. (2023)™. We further
scaffolded the contig-level assembly to a pseudochromosome scale
with RagTag v2.0.0” using Morinoia aosen (GCA_030386875.1)" as a
reference.

Talorchestia martensii population resequencing and SNP calling
We used T. martensii samples from 44 sampling sites for genome
resequencing. The obtained clean reads (average 15 x) were mapped to
the reference genome using BWA v0.7.12*. The PCR duplicates of each
of the samples were removed with Picard MarkDuplicates (http://
broadinstitute.github.io/picard/). We used the HaplotypeCaller engine
in GATK v3.7.0” to call SNPs from the BAM alignment file for each
sample. The option ~-ERC GVCF was used to convert the variants into
gVCF format, and the gVCF of each sample was merged to allow a
multi-sample joint genotype procedure using the GATK Genoty-
peGVCFs engine. For SNPs, we further used VCFtools v0.1.13° and
BCFtools v1.9” to remove indels and keep only biallelic SNPs with the
following filtering criteria: (1) minQ >30, (2) read depth > 5, (3) max-
missing counts =5, (4) SNPs at least 5 bp away from indel regions. We
further excluded highly correlated SNPs by performing linkage dis-
equilibrium based SNP pruning in PLINK v.1.9.0”° with a default
pairwise r* threshold 0.2. This threshold reduces LD-induced bias while
preserving enough independent genetic markers to accurately infer
population structure, an approach previously used in marine genomic
studies™.

Population structure analysis within T. martensii

To characterize population structure, we first used SNP data from all
samples and constructed phylogenies using RAXML v.8.2.9%, Then, we
used a PCA implemented in the R package snprelate® to identify
clusters of individuals. We also conducted genetic structure analysis in
ADMIXTURE®?, which also allowed us to infer individual ancestry pro-
portions. We used default parameters and defined the assumed
genetic clusters K as ranging from 1 to 13.

Demographic history and gene flow analysis

We inferred the T. martensii population dynamics and demographic
changes over large timescales with high resolution of different samples
using the Pairwise Sequentially Markovian Coalescent (PSMC)
method®. We also used the population genetic modeling framework in
the program G-PhoCS v1.2.3” to estimate the lineage divergence for
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the T. martensii clade based on SNP datasets. Details about these
methods can be found in Supplementary Note 3.

We performed another two analyses to calculate the migration
rates and direction between different groups. First, the migration
events were inferred using TreeMix** by assuming zero to five migra-
tion edges. Then, to quantify gene flow between different populations,
we calculated D-statistics and f4-ratio statistics with D-suite v0.4%. We
considered gene flow to be significant with a P value<0.05 and
|Zscore | > 3.

Dispersal hypothesis and gene flow model testing

We used Fastsimcoal 2.7% to simulate 7. martensii population migra-
tion patterns based on the following dispersal hypotheses: (1) random
dispersal from one location to surrounding places without consistent
directions, and (2) directional dispersal from source to sink, including
(2a) northward dispersal from the southern to northern group, and
(2b) southward dispersal from the northern to southern group (Sup-
plementary Fig. 5). The SNP data were converted to site frequency
spectrum (SFS) data using easySFS.py (https://github.com/
isaacovercast/easySFS). We first used five populations (K=5) to infer
the potential dispersal hypothesis, and listed 25 models for simulation.
The model fitness was evaluated by simulating SFS for each demo-
graphic model and comparing the simulated and observed likelihoods.
The best demographic model was determined based on the maximum
likelihood value. During this process, we found the dispersal hypoth-
esis and model prior could be very complex.

To simplify the model prior, we defined groups based on popu-
lation structure (K =3), with the EB and SS populations designated as
the south group, the SB and NB populations as the central group, and
the VT population as the north group. We also listed 20 alternative
models for genetic simulation. Among these models, four tested for
southward dispersal, four for northward dispersal, and 12 for random
dispersal between separate regions. For each model, we carried out 50
runs with 40 expectation-maximization cycles and one million coa-
lescent simulations to simulate migration rates, Ne, and
divergence time.

Quantification of ocean current dynamics
We developed a quantified model by quantifying the dispersal
direction deviation, species dispersal velocity, and transit times
between two sites based on the least-cost path and gridded ocean
current data (1/12° horizontal resolution). The least-cost path
between each pair of individuals was measured using the R package
marmap® with bathymetric data from the ETOPO1 database®, which
is hosted by NOAA. We slightly adjusted some sample positions to
avoid samples on land because there was limited resolution of
bathymetric data in coastal waters. We identified each grid cell that
intersected the least-cost path.

We calculated the direction deviation value (AD) between the
dispersal route direction (Dgispersal) and ocean current direction
(Docean) in the least-cost path from source to destination.

AD=| Ddispersal — Doceanl @

AD is a score between 0 and 180°, where greater than 90° indi-
cates that the ocean current direction of the grid cell is inverse to the
dispersal path connecting the populations. We then used the averaged
values across all grid cells of the path as direction deviations
between sites.

Then, we calculated the dispersal velocities (Vgs) for each grid cell
according to the gridded velocities of ocean currents (V,.) and direc-
tion deviation value (AD) of the least-cost path:

Vds = Voc x cos(AD) )

The dispersal velocities between sites were calculated as the
averaged value of all grid cells on the least-cost path. Finally, the transit
times were calculated as distance/velocity between sites.

. Least cost distance
Transittimes= —— 3)
meanV 4

Ocean current dispersal trajectory simulations

We used an individual-based Lagrangian particle trajectory model* to
predict the possible trajectories and stranding events of passively
drifting individuals. The passive drift trajectories of individuals were
computed using the OceanDrift model implemented in the Python-
based Lagrangian trajectory simulation framework OPENDRIFT.

To investigate the influence of environmental variables on the
rafting pathways, we used the PelagicEggDrift model and added the
environmental temperature and salinity into the simulations. We
recorded the stranded locations and calculated the percentage of
particles reached each region to evaluate population connectivity
quantitatively. We used modeled surface current fields and sea water
temperature and salinity from Global Ocean Ensemble Physics Rea-
nalysis (GOEPR), which was developed by the Copernicus Marine
Environment Monitoring Service (CMEMS; https://marine.copernicus.
eu/). As we collected most of the samples during 2017, we used
GLORYSI2V1 ocean current data (1/12° horizontal resolution) over
three years (January 2014-December 2016) as input to account for
seasonal variation in oceanographic dynamics.

While driftwood typically follows currents, the shape and mass of
these particles influence their buoyancy and sensitivity to wind slip-
page. Therefore, to investigate the effects of driftwood mass and
shape, we changed the value of “wind_drift_factor” (1%, 1.5%, 2%, 2.5%,
3%) in our passive ocean surface drift model. The ocean-wind variables
were obtained from the global atmospheric model from the National
Centers for Environmental Prediction (NCEP; https://www.ncep.
noaa.gov).

We ran general drift simulations using 500 particles randomly
distributed within a 3 km radius around the central coordinates of each
collection site. In total, 22,000 particles were released from 44 sites,
representing the full extent of the current T. martensii distribution. As
seasonal monsoons in IAA shift ocean current direction and talitrid
have an eight-month life cycle, in this study, we set two releasing dates
as 1 April and 1 October for passive drift simulation in summer and
winter, respectively. We simulated each drifting process for a con-
servative eight-month period and recorded the trajectories hourly for
the dispersal trajectory plot.

Identification of genomic variants associated with salinity
adaptation
To identify the environment-associated variants across the whole
genome, we retained SNPs with a minor allele frequency > 10%, which
refers to alleles that are common enough to be reliably for the detec-
tion of traits associations™. We obtained the present oceanographic
data of the four annual mean environmental variables (sea surface
temperature, sea surface salinity, ocean current direction, and ocean
current velocity) from Bio-ORACLE (https://www.bio-oracle.org/). To
constrain the species distribution near the coastal area, we added the
variable “distance from shore” from the MARSPEC database (http://
marspec.weebly.com) for environment analysis®. To obtain a more
accurate comparison of climate influence, we used Z-Score standardi-
zation methods X’ = (X-p) /8 to scale the climate variables, while X is
original value, p is mean of the original data, 6 is standard deviation of
the original data, and X’ is the scaled standardized value.

Based on the SNP data and oceanographic variables, we first cal-
culated the weighted R? value for each climatic variable to assess its
importance and selected the top variables by ranking their importance
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as the major environmental variables for further analysis. Then, we
used the turnover function in GF models to convert complex climate
data into patterns of genetic variation (allele frequencies), subse-
quently to select and weight these variables to best summarize geno-
mic variation.

To identify environment-associated variants across the whole
genome, we first used the multivariate LFMM2, univariate LFMM
implemented in the R package LEA v3.12.2% separately to search for
associations between environmental variables and allele frequencies.
Based on the five ancestry clusters inferred with ADMIXTURE, we ran
univariate LFMM with five latent factors to account for population
structure in the genotype data. For each environmental variable, we
ran five independent MCMC runs using 5,000 iterations as burn-in
followed by 10,000 iterations. P values from all five runs were then
averaged for each variant and adjusted for multiple tests using a false
discovery rate correction of 5%. Second, we performed RDA using the
R package vegan to identify genetic variants showing an especially
strong relationship with multivariate environmental axes®.
Environment-associated variants were identified as significant if their
loading value was greater or less than three standard deviations above
or below the average value.

Genetic offset modeling under future climate scenarios

Based on the identified environment-associated SNPs, we used the
gradient forest models to calculate the genetic offset and predict how
allele frequencies would shift under future oceanographic change. The
future climate data [2040-2050 (2050) and 2090-2100 (2100)] of the
environmental variables were obtained from Bio-ORACLE. Two shared
socioeconomic pathway (SSP) scenarios were applied: SSP1-2.6 and
SSP5-8.5. To estimate the spatial regions where the
genotype-environment relationship will be most disrupted under
future oceanographic conditions, we transformed the oceanographic
variables from each of the four climate scenarios (2050 SSP1-2.6, 2100
SSP1-2.6, 2050 SSP5-8.5, and 2100 SSP5-8.5) into genetic importance
and calculated the Euclidean distance between the present and future
genomic importance values for each grid, which served as a metric of
genetic offset.

Following the methods in Gougherty et al., 2021%°, we integrated
migration to predict potential maladaptation to future oceanographic
change and calculated three different forms of genetic offset by the
gradientForest approach: the local offsets for each climate scenario,
and forward and reverse genetic offsets for 2100 SSP5-8.5. To assess
the sensitivity of dispersal constraints, we tested how forward offset
varied under migration limits of 100, 500, 1000 km, and unlimited
dispersal within the IAA marine ecoregion.

As the GF algorithm and forward genetic offset methods can
estimate the target location of species dispersal, we integrated the
quantified ocean dynamics with forward offset prediction to test
whether the ocean currents can support such dispersal. Based on the
future suitable location estimated by forward genetic offset with
unlimited dispersal under 2100 SSP5-8.5 scenarios, we calculated AD,
dispersal velocity, and transit times needed to that location caused by
annual mean ocean currents and the northward ocean current
dynamics. Finally, we compared AD, dispersal velocity, and transit time
differences between present and future climate scenarios by sub-
tracting present values from future values.

Selective sweep analysis between populations

We defined the salinity of seawater surrounding each collection site as
their salinity exposure and chose two populations with the most dra-
matic salinity exposure differences to test the selection signals related
to salinity adaptation. We used a sliding window method (50 kb win-
dows with 25 kb increments) to calculate the genome-wide distribu-
tion of the Om ratios (Bt_high salinity/0t_low salinity) and Fsr values
between population pairs. The windows with significantly low and high

O ratios (lowest 5% regions and top 5% regions) and significantly high
Fsr values (top 5% regions) were selected as regions with strong
selection signals along the genome. We defined the candidate genes
under selection as those within or overlapping with regions showing
selective sweeps. The Gene Ontology and Reactome pathway enrich-
ment analysis was implemented in KOBAS 3.0 using Fisher’s exact test
(P<0.05) with Drosophila melanogaster as a reference®.

Salinity stress experiments and expression plasticity analysis
To test talitrids’ genetic responses to salinity shifts during rafting
events, we cultured adults of the coastal talitrid Talorchestia cf. mar-
tensii and terrestrial talitrid Morinoia aosen in different salinity sea-
water and evaluated the expression changes of selected genes. For
coastal T. cf. martensii, we set four salinity gradients (35 ppt as control,
and 20, 10, 5 ppt) with three duration gradients (24, 48, and 72 hours).
To investigate the long-term expression changes of T. cf. martensii, we
also treated the talitrids in 20 ppt for 15 and 30 days. For terrestrial M.
aosen, we set four salinity gradients (5, 10, 20, 35 ppt) with three
duration gradients (24, 48, and 72 h), using terrestrial treatment as
control. To detect the hemolymph osmolality difference between
different treatments, we measured the hemolymph osmolality with a
Fiske 210 Micro-Sample Osmometer (Advanced Instruments). The
hemolymph was collected from 10-15 individuals using a micro-
capillary tube to extract fluid from between the second and third
abdominal. All data were obtained from three replicates.

Whole body RNA from a single individual and tissue RNA from a
mixture of tissues from 10-15 individuals was extracted using the
RNAsimple Total RNA Kit (TIANGEN, Beijing, China). RNA-seq was
performed on the NovaSeq 6000 platform, and we obtained at least
6-Gb clean data from each transcriptome after removing reads con-
taining adapter, ploy-N, and low-quality reads. All data were obtained
from three replicates in each assay. The expression level (fragments
per kilobase million) of each gene was calculated with RSEM v1.3.3 and
log-transformed (N + 1) following quantile normalization®.

Differentially expressed genes (DEGs) between different salinity
and duration gradients were identified using “DESeqDataSetFromMa-
trix” and “DESeq” functions in the R package DESeq2 v1.24.0°". The
threshold value of DEGs was set to P-value < 0.05 and absolute of fold
change >2. Log,(FC)>1 indicates up-regulation, and log,(FC)<-1
indicates down-regulation.

The DAPC approach was used to compare the expression of DEGs
using the R package adegenet™. The gene expression plasticity in
response to salinity and duration gradients was quantified as the
magnitude of the shift away from the reference points.

Genetic changes related to wood-feeding in T. martensii and
talitrids

We searched for GH family proteins in the T. martensii genome and
eight other talitrids using the Carbohydrate Active enZymes (CAZy)
database (dbCAN), which uses hidden Markov models to define the
signature domains for each CAZy family”, including Hyalella azteca
(GCA_000764305.4)**, Parhyale hawaiensis (GCA_001587735.2)”, Hir-
ondellea gigas (CNGBdb Project ID CNP0005374)%, Trinorchestia long-
iramus (GCA_006783055.1)°, Morinoia aosen (GCA 030386875.1)",
Floresorchestia mkomani (SRR23898670 under PRINA938803)", Cochi-
norchestia sp. (SRR23898667 under PRJNA938803)", Platorchestia
pacifica (SRR23898669 under PRINA938803)”. We analyzed all pre-
dicted proteins in the genome using HMMER v3.1b2°7 with an E-value
threshold of 1e - 5.

To assess the molecular evolution of the GH gene family, we
identified GH7, GH9, and GH30_1 protein sequences in all eight talitrids.
To further verify the protein sequence variations, we predicted the
protein structure based on the all GH7 amino acid sequences on the
SWISS-MODEL online website (https://swissmodel.expasy.org/). More-
over, we obtained these protein sequences from other organisms by a
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BLASTDp search of the GenBank non-redundant protein database using
the sequences identified in the talitrid species as query sequences. We
constructed a phylogenetic tree with these three proteins separately
with the PROTGAMMALG substitution model using RAXML.

To compare the genomic difference between rafting and non-
rafting species, we used OrthoFinder v2.5.4 to define gene families
based on protein-coding genes®. Gene family expansion and con-
traction analyses were performed using CAFE v4.2”,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the raw RNA-seq (SRR34777140, SRR34777151-SRR34777186,
SRR34777191, SRR34777202, SRR34777213, SRR34777215-SRR34777
246, SRR34777256, SRR34777267, SRR34777278, SRR34777289,
SRR34777300, SRR34777311-SRR34777313, SRR36240034-SRR362
40062), and genome resequencing data (SRR34777130-SRR34777139,
SRR34777141-SRR34777150, SRR34777187-SRR34777190, SRR34777
192-SRR34777201, SRR34777203-SRR34777212, SRR34777214,
SRR34777247-SRR34777255, SRR34777257-SRR34777266, SRR34777
268-SRR34777277, SRR34777279-SRR34777288, SRR34777
290-SRR34777299, SRR34777301-SRR34777310), and the genome
assembly generated in this study has been deposited in the NCBI under
the accession number GCA_054095995.1, datasets used to generate
the assembly are available under the accession number PRJNA1297316.
Sanger sequences have been deposited in GenBank with accession
numbers in Supplementary Data 1. Other genomes used in this study
include Hyalella azteca (GCA_000764305.4)**, Parhyale hawaiensis
(GCA_001587735.2)*’, Hirondellea gigas (CNGBdb Project ID
CNP0005374)%, Trinorchestia longiramus (GCA_006783055.1)°°, Mor-
inoia aosen (GCA_030386875.1)"", Floresorchestia mkomani (SRR238
98670 under PRJNA938803)", Cochinorchestia sp. (SRR23898667
under PRJINA938803)", Platorchestia pacifica (SRR23898669 under
PRJNA938803)”". Four annual mean environmental variables (sea sur-
face temperature, sea surface salinity, ocean current direction, and
ocean current velocity) are from Bio-ORACLE (https://www.bio-oracle.
org/), the variable “distance from shore” from the MARSPEC database
(http://marspec.weebly.com). Sea surface ocean currents data from
Global Ocean Ensemble Physics Reanalysis (GOEPR) are available in
Copernicus Marine Environment Monitoring Service (CMEMS; https://
marine.copernicus.eu/). The bathymetric data can be obtained from
the ETOPOI database (https://www.ngdc.noaa.gov/mgg/global/relief/
ETOPO1/). Sampling data can be found in Supplementary Data 1.
Results of genetic offsets are available in Supplementary Data 2-6, and
gene family can be found in Supplementary Data 7. Source data are
provided in this paper.

Code availability
Analysis scripts can be found at Figshare (https://doi.org/10.6084/m9.
figshare.29614727)'°°, and Code Ocean deposition (https://doi.org/10.
24433/C0.2066999.v1).
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