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Reproductive Isolation and Differential Introgression Shape the Genomic

Landscape of the Red Alga Amansia glomerata in the Hawaiian Archipelago

ABSTRACT

Reproductive isolation; Genomic divergence; Introgression; Seaweed, Hawai’'i

Speciation in marine environments is inherently complex, and the mechanisms
underlying the evolution of reproductive isolation remain a fundamental yet
understudied challenge in macroalgae. This study investigates two lineages of the
marine red alga Amansia glomerata around O‘ahu, Hawai’i, to test the hypothesis that
lineage boundaries are maintained by strong reproductive barriers resulting from
historical geographic isolation. Using genomic sequencing (ddRAD), fine-scale spatial
transects, and demographic modeling, we characterized lineage spatial structure and
genomic divergence. Our results revealed that lineages remained strongly
differentiated across the genome, even where they co-occurred across extensive
sympatric regions. Demographic analyses supported a scenario of allopatric divergence
followed by secondary contact, likely driven by Pleistocene sea-level fluctuations within
the Hawaiian Archipelago. The absence of recombinant hybrids, together with
numerous loci acting as barriers to gene flow, is consistent with the evolution of
postzygotic isolation. Nevertheless, genomic signatures of introgression indicate that
gene flow during secondary contact was spatially structured around the island and
heterogeneous across the genome, revealing differential permeability of lineage
boundaries at the time of contact. While our findings highlight allopatric divergence
and intrinsic reproductive barriers as major drivers of speciation in this system, the
potential role of ecological differentiation remains to be explored. Overall, this study
provides pioneering insights into the genomics of speciation in Hawaiian seaweeds and

underscores their potential as a model system for marine speciation.
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1. INTRODUCTION

Speciation is fundamentally linked to the evolution of reproductive isolation (RI),
which prevents gene flow between diverging populations (Coyne & Orr, 2004).
Speciation can proceed along multiple pathways, with the degree of spatial,
ecological, and reproductive differentiation playing a central role in determining
which pathway is followed (Dieckmann, 2004; Seehausen et al., 2014; Johannesson
et al., 2024). Gaining insight into the evolution of Rl is increasingly critical for
evaluating how environmental and rapid climatic changes influence speciation

dynamics (Hudson et al., 2021).

Speciation in marine environments has historically been considered more restricted
than in terrestrial systems, due to the scarcity of physical barriers and the high
dispersal potential of many marine organisms, which maintain genetic homogeneity
among populations (Kay & Palumbi, 1987; Palumbi, 1992, 1994). However, physical
barriers do occur in the marine environment and are widely recognized as important
drivers of speciation by modulating patterns of gene flow (Mayr, 1954; Fitzpatrick et
al., 2009), particularly through historical processes such as Pleistocene sea-level
fluctuations (e.g., Hewitt, 2000; Ludt & Rocha, 2015; Hirschfeld et al., 2023).
Notably, speciation involving geographic isolation followed by secondary contact
(SC) accounts for 53% of the 116 cases of marine speciation reviewed by De Jode et

al. (2023). In the absence of gene flow, reproductive isolation (Rl) is predicted to be
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primarily intrinsic, arising from the evolution of genetic incompatibilities between
populations that have evolved independently (Dobzhansky, 1937; Muller, 1942; Orr
& Turelli, 2001; Coughlan & Matute, 2020). If isolation persists long enough, Rl can
restrict gene flow in genomic regions associated with barrier loci when previously
isolated populations experience SC. This results in a heterogeneous genomic
landscape, with some regions remaining highly differentiated while others are more
freely exchanged (Ravinet et al.,, 2017; Harrison & Larson, 2016). By contrast,
speciation with gene flow mostly relies on ecological differentiation, whereby
divergent selection can initiate divergence by reducing gene flow at linked loci
(Rundle & Nosil, 2005; Schluter, 2009; Nosil, 2012). Although ecological
differentiation can evolve secondarily through geographic isolation, when it acts as
the primary driver of divergence, it is expected to produce a genomic landscape
characterized by regions differentiated by selection, while the remainder of the
genome remains largely homogenized (Via & West, 2008; Feder & Nosil, 2010; Feder
et al., 2012). In marine systems, this process is increasingly recognized as a major
driver of speciation, challenging traditional models that emphasize drift-driven
differentiation (see the review by Potkamp & Fransen, 2019). A striking example is
provided by the marine snail Littorina saxatilis, in which ecotypes evolved through
divergent selection between crab-rich and low-predation environments, with
patterns of differentiation consistent with divergence with gene flow (Johannesson

et al., 2010).
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Our understanding of marine speciation remains limited by several key knowledge
gaps, including a reliance on general patterns derived from a relatively narrow range
of marine taxa (Miglietta et al., 2011; Faria et al., 2021; De Jode et al., 2023). As a
result, many groups, particularly marine macroalgae, remain largely
underrepresented in speciation research despite their potential for investigating
reproductive isolation (RI). Macroalgae exhibit a remarkable diversity of
reproductive modes and life cycles, with haplodiplontic species being of particular
interest for enabling fine-scale dissection of reproductive barriers (Valero et al.,
1992; Heesch et al., 2021; Krueger-Hadfield, 2024). In haplodiplontic species, the
two principal stages of the sexual life cycle occur as free-living, functionally
independent phases, allowing reproductive isolation (RI) to be examined separately
at pre- and post-zygotic stages (Valero et al., 1992), for example by investigating
differential hybridization and admixture between the two phases (Montecinos et al.,
2017). Despite this considerable potential, genomic studies of speciation in
macroalgae remain scarce (but see Denoeud et al.,, 2024, for the brown alga

Ectocarpus sp.).

The Hawaiian Archipelago, renowned for its macroalgal-diversity (Sherwood & Guiry,
2023), provides an exceptional natural laboratory for investigating reproductive
isolation. Its extreme geographical isolation, more than 4,000 km from the nearest
continental landmass, combined with its well-characterized geological patterns of

island formation, has established the archipelago as a major evolutionary hotspot
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(Rotondo et al., 1981; Wagner & Funk, 1995). Speciation in Hawai‘i is thought to result
largely from rare colonization events originating outside the islands, typically on the
older high islands, followed by sequential episodes of dispersal and diversification
toward younger islands as they emerge (Carson & Clague, 1995; Roderick & Gillespie,
1998; Price & Clague, 2002; VanderWerf et al., 2010). Among the marine seaweeds that
have diversified in the archipelago, the red alga Amansia glomerata C. Agardh
(Ceramiales, Rhodomelaceae) comprises four described mitochondrial lineages
(Sherwood et al., 2011; Fumo & Sherwood, 2023). A. glomerata exhibits a triphasic life
cycle characterized by two free-living stages: a haploid gametophyte and a diploid
tetrasporophyte. These stages are isomorphic, with thalli morphologically
indistinguishable in the absence of reproductive structures. The species is relatively
common in Hawai‘i and occupies diverse habitats, including eroded coral substrates,
shaded overhangs, and reef flats, from the low intertidal to mesophotic zones (Abbott,

1999; Fumo & Sherwood, 2023).

Two of the four Hawaiian lineages described by Fumo & Sherwood (2023), Lineages 1
and 2, are hypothesized to form extensive sympatric populations around the island of
O‘ahu; however, the extent of reproductive isolation (Rl) between them and the
mechanisms underlying their divergence remain unknown. In this study, we
hypothesize that: (i) Lineages 1 and 2 consist of sympatric populations around O‘ahu;

ii) strong barriers to gene flow maintain divergence; and (iii) historical allopatric
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divergence has contributed to speciation. To test these hypotheses, we combined
genome sequencing (ddRAD), fine-scale spatial transects, and demographic modeling.
We first developed SNP panels to characterize lineages and their spatial distribution at
multiple scales, then inferred patterns of gene flow and evaluated alternative
speciation scenarios. Our results provide pioneering insights for macroalgal research,
contributing to the limited number of genomic studies on marine speciation in Hawai‘i
and highlighting the potential of A. glomerata to advance our understanding of these

processes.

2. MATERIALS AND METHODS

2.1 Sample collection and identification

We collected 275 thalli of Amansia glomerata around the Hawaiian island of O‘ahu
between March and July 2024 by sampling 5-10 cm branch tips without removing the
holdfast. Sampling was conducted at nine sites via snorkeling or scuba diving. Six sites
were sampled randomly within a 30 m radius, while three others were sampled along
30-40 m transects, collecting all thalli encountered. Samples were stored in individual
bags and processed for epiphyte removal and morphological identification under light
microscopy using diagnostic traits (Doty, 1971; Abbott, 1999). Sex determination was
based on reproductive structures, with samples classified as tetrasporophytes (diploid
phase) if bearing tetrasporangia, or as gametophytes (haploid phase) if bearing

cystocarps. Only a few samples lacking reproductive structures were classified as
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undetermined and removed from the study, along with three gametophytes. Due to
the strong imbalance between gametophytes (~2%) and tetrasporophytes (~98%),
investigations were limited to the diploid phase to avoid skewed representation of
haploid genotypes. Individual samples were then flash-frozen and preserved for long-
term storage, in the absence of diagnostic morphological traits to identify lineages, due
in part to the high morphological plasticity of this species (Abbott, 1999; Phillips, 2009),

lineage identity was considered undetermined until sequencing and SNP calling.

2.2 ddRAD library preparation and sequencing

Frozen tissues were manually ground in liquid nitrogen with a pestle, and genomic DNA
was extracted using a modified cetyltrimethylammonium bromide (CTAB) protocol
(Doyle & Doyle, 1987). DNA extraction quality was assessed on agarose gels to confirm
the presence of high-molecular-weight DNA. Double- stranded nucleic acid
concentrations were quantified and standardized to 2.5 ng/uL using a Qubit 4
Fluorometer. We processed two ddRADseq libraries, each comprising 168 samples,
following the protocol described by Reynes et al. (2021). The libraries included 214
samples from the present study that met DNA concentration requirements, along with
122 additional mesophotic Amansia glomerata specimens obtained from herbarium
collections across the Hawaiian Archipelago as part of a separate project. Samples were
randomized across populations, and four technical replicates (i.e., DNA from the same

individual split into distinct libraries) were included. Briefly, the protocol involved
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double-digesting 100 ng of DNA with Pst/ and Hhal, ligating adaptors containing 14
unique Pstl-specific i5 barcodes, cleaning with AMPure beads, and amplifying
fragments by PCR to add lllumina adaptors with 12 unique i7 indices. Individual libraries
were checked on an agarose gel and pooled at equimolar concentrations (i.e., by
increasing the volume of low-concentration samples in the final pool). Libraries were
quality-checked using a Bioanalyzer at the Microbial Genomics and Analytical Lab
(MGAL, University of Hawai‘i) and size-selected to 300-500 bp using a BluePippin at
Azenta Life Sciences (Azenta Corporation, South Plainfield, NJ, USA). Because the two
libraries used the same set of i7 indices, sequencing was performed on two separate
lanes of a NovaSeq flow cell (2 x 150 bp), yielding approximately 750 Gb of data at
Azenta Life Sciences. After quality control, we obtained a total of 2.14 billion paired-
end reads (excluding 1.26 billion reads from a separate project), corresponding to an
average of 9.87 + 3.75 million reads per sample (see Figure S1 for the distribution of

per-individual read counts).

2.3 Bioinformatic analyses

Individual libraries were quality-controlled, and reads were assembled into loci using
the de novo Stacks v.2.52 pipeline (Catchen et al., 2011; Rochette et al., 2019). To
account for intraspecific genetic variation, de novo assembly was performed on
populations from O‘ahu together with specimens from other Hawaiian Islands.

However, the catalog of loci was filtered to retain only polymorphisms segregating
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within O‘ahu populations. Prior to de novo assembly, index-demultiplexed libraries
were quality-checked with FASTQC v.0.11.7 (Andrews et al.,, 2010) and adapter-
trimmed using Trimmomatic (Bolger et al., 2014). Individual-level demultiplexing was
performed for each i7 index file using process_radtags, allowing up to one mismatch in
the i5 barcode. Reads beginning with the enzyme cut-site motif were retained, and
forward and reverse reads were resynchronized using Pairfq and trimmed to 137 bp.
Stacks de novo assembly parameters were fine-tuned using a subset of 77 samples,
representative of overall sample diversity (i.e., up to five samples per location), with
RADStackhelpR (DeRaad, 2021) and vcfR (Knaus & Griinwald, 2017). This consisted of
optimizing ustacks parameters by setting a minimum depth of five identical reads (m =
5) to form a stack and allowing up to five mismatches between stacks (M = 5) for them
to be considered alleles of the same locus (see Figures $2-S3). The maximum number
of mismatches allowed between homozygous individuals when constructing the
catalog of homologous RAD loci (the n parameter) was set to n = 7, based on evaluation
of lineage divergence and population clustering across a range of n values (see Figure
S4). All individuals, except 42 with low sequencing output (i.e., <100,000 paired-end
reads), were matched against the resulting catalog using sstacks, and genotypes were
exported in VCF format using the populations module. We then post-filtered SNPs to
retain those genotyped in at least 50% of individuals and with a maximum per-SNP
heterozygosity of <50% across all samples (Table 1). SNPs segregating within the O‘ahu

population were retrieved from this dataset using VCFtools v0.1.16 (Danecek et al.,
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2011) in combination with the dDocent pipeline (Puritz et al., 2014) (see Table 1 for
details). Linkage disequilibrium and Hardy—Weinberg equilibrium analyses were
performed within lineages, based on lineage clustering observed from exploratory PCA
(Figure S4). The dataset comprised 58,563 SNPs across 174 individuals. Individual
missingness averaged 10.9% (+6.8%), and mean sequencing depth per individual was
46.9% (+21x). SNP calling was highly consistent across three replicate pairs, with a mean
SNP error rate of 0.008 (range: 0.003-0.017), estimated following the approach of

Mastretta-Yanes et al. (2015).

2.4 Lineage differentiation and hybrid detection

We employed principal component analysis (PCA) with the R package ADEGENET
(Jombart, 2008) to differentiate lineage and admixed genotypes. Lineage
differentiation was also investigated using the sNMF (sparse Non-Negative Matrix
Factorization) algorithm implemented in the R package LEA v.2.8 (Frichot et al., 2014;
Frichot & Frangois, 2015). sNMF was run for 10,000 iterations and 10 replicates, with K
ranging from 1 to 10. We further defined lineage-specific SNPs as loci exhibiting high
differentiation (Fst > 0.99) between parental lineages, characterized by individuals
showing nearly no admixed ancestry at K = 2 (Q; or Q; > 0.99). A total of 1,722 SNPs
were obtained and used to conduct fine-scale hybrid analyses with the R package
INTROGRESS v1.2.3 (Gompert & Buerkle, 2010). We also employed this SNP set in

HYBRIDLAB 1.0 (Nielsen et al., 2006) to simulate offspring genotypes (F1, F2, and up to

10
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two generations of backcrosses) from parental lineages and to evaluate their power to
differentiate among hybrid classes. We simulated 1,000 hybrid offspring and
performed triangle plot analyses with INTROGRESS. Putative F; hybrids were defined as
individuals with a hybrid index between 0.45 and 0.55 and interspecific heterozygosity
greater than 0.75. Slightly admixed individuals were defined as those with a hybrid
index deviating by more than 0.05 from either parental ancestry (Hindex > 0.05 and Hindex
< 0.95) and interspecific heterozygosity higher than 0.05. We assigned lineage identity
(Lineages 1 and 2), following Fumo & Sherwood (2023), by clustering the two reference

samples from their study that were incorporated into our sequencing libraries.

2.5 Lineage spatial distribution and fine-scale differentiation

Lineage proportions were determined for each location to distinguish sympatric
populations, in which both lineages co-occur, from parapatric populations, in which
only a single lineage is present. Isolation by distance (IBD) was assessed by calculating
pairwise Fst (Weir & Cockerham, 1984) using StAMPP v1.6.3 (Pembleton et al., 2013)
and by measuring least-cost coastal distances constrained by land using marmap (Pante
& Simon-Bouhet, 2013). Pairwise Fst was estimated within and between lineages, and
the significance of IBD was assessed using Mantel tests with 1,000 permutations,
implemented in the R package vegan (Dixon, 2003). Fine-scale differentiation patterns
were examined along transects by calculating pairwise spatial distances (m) between

individuals of the same lineage and between individuals of different lineages. Pairwise

11
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genetic distances were calculated using the dissimilarity measure implemented in
poppr (Kamvar et al., 2014), and correlations with spatial distances were assessed for
each transect using Mantel tests with 1,000 permutations. Finally, we tested the null
hypothesis of no genetic structure within lineages by performing per-transect spatial
autocorrelation analyses using dartR v2.9 (Gruber et al., 2018). The autocorrelation
coefficient (r) was calculated for each pair of individuals across four distance classes

(m).

2.6 Demographic modeling

We employed the Demographic Inferences with Linked Selection (DILS) pipeline
(Csilléry et al., 2012; Pudlo et al., 2016; Fraisse et al., 2021) to infer speciation scenarios
and test for heterogeneous gene flow across the genome. DILS, like other ABC
approaches, simulates genetic data under various demographic models and compares
the simulated data with the observed data using summary statistics. Specifically, in the
two-population mode, DILS uses a hierarchical model-selection procedure by
comparing models with current isolation (SlI: strict isolation; AM: ancient migration)
versus ongoing migration (IM: isolation with migration; SC: secondary contact). DILS
offers several advantages over other methods by explicitly accounting for linked
selection and the resulting heterogeneity in introgression rates (Fraisse et al., 2021).
We ran DILS five times, each using 1,000 loci randomly sampled without replacement

from the filtered catalog (see Table 1). Diploid sequences were extracted in FASTA

12
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format using the STACKS populations module. Inferences using DILS were limited to the
sympatric distribution, excluding F1 hybrids. Consistent priors and parameter settings
were used across all runs (Table S1). We evaluated DILS performance by visualizing PCA
results based on summary statistics from both simulations and the observed data to
assess how well the simulations match the observed data (Figure S5). Parameters were
then estimated from the optimized posterior of the best-supported model using both
an ABC neural network and a random forest, as implemented in DILS (Fraisse et al.,

2021).

2.7 Introgression and barriers to gene flow

Barriers to gene flow, characterized by higher differentiation than the genomic
background and, in contrast to introgressed regions, consistent with an excess of
shared polymorphism, can be detected using DILS locus-specific models when
heterogeneous gene flow (hetNm) is retained (Fraisse et al., 2021). We used these
locus-specific inferences to identify candidate SNPs associated with isolation or
migration, retaining only those with a posterior probability > 0.7; SNPs below this
threshold were considered undetermined. We used metrics such as net divergence (Da)
and Fst, estimated with DILS, to characterize genetic differentiation between the two
sets of loci. SNPs associated with these two sets of loci were extracted to generate
separate VCF files, representing loci associated with isolation versus migration. We

then estimated the hybrid index for each set (migration-associated vs. isolation-
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associated SNPs) using INTROGRESS. To investigate potential introgression between
lineages, we examined allele frequencies and individual genotypes by extracting
genotype matrices with vcfR (Knaus & Griinwald, 2017) for a subset of migration-
associated SNPs selected for shared polymorphism in sympatry and high differentiation
(Fst > 0.95) between parapatric populations. This approach assumes that introgression
is restricted to the sympatric range, with allopatric populations serving as a

conservative control for detecting introgressed loci (see Gompert & Buerkle, 2010).

3. RESULTS

3.1 Lineage determination and admixture

Principal component analysis (PCA) of 58, 563 SNPs revealed two well-differentiated
clusters, designated Lineages 1 and 2, based on the clustering of two individuals with
known mitochondrial haplotypes (Fumo & Sherwood, 2023). The first principal
component (PC 1) explained 20.87% of the total genotypic variance, captured lineage
differentiation, and highlighted an intermediate individual from Makaha (West O‘ahu)
with high admixture (Figure 1A). Additional PCA axes (PC 2, PC 3, PC 4), which accounted
for 5.51%, 3.05%, and 2.92% of the total variation, respectively, tended to differentiate
individuals by geography (Figure S6). SNMF analyses identified two well-differentiated
ancestry groups (Q; and Qa; Figure 1B), consistent with the clusters highlighted by PCA,
and detected a single intermediate individual with roughly equal proportions of Q; and

Q. ancestry. We further identified 1,772 lineage-diagnostic SNPs (Fst > 0.99; see

14
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Methods), which are highly differentiated between parental lineages, to infer
hybridization and test whether intermediate individuals are consistent with F1 hybrids.
Across these SNPs, hybrid classes were well differentiated by interspecific
heterozygosity and hybrid index (Figure 2A), confirming that the observed intermediate
individual most likely resulted from an F1 cross (Figure 2B). Lineage-diagnostic SNPs
further indicated that individuals showing slight deviations from one parental ancestry
(i.e., hybrid index up to 0.12 and interspecific heterozygosity up to 0.17) were not
consistent with first- or second-backcross generations. In total, we detected 86
individuals from Lineage 1, including three that deviated from this threshold and were
identified as slightly admixed, and 87 individuals from Lineage 2, including seven
individuals that showed slight deviations from this threshold and one F1 hybrid (Table
S2). The F1 hybrid was excluded from demographic modeling, and slightly admixed

individuals were retained.

3.2 Spatial distribution and fine-scale differentiation

Analyses of spatial assemblage revealed that Lineages 1 and 2 are mostly sympatric
around O‘ahu, co-occurring at six of nine sampled sites (Figure 3A). Two parapatric
populations were also identified: one from Lineage 1 in the southeastern part of O‘ahu
(Popoia; Flat Island) and the other from Lineage 2 in the northern part of O‘ahu (Ke‘iki).
Mantel tests revealed significant isolation-by-distance (IBD) within lineages around the

island (Lineage 1: R = 0.67, p < 0.001; Lineage 2: R =0.71, p < 0.001), but not between

15
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lineages (Lineage 1-Lineage 2: R = —0.20, p = n.s.). The absence of IBD, when lineage
differentiation is not accounted for, reflects consistently high pairwise Fsr values (0.6-
0.8), regardless of whether populations were sampled from the same site or separated
by more than 75 km of coastline (Figure 3B; Figure S7 for details of pairwise Fsramong
populations). Fine-scale analyses along six transects showed that lineages co-occur
within sites. The two lineages were generally separated by an average distance of 12.7
m (Figure 4A), although they were sometimes spatially close (< 1 m). Fine-scale IBD
analyses indicated that intra-lineage differentiation was homogeneous at distances up
to 40 m (Figure 4B, Table S3). Pairwise genetic distances indicated low intra-lineage
differentiation (genetic distances < 0.10 for both lineages), higher differentiation
between lineages (genetic distances > 0.30), and intermediate values for pairwise
comparisons involving the F1 hybrid (pairwise genetic distances = 0.20; Figure 4B). The
absence of fine-scale IBD is supported by the absence of spatial autocorrelation, as

independently tested for each transect and lineages (Figure S8).

3.3 Scenarios of speciation

We subsequently employed DILS to infer the most likely speciation scenario across five
independent runs, each comprising 1,000 loci (including invariant positions) randomly
sampled from the Stacks catalog. Analyses were restricted to the sympatric range,
excluding individuals from Ke‘iki and Flat Island (Popoia) as well as the F1 hybrid. DILS

summary statistics indicated advanced lineage divergence, with D, values of 0.013-
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0.014, Fst of 0.49-0.50, and 57% of loci containing at least one fixed difference (Table
2). Consistent differentiation patterns across these locus sets further supported
genome-wide divergence rather than differentiation restricted to specific regions. We
assessed model fit using the goodness-of-fit output generated by DILS. For each run,
the best-supported model adequately fit the data. In the PCA summarizing goodness-
of-fit for the selected model, the observed dataset clustered near the center of the
optimized posterior distribution along PC1 and PC2 (Figure S5). This indicated that the
summary statistics simulated under the best-fitting model closely matched those of the
observed dataset. DILS analyses provided strong support for models of ongoing
migration (posterior probability = 0.95-0.97), with secondary contact (SC) receiving
higher posterior support (0.76-0.86) than isolation-with-migration (IM). DILS further
indicated that migration is heterogeneous among loci, with high posterior probabilities
for heterogeneous migration (hetNm, 0.91-0.93). Divergence times were estimated at

138,000-398,000 generations ago (Tspiit), with substantial variability in the timing of
secondary contact (Tsc) across runs (Table 3). In run 3, which yielded the highest
posterior model probability, the inferred Tspiit coincided with demographic change:

Lineage 1 experienced an approximately seven-fold population expansion, reaching an
effective population size of ~207,000 individuals (95% Cl: 141,046-283,182), whereas
Lineage 2 underwent a 0.55-fold reduction, declining to ~30,000 individuals (95% Cl:

20,235-48,026) relative to the ancestral population.
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3.4 Barriers and migration-associated loci

The retained heterogeneous migration model (hetNm) classified 37% of loci as
isolation, 24% as migration, and 39% as ambiguous, using a posterior probability
threshold of 0.7 in locus-specific models (Figure 5). Isolation-associated loci showed
approximately 2.35-fold higher Fsr, 3.3-fold higher net divergence (Da), and were
associated with a 7.3-fold higher fraction of sites with fixed differences (S¢) relative to
migration-associated loci (Figure 6). Introgression rates were predominantly
asymmetrical, from Lineage 1 to Lineage 2 (M;—>;) rather than in the opposite direction
(M,=>1). However, introgression from M,—>; was heterogeneous across loci, with a
lower barrier to gene flow (nBar,—>1; Table 3). We then estimated the hybrid index
(Hindex) for 2,525 isolation-associated SNPs and 920 migration-associated SNPs to test
for significant differences in individual admixture (AHindex) between the two sets of loci.
Significant differences were observed among Lineage 1 individuals, with isolation-
associated SNPs showing lower admixture than migration-associated SNPs (AHindex =
0.040 [95% Cl: 0.035-0.050]) but not among Lineage 2 individuals (AHindex=-0.004 [95%
Cl: -0.007 -0.002]) (Figure S9). Furthermore, AHindex Was geographically determined,
with significant differences among Lineage 1 populations (x*> = 58.05, df = 8, p < 0.001),
with western populations showing higher AHindex, except for the Fi hybrid, which
showed high consistency in admixture between these two sets of loci (AHindex = 0.002)

(Figure S9).
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Genomic signatures of introgression were assessed using a subset of candidate
migration-associated SNPs, selected for their excess of shared polymorphism in
sympatric populations and for high differentiation (Fsr > 0.95) between parapatric
populations. This analysis identified 51 candidate SNPs, with allele frequencies and
individual genotypes revealing a long tail of Lineage 2-diagnostic alleles introgressed
into Lineage 1 (Figure 7). Introgressed alleles exhibited a geographic cline, being most
frequent in western populations and progressively declining toward the eastern part of
the island. Their genotypic composition was also geographically determined, with
Lineage 2-specific alleles occurring predominantly in the homozygous state (1/1, blue)
in western populations, progressively shifting to heterozygous genotypes (0/1, yellow)
in southern populations, and maintaining at low frequency or even disappearing in the
eastern locations, where only Lineage 1-specific homozygotes (0/0, orange) were

detected (Figure 7).

4. DISCUSSION

By conducting one of the few genomic investigations of speciation in marine seaweeds,
we found evidence that lineage diversification in the red alga Amansia glomerata, is
driven by the evolution of strong reproductive isolation between lineages, resulting in
the persistence of sympatric populations. Below, we discuss speciation pathways,
emphasizing the key role of allopatric divergence and secondary episodes of gene flow

in shaping the genomic landscape.

19



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Allopatric divergence in Hawaiian marine seaweeds

Elucidating the temporal dynamics of gene flow is key to understanding both
contemporary genomic landscapes and the mechanisms underlying reproductive
isolation (Butlin et al., 2008; Fitzpatrick et al., 2009; Ravinet et al., 2017). Here, we
found that Lineages 1 and 2 of A. glomerata are substantially differentiated (D, = 1.3-
1.4%) despite their extensive sympatric distribution around O‘ahu, with demographic
modeling providing the strongest support for allopatric divergence followed by
secondary contact. Allopatric divergence was also supported by genome-wide analyses
of randomly sampled loci, which showed that divergence is relatively widespread rather
than concentrated in localized clusters (e.g., Martin et al., 2013; Cariman et al., 2025),
although the chromosomal context of these differentiated loci remains unknown in the
absence of a reference genome. Speciation in A. glomerata aligns with observations in
other marine species, in which allopatric divergence has been associated with the
evolution of strong reproductive isolation (e.g., Roux et al., 2013; Johannesson et al.,
2020a; De Jode et al., 2023). Demographic modeling indicated that the ancestral split
in A. glomerata occurred approximately 100,000-400,000 generations ago, consistent
with Pleistocene sea-level fluctuations during the Quaternary (2.6 million to 11,700
years ago), which shaped population differentiation in tropical marine taxa (Hewitt,
2000; Ludt & Rocha, 2015). Although precise knowledge of the species’ generation time
is lacking, limiting the exact dating of divergence and secondary contact, Pleistocene

sea-level fluctuations have generated cyclic inter-island connectivity in oceanic
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archipelagos such as Hawai‘i (Ludt & Rocha, 2015; Weigelt et al., 2016; Hirschfeld et al.,
2023). Composite Pleistocene landmasses, such as the O‘ahu Nui complex (O‘ahu and
West Moloka‘i) and the Maui Nui complex (Carson & Clague, 1995), emerged during
this period, creating land bridges and facilitating episodes of gene flow among
previously isolated islands (Holland & Cowie, 2007; Jones & Jordan, 2015). In marine
species with low dispersal potential, such as A. glomerata, as evidenced by significant
isolation-by-distance (IBD) along the coastline, allopatric Pleistocene refuges have likely
contributed to population divergence, although empirical evidence remains limited.
Nevertheless, drift-driven differentiation is unlikely to be the sole mechanism driving
speciation. On Hawai‘i Island (Big Island), Lineages 1 and 2 form parapatric populations,
geographically defined and spatially separated from Lineage 4, which is restricted to
the island's southern tip (Fumo & Sherwood, 2023). Diversification of Lineage 4 appears
relatively recent, in line with the island's young substrate age (<0.1 Ma; Clague, 1996),
and differentiation in allopatry seems unlikely given the absence of clear geographic
barriers. These observations underscore the need for further studies to assess whether

ecological differentiation has emerged alongside geographic isolation in A. glomerata.

Nature and evolution of reproductive isolation
Barriers to gene flow are most effectively studied where divergent populations are in
contact (Johannesson et al., 2020b; Simon et al., 2021). Spatial distribution analyses

indicated that Lineage 1 and 2 form extensive sympatric populations around O‘ahu,
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while fine-scale transects show that lineages are inter-mixed within sites. This spatial
assemblage is consistent with what has been described as mosaic sympatry and pure
sympatry, depending on whether lineages specialize on different resources or whether
resources are otherwise perfectly mixed, respectively (see Figure 2 in Mallet et al.,
2009; Harrison & Larson, 2016). The absence of fine-scale IBD implies that lineage
differentiation is maintained despite the potential for dispersal and gene flow.
Furthermore, the detection of a single F1 hybrid and the absence of F2 individuals or
backcrosses are consistent with the evolution of strong reproductive isolation between
the parental forms, a pattern observed in other taxa at advanced stages of speciation
(e.g., Roux et al., 2013; Mikkelsen & Irwin, 2021). This interpretation is further
supported by the observation that approximately one-third of loci were inferred to be
isolated by DILS, indicating that a substantial portion of the genome contributes to
reproductive barriers. In Amansia glomerata, the near absence of F1 hybrids, despite
extensive sympatry, and the lack of backcrosses or recombinant hybrids suggest that
pre-zygotic barriers may favor assortative mating, potentially reinforced by
post-zygotic barriers, as observed in brown algae Fucus spp. (e.g., Monteiro et al., 2012;
Hoarau et al., 2015). The preliminary observation that isolated loci did not result in
limited admixture in the F1 hybrid is consistent with the dominance theory of
postzygotic isolation (Turelli et al., 2001), where Dobzhansky-Muller incompatibilities
(DMls, Dobzhansky, 1937; Muller, 1942) did not affect the F1 diploid phase, with the

expression of recessive incompatibilities in subsequent generations (F2 or backcrosses)
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preventing cross-species gene flow (e.g., Bierne et al., 2006; Roux et al., 2013). The
effect of DMls is predicted to be stronger in haplodiploid species, where DMl alleles are
predicted to be strongly counterselected in the haploid phase (Nouhaud et al., 2020).
DMI alleles are thought to arise from the independent evolution of allopatric
populations (Orr & Turelli, 2001) and have been shown to evolve rapidly in marine
systems. For instance, marine mussel species experiencing relatively short periods of
geographic isolation (1-2 Ma) can accumulate DMIs quickly (Bierne et al., 2006).
However, a more detailed characterization of the barriers will require additional work,

including cross-experiments and admixture analyses in gametophytes.

Differential introgression

In the absence of evidence for ongoing gene flow, shared polymorphisms may reflect
either the retention of ancestral variation (Clark, 1997) or differential introgression
following secondary contact. The identification of migration-associated SNPs with
alleles shared among sympatric populations and highly differentiated in parapatric
populations provides a powerful framework for distinguishing these processes. Analysis
of these SNPs revealed a long tail of Lineage 2-diagnostic alleles introgressed into
Lineage 1, suggesting that secondary introgression, rather than ancestral
polymorphism, accounts for this pattern. Additional support came from the geographic
structure of the introgression: it occurred at high frequencies in western populations,

shifted progressively to heterozygous genotypes in southern populations, and
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remained at low frequency or even disappeared in eastern populations. Such a
geographic and genetic cline of introgressed alleles has been observed in marine
populations resulting from secondary contact (e.g., Roux et al., 2013; Simon et al.,
2021), with several non-mutually exclusive mechanisms, including asymmetric mating
opportunities, hybrid zone movement, or adaptive introgression (Borge et al., 2005;
Whitney et al., 2010; Yang et al., 2018) involved to explain its asymmetric nature. DILS
analyses showed that demographic dynamics may contribute to this pattern, with
Lineage 1 experiencing an approximately seven-fold increase in Ne, compared to a 0.55-
fold reduction for Lineage 2 relative to its ancestor. This demographic dynamic,
differing between lineages, may have caused shifts in population ranges and brought
the expanding lineage into contact with the declining one. As a result, a demographic
wave front of the advancing lineage could have moved into the retreating lineage’s
range, carrying selectively neutral alleles from the retreating lineage forward and
gradually increasing their frequency behind the advancing front. This process is
predicted to produce asymmetrical introgression (Currat et al., 2008). Nonetheless,
caution is warranted when interpreting introgression, as loci assumed to be diagnostic
may lose their diagnostic power when genotypes from a broader geographic context

are considered (e.g., Simon et al., 2021).

In this pioneering genomic investigation of speciation in Hawaiian seaweeds, we show

that lineage differentiation in Amansia glomerata is maintained by strong reproductive
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isolation, which limits ongoing gene flow and allows the persistence of sympatric
populations around O‘ahu. Despite limited knowledge of the species’ biology and the
absence of genomic resources, ddRADseq and de novo assembly provided sufficient
resolution in the genomic landscape to support allopatric divergence and secondary
contact, while revealing signatures of differential introgression. We argue that A.
glomerata represents a promising system for studying speciation, with the Hawaiian
Archipelago offering an exceptional natural setting for such investigations. Future work
will be needed to test the role of ecological differentiation and to determine whether
sympatric populations differ in habitat use or resource specialization. These advances
will require developing refined genomic resources and broader population sampling
across the archipelago, including both ploidy phases. Overall, our study highlights the

substantial potential of marine seaweeds to advance our understanding of speciation.
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Figure Legends

Figure 1. Lineage differentiation across 58,563 SNPs and 174 selected individuals. (A)
Principal Component Analysis (PCA) and (B) individual ancestry coefficients at K = 2
using SNMF. Each point on the PCA represents a single individual, and the colors of the

dots correspond to their SNMF ancestry coefficient (Qa).

Figure 2. Triangle plots, showing the relationship between hybrid index and
interspecific heterozygosity across 1,772 lineage-specific SNPs. (A) Triangle plot
generated with 1,000 simulated hybrid offspring (F1, F2, backcrosses) and (B) observed
genotypes. In panel A, colors indicate the two parental lineages and hybrid classes, as
shown in the legend on the right, while in panel B, colors correspond to the sSNMF

ancestry coefficient (Qa).

Figure 3. (A) Lineage distributions around O‘ahu, with (B) correlations between Fsr and
least-cost distance (km) for Lineage 1 (orange), Lineage 2 (blue), and between

populations of different lineages (gray).

Figure 4. Fine-scale analyses along transect. (A) Distribution of pairwise spatial
distances, distinguishing within- and between-lineage comparisons, and (B)
correlations between spatial distance (m) and genetic distances for Lineage 1 (orange),
Lineage 2 (blue), pairwise comparisons with the F1 hybrid (green), and comparisons

between individuals of different lineages (grey).
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Figure 5. DILS locus-specific models showing a positive correlation between Fsr and Dyy.
Loci are classified as migration-associated and isolation-associated using a posterior

probability threshold of 0.7.

Figure 6. Genomic landscape of differentiation summarized with per-locus distribution
of Fst, net divergence (D.), and the fraction of sites with fixed differences (S¢) using DILS
summary statistics. Panels A-C show the per-locus raw distributions, while panels D-F
distinguish loci classified as isolation (red) or migration (blue) by DILS locus-specific
models. Loci with posterior probability <0.7 were considered ambiguous and are

excluded from panels D-F for clarity.

Figure 7. Genomic signatures of differential introgression across 51 candidate SNPs. (A)
Individual genotypes ordered by lineage and geographic location. (B) Allele frequencies
showing geographic clinal patterns and strong asymmetry from Lineage 2 into Lineage
1. Individual samples are first grouped by lineage (orange = Lineage 1, blue = Lineage 2)
and then by location. Colors indicate genotype classes: orange = homozygote for

Lineage 1, blue = homozygote for Lineage 2, and yellow = heterozygote.
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Table Legends

Table 1. Summary of SNP filtering steps, software, and criteria used to generate the

final dataset.

Table 2. Best demographic models assessed in DILS across five datasets, each consisting

of 1,000 loci randomly sampled without replacement. DILS summary statistics (Da and

Fst) are reported.

Table 3. Parameter estimates from DILS for each dataset, showing the estimated values

and 95% confidence intervals (Cls).

35



Table 1

Step Software Criteria n (samples) SNPs
Initial filtering to retain informative loci in the
. Stacks catalog: loci genotyped in 2 50% of samples
1 ks: | 291 731,2
Stacks: population (--R); maximum heterozygosity per SNP < 50% (-- 9 31,288
Het).
L - 0
) VCFtools and AWK Rem.ov.e sa.mples with h|.gh rTussmg rates up to 80% 296 731,288
(--missing-indv) before filtering SNPs
Building the O‘ahu dataset: SNPs with a call rate >
3 dDocen.t, . . 0.90 within gach region (lpercent._m/ssmg_per_pop) 188 314,319
pop_missing_filter.sh and present in all four O‘ahu regions (E, S, W, N;
number_of pops_for_cutoff).
Keep only sites where the mean depth (DP) is > 10
4 VCFtools (--min-meanDP) and = 100 (--max-meanDP) 188 231,314
Setting maximal individual missingness to <30% (--
5 VCFtools and AWK missing-indv) and minor allele frequency (MAF) 174 99,755
>0.01 (--maf)
LD pruning: r? estimated within lineages, before
6 Plink and AWK excluding SNPs with r2 > 0.3 in the two lineages (-- 174 59,083
indep-pairwise 10 5 0.3)
dDocent Remove SNPs showing significant deviation from
7 filter hV\;e bv 000l HWE (P < 0.01; --hwe) within each lineage in 225% 174 58,563
—nwe_by_pop-p of populations (--cutoff)
Table 2
Dataset Da Fsr General model Submodel M-homo vs M-hetero N-homo vs N-hetero
1 0.013 0.49 Migration (0.97) SC (0.76) M-hetero (0.91) N-hetero (0.74)
2 0.014 0.5 Migration (0.97) SC(0.79) M-hetero (0.95) N-hetero (0.77)
3 0.013 0.49 Migration (0.97) SC (0.82) M-hetero (0.96) N-hetero (0.75)
4 0.013 0.49 Migration (0.96) SC (0.76) M-hetero (0.94) N-hetero (0.66)
5 0.014 0.5 Migration (0.95) SC (0.86) M-hetero (0.93) N-hetero (0.87)

The number in brackets represents the posterior probability for each model, ranging from 0 to 1. N-homo/N-het-

ero: heterogeneous or homogenous population effective size. M-homo vs M-hetero: heterogeneous or homoge-

nous migration rate. SC: Secondary Contact.
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Table 3

Dataset Tsplit Tsc M, Mz2->4 NBar1- 2 NBar2-> 1
1 198,(;25651[3.3:],370- 71,195;.’5;82,]114- 33.33.[6245.].26- 2.2;;:;.]48- 916 [648-966] 610 [485-717]
2 124'5;[45.3,[;??8]'500_ 134 [92-173] 12.26 [8.07-16.55] 28'7;:3‘[222]'26- 405 [258-557] 364 [230-513]
3 259,(;7262’[;?]?],440- 8,12?5[(?;?68- 17.524;‘[;.‘?].34- 2.326‘5;181- 973 [916-984] 86 [46-127]
[ omdiie oo BNED R i e
5 138,4:-15801,[;.;)27],575- 2'6];3[;é?29- 17.32]:.L[;.53].62- 3.8;..(!)29.]56- 847 [719-923] 425 [307-564]

Tsplit: Time from the ancestry split (in number of generations), Tsc: Time from secondary contact (in number of
generations), M=, or M,—>1: introgression rate from lineage 1 to 2 or lineage 2 to 1; ngar: the number of barrier

loci detected from lineage 1 to 2 or lineage 2 to 1.
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