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ARTICLE INFO ABSTRACT

Keywords: Seagrasses are higher flowering plants that live entirely in marine environments, with the greatest
Seagrass habitat variation occurring from land to sea. Genetic structure or population differentiation
Ge“e_tic_ diversity history is a hot topic in evolutionary biology, which is of great significance for understanding
:5:3;? speciation. Genetic information is obtained from geographically distributed subpopulations,
Demographic history different subspecies, or strains of the same species using next-generation sequencing techniques.
Conservation Genetic variation is identified by comparison with reference genomes. Genetic diversity is

explored using population structure, principal component analysis (PCA), and phylogenetic re-
lationships. Patterns of population genetic differentiation are elucidated by combining the
isolation by distance (IBD) model, linkage disequilibrium levels, and genetic statistical analysis.
Demographic history is simulated using effective population size, divergence time, and site fre-
quency spectrum (SFS). Through various population genetic analyses, the genetic structure and
historical population dynamics of seagrass can be clarified, and their evolutionary processes can
be further explored at the molecular level to understand how evolutionary processes contributed
to the formation of early ecological species and provide data support for seagrass conservation.

1. Introduction

Characterizing the population history of a species and identifying local adaptations are critical in functional ecology, evolutionary
biology, biological conservation, and agriculture. There has been a proliferation of genomic studies elucidating population evolution
over the last decade [1], including understanding migration and adaptation [2], the origin of domesticated species [3], and the genetic
basis of local adaptation [4].

Speciation is an ongoing process, and understanding it is one of the main goals of evolutionary biology. The effect of evolutionary
processes on population genetic diversity to drive differentiation and ultimately species formation, has been a hot topic [5-8]. The
“neutral theory” of molecular evolution holds that most polymorphisms within species are in mutation-drift equilibrium, and that
differentiation is not the result of adaptation [9,10]. Based on population structure, the identification of genome-wide variation loci to
indicate the impact of natural selection on specific loci can contribute to a better understanding of polymorphism and adaptation [11,
12].

Population genetics studies initially focused on model organisms and less on natural populations with complex life histories.
However, many key questions in ecology and evolutionary biology cannot be addressed using model organisms alone. Recent advances
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in computational biology, genomics, and phylogenetics have made it possible to study the genetic evolution of non-model systems
[13]. Using next-generation sequencing techniques, genetic heterogeneity has been identified in several biological species, enriching
the study of speciation and divergence, such as higher plants [1,8,14], insects [15], fishes [16,17], mammals [18], shellfish [19], and
birds [20,21].

To date, most plant species do not conform to the population statistical assumptions of standard equilibrium neutral models and
deviations from neutral expectations are relatively common [11]. Analyzing highly divergent genomic regions and exploring how
selection drives speciation have been a hot spot in speciation and population evolution studies [8,16]. Selection can lead to changes in
traits and related genes that affect the relative fitness of individuals and the differences between populations, which in turn drive
speciation [22]. Recent population genomics studies have shown that selective traits have existed during the evolution of many species
[23,24] and that genomic landscapes are largely influenced by natural selection [5]. The development of high-throughput sequencing
technologies has facilitated the generation of genome-wide data for a wide range of species, which can help distinguish between
neutral processes and selective features. Population genomics provides methods to better integrate selection into population history.

Seagrasses, composed of 60 monocotyledonous angiosperms, are the only flowering plants that live entirely in a marine envi-
ronment [25-27] and play an important ecological role in coastal ecosystems [28,29]. The “return to the ocean” is one of the biggest
changes in the habitat of vascular plants, and ecologists and evolutionary biologists are increasingly interested in the ecological and
evolutionary significance of seagrasses. On an evolutionary scale, genetic diversity provides the basis for adaptive evolution, enabling
populations to respond to their environment [30]. Maintaining genetic diversity to support adaptation is particularly important in light
of increased environmental pressures such as rapid climate change and habitat loss or fragmentation [31]. With the development of
next-generation sequencing technology, the global evolution of seagrass populations has been studied extensively. For example, ge-
netic analysis based on eight microsatellite markers assessed the genetic and physical connectivity of Zostera Noltei population,
enhancing our understanding of the population dynamics of important coastal base species [32].

Studies on the population genetic diversity and systematic geographic relationships of 32 Thalassia Testudinum samples from the
Caribbean and Gulf of Mexico have shed light on its evolutionary and ecological history [33]. A 5-12 year resampling of Zostera marina
from Bodega Bay, San Francisco, and coastal Bays in Virginia to determine the genetic diversity and structural variation within and
among meadows [34] showed that neither diversity nor differentiation has changed over time. A 10-year survey of genetic structure
and diversity could provide an accurate description of populations and increase the utility of published genetic data for the restoration
and design of protected area networks.

Oceans cover 71% of the world’s surface area, and the conservation of marine biodiversity has become one of the United Nations
Sustainable Development Goals [35]. Genetic diversity provides the basis for adaptive evolution and underpins ecosystem resilience
and function [36,37]. In recent decades, global seagrasses have declined dramatically and their degradation rate has accelerated owing
to climate change and anthropogenic factors [38-40]. Studies have shown that increasing genetic diversity can promote the resilience
and productivity of seagrasses [37]. Population genetic results from Zostera marina in the Channel Islands and adjacent coastal areas of
California suggest that seagrass restoration and transplantation must identify species populations and consider the degree of genetic
and genotypic variation in candidate donor populations [41]. Studies on the genetic patterns of hydrodynamically related populations
of Thalassia Hemprichii widely distributed in the Western Indian Ocean, have also been used to improve seagrass management in the
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Fig. 1. Typical research ideas for studying the evolution of higher plant populations.
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region to maintain healthy seagrass populations [42]. The clonal diversity, fine spatial genetic structure, and flowering yield of Enhalus
acoroides, which is widely distributed on the eastern coast of Hainan Island, China, were evaluated for population conservation and
restoration [43]. The genetic diversity of Z. marina, widely distributed in the Shandong Peninsula, China, was found to be different at
each site owing to different population distributions and sampling ranges, which raised new thoughts on local population conservation
[44,45]. Information on the genetic structure and variation of seagrasses can provide important data for coastal management [42]. It
also plays a significant role in the successful transplantation and reconstruction of seagrasses [37].

Therefore, more details on the speciation history and comparisons between lineages with different degrees of divergence and
geographical distributions are required to infer the population adaptation of seagrasses [8]. Exploring the relationships between
different evolutionary clades of seagrasses will help clarify their origin [46] and reveal the evolutionary mechanisms underlying the
transition of seagrass from land to sea [47,48].

2. Materials and methods

Seagrasses form different subspecies or subpopulations under different survival conditions due to natural selection, genetic drift,
and other factors. To parse these processes and infer the evolutionary mechanisms by which populations adapt to radiation [49],
detailed information on the speciation history and comparisons between lineages with different degrees of divergence and
geographical distribution is required [8]. Understanding the correlations and genetic structure within and among populations is an
important starting point for inferring selection or demographic history. The population evolution of seagrasses relies on research
methods of terrestrial higher plants (Fig. 1).

(1) CASE 1: Wang et al. used whole-genome resequencing data from 517 Arabidopsis relatives of Bochera stricta to determine the
genetic population and demographic history; combined with population genetic characteristics, three genomic regions with
high 7 exhibited long-term balancing selection. Moreover, Fsr islands that had undergone directional selection were also
identified [8].

(2) CASE 2: Ke et al. analyzed five species of Primulina from Karst limestone habitats and Danxia habitats, with a total of 132
individuals. The results showed that gene flow and linkage selection influenced the genome-wide variation landscape, and
identified several gene islands affected by the divergent sorting of ancient polymorphisms involved in the speciation of endemic
plants in special soil habitats and their adaptation to specific habitats [1].

2.1. Population sampling, genome sequencing, and single nucleotide polymorphism (SNP) calling

The sampling sites are set according to the distribution locations of the research objects. To maintain genetic diversity, at least 10
samples are randomly selected from each site with a certain distance [50], and the total sample size should not be not less than 30. The
extraction of DNA from samples has been described in previous studies on the physiological ecology of seagrasses [38].

Libraries are prepared for each sample and sequenced on the Illumina platform. Trimmomatic V.0.36 is used to remove read
connector sequences and trim bases [51], and FastUniq is used to remove duplicate reads [52]. Clean reads for each genotype are
compared to the reference genome using BWA V.0.7.15 [53]. The sequences are recalibrated using HaplotypeCaller [54]. GATK V.3.8
was used to filter raw SNP [55]. Genomic variant call format (GVCF) files are generated using HaplotypeCaller for each individual and
are combined and genotyped using CombineGVCFs and GenotypeGVCFs in GATK.

2.2. Population genetic diversity

To clarify the genetic diversity and selection of natural seagrass populations, genotypes and subpopulations should first be
determined, followed by the genetic relationships among populations. Genetic diversity and genome-wide variation are affected by
effective population size and population structure. The three methods used to verify and jointly elucidate the genetic structure and
phylogenetic relationships are population structure analysis, principal component analysis (PCA), and phylogenetic tree construction.

Population structure analysis can be performed using different software packages [1,7] such as Admixture [56], FastSTRUCTURE
[57]1, sNMF [58] and NGSadmix [59]. During the operation, genotypes can be called using GATK with K values and repeated 30 times
for different samples. The AK method is used to determine optimal K value [60]. Ten-fold cross-validation and cross-entropy criteria
are used to evaluate the Admixture and SNMF with different K values.

PCA is mainly performed using EIGENSOFT V.6.0 [61] in PLINK [62]. For each SNPs cluster, the heterozygosity of each individual
is estimated as the ratio of heterozygous to homozygous SNP.

Phylogenetic trees for nuclear data can be constructed using three different methods: a maximum likelihood (ML) tree using an IQ-
tree [63], a neighbor-joining (NJ) tree using bootstrap values of MEGA V.7 [64], and a window-based gene tree using Astral-III [65].

2.3. Linkage disequilibrium (LD)
LD decay is the evolutionary process from LD to linkage equilibrium between loci, and the mean square correlation (%) per SNP pair

is used to represent the LD level of the population, which assists in the analysis of the evolution and selection processes [66]. The LD
decay distance can be used to describe the decay rate [66], and the LD decay expression varies greatly among different subgroups. To
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explore the degree of LD in different subgroups, SNPs with minor allele frequency (MAF) > 0.05 are first extracted and 72 is estimated
using PLINK V.1.90 [67]. The decay of LD with physical distance is estimated using nonlinear regression in equation (1) of Hill and
Weir [68]. The LD in nonoverlapping windows is calculated using Vcftools. The window-LD value is averaged for each biallelic locus in
each window.

2.4. Isolation by distance (IBD)

VEGAN in the R package is used to reorder permutations, and the Mantel test is conducted for the correlation between the genetic
and geographic matrices of the permutations [69]. The intensity of IBD in each population should be quantified. Considering the
problem of uneven sampling, the genotype group pairs are used to calculate the average genetic distance between each group. On this
basis, a weighted linear regression is used to estimate the slope and intercept of the genetic distance to the geographical distance. The
rate of increase in pairwise diversity at a geographical distance can be estimated from the slope of the mean of the pairwise diversity in
each group.

2.5. Demographic history

The dynamics of marine connectivity is complex, and seagrasses undergo significant habitat changes after returning to the ocean.
Detailed information on their evolutionary histories is important for understanding the process of genome differentiation after
speciation. The change in the effective population size over time will be studied. The divergence time and sequence evolution should be
estimated to determine the population dynamics, construct a phylogenetic tree, evaluate the site frequency spectrum (SFS) to model
the demographic history, and select the optimal population statistical model to simulate the population dynamic history of seagrasses.

2.5.1. Effective population size (Ne)
Pairwise sequentially Markovian coalescent (PSMC) is one of the most popular and widely used methods for Ne calculation [70].
SMC++ V.1.15.2 is used to track the change in individual effective population size over time based on non-phase data [71].

2.5.2. Estimation of divergence time

The Markov chain Monte Carlo (MCMC) module in BEAST V.1.8.0 [72] is used to infer phylogenetic relationships and merge dates.
The divergence time is estimated using HKY + G + I and BEAUti. Due to the lack of accurate data records to calibrate the mutation rate,
the generation time and mutation rate () is set based on fossil or related species of target species [73]. The best-fit model for sequence
evolution is jModelTest 2.1.4 [74], and all samples are tested in Tracer V.1.6 to generate the final population trajectories [75]. All the
runs are combined in LogCombiner 1.4.8 [76] and the resulting tree is visualized using FigTree 1.2 [77].

2.5.3. Site frequency spectrum (SFS)

The probability method in ANGSD V.0.919 is used to evaluate SFS [78]. Considering the missing data, downsampling is performed
to reduce errors [19]. Folded SFS is used to reduce bias in determining the ancestral allele status [79]. Population statistical models are
constructed using the coalescence-based simulation method in Fastsimcoal V.2.6.0.3 to infer the demographic history of seagrasses
[79].

2.6. Population-genetic parameters

Identification of differential selection regions or infiltration barrier regions and natural selection characteristics can be achieved
using genetic parameters such as Tajima’s D, Fay and Wu'’s H, Fst [80], dxy [81], da [81]), and nucleotide diversity () [82]. To test the
overall recombination rate (p = 4Nec) for the entire dataset and each population [7], the software package LDhelmet V.1.10, running
with default parameters can be used, and a weighted average should be performed [83]. The impact of effective population size on
estimated p is explained in terms of p/x [7].

2.7. Outlier screening and gene ontology (GO) analysis

We can standardize 7 in every window of each population and define high 7 windows with Z-z > 2 as x islands. According to
formula Z-Fsy = (Fs x Fst")/std-Fsr, Fsy of each window in each paired group is normalized to the Z-score [84]. High Fsr windows with
Z-Fst > 2 are defined as Fsy islands. To examine the functional classes of the overexpressed genes in the islands, GO analysis is per-
formed using TBtools [85] and multiple tests are corrected using Benjamini-Hochberg (B-H) [86]. After B-H correction, GO items with
a false discovery rate (FDR) < 0.05 are considered to be significantly enriched.

3. Results and discussion

As sequencing technologies develop and costs decrease, marine scientists have begun to use genomic technologies to address long-
standing and emerging questions in evolutionary biology, thereby improving their understanding of marine biodiversity and evolution.
To better explore the evolutionary mechanisms of genetic variation and understand the causality among biology, genetics, develop-
mental science, and ecology, current research approaches use a combination of multiple information aggregated statistics [6,13],
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which allows an integrated analysis of demographic history and selection to learn more about the population structure and evolu-
tionary process [6]. It provides a comparative study of lineages with different degrees of divergence and geographical distributions [6].
For example, high-quality genomic information from zebrafish has been increasingly used to study the evolution of the human genome
and for disease diagnosis [87]. RNA-seq has been used to investigate the evolutionary mechanism of Tigriopus californicus [88] and to
reveal the population history dynamics of Nematostella vectensis [89]. Plastid genome studies have provided new insights into the early
origins of green algae [90].

To measure genetic differentiation among subpopulations, genome-wide single-copy nuclear loci can be used to study LD, which
can elucidate the extent of linkage, recombination, and mutation, and determine whether migration-drift equilibrium exists among
populations [66]. Different statistics are used to find the selected loci and identify selection features. Selection can generate highly
differentiated regions and determine the selection process by searching for gene islands and examining the functional classes of
overexpressed genes on the island, which can infer the evolutionary mechanism that affects the genomic landscape.

Genetic heterogeneity among multiple species has been identified using next-generation sequencing technologies [7]. Balanced
selection can result in increased 7 and decreased Fgrin the offspring. Positive and purifying selection favor single dominant alleles and
reduce genetic diversity [91]. With changes in geographical location, selection is more likely to be based on locally adapted alleles in
offspring; that is, regions with strong linkage selection have low recombination rates and a high density of functional loci with peak
diversity and divergence, resulting in increased Fsr but decreased or unchanged dxy [7]. Further predictions of linkage selection
include positive and negative correlations between recombination rate and z/Fsr, respectively, and negative correlations between
n/Fs and genetic density in the selection target region. Because of the stress induced by background selection and periodic selection
gaps, genetic diversity in low-frequency recombination regions decreases, Fsr increases, and dxy remains the same or decreases. The
combination of Fsr and dxy can distinguish linkage selection from other evolutionary processes affecting genomic divergence [6].
Differential selection for gene flow and divergent sorting using ancient polymorphisms can produce genomic regions with elevated Fsr
and dxy. Other processes also produce highly divergent regions. For example, genetic drift can lead to peaks in genetic diversity and
divergence [8]. It is difficult to distinguish population genetic patterns [49], as they are not mutually exclusive and can produce similar
“footprint” across the genome [6].

The diversity and distribution of genetic variation within and among populations can reflect the interaction of complex processes
and thus infer the genetic mechanisms of local adaptation and the adaptive potential of species. In other words, plant adaptation can be
maximized only by identifying variation sites at the gene level, dividing genetic variation, and exploring the impact of natural selection
on population evolution [24].

4. Conclusion and outlook

Whole-genome sequencing is performed in different geographical regions or subpopulations of target species to obtain hundreds of
genotypes that represent a considerable geographical range. With large SNP data, population genetic questions can be solved, such as
identifying selection characteristics and differences in the genome or introgression disorders and determining whether there is a
mutation-drift balance [6,13]. Synthetic analysis of effective population size, divergence time, and SFS evaluation allows model
simulations of demographic history to clarify the molecular nature of speciation, drive the evolutionary mechanism of genetic vari-
ation due to habitat changes, and thus reveal the theoretical genetic basis of population dynamics.

Currently, restoration of seagrasses generally focuses on burying plants underground to maximize coverage and density, with less
attention paid to the preservation and restoration of genetic variation. Genetic structures can reveal the potential mechanisms of
population dynamics and sustainability, and information on genetic diversity and differentiation is crucial for conservation of sea-
grasses conservation. Based on this bioevolutionary information, suitable donor plants and the most vulnerable extinction areas can be
identified as conservation targets [92].

Adaptive evolutionary mechanisms of seagrasses
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Fig. 2. Ideas for studying the evolution of seagrass populations.
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In conclusion, information on the population evolution of seagrasses is essential for conservation of population diversity and
policymaking. Seagrasses, as marine higher plants, can be used to explore the population structure and discuss the evolution of genetic
variation (Fig. 2) on the basis of previous approaches to terrestrial higher plants (Fig. 1), to identify and assess the different processes
that drive evolutionary differences and the formation of genetic variation patterns, which provide a genetic basis and data support for
the conservation of seagrasses, and to further elucidate the adaptation of seagrasses from land to sea.

Author contribution statement

All authors listed have significantly contributed to the development and the writing of this article.
Funding statement

The study was supported by National Natural Science Foundation of China (grant ID: 42076147).
Data availability statement

No data was used for the research described in the article.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

We thank the editor and the anonymous reviewers for their helpful comments.

References

[1] F. Ke, L. Vasseur, H. Yi, et al., Gene flow, linked selection, and divergent sorting of ancient polymorphism shape genomic divergence landscape in a group of
edaphic specialists, Mol. Ecol. 31 (1) (2022) 104-118.
[2] H. Li, R. Durbin, Inference of human population history from individual whole-genome sequences, Nature (London, U. K.) 475 (7357) (2011) 493-496.
[3] E. Axelsson, A. Ratnakumar, M.L. Arendt, et al., The genomic signature of dog domestication reveals adaptation to a starch-rich diet, Nature (London, U. K.) 495
(7441) (2013) 360-364.
[4] C. Roux, M. Pauwels, M.V. Ruggiero, et al., Recent and ancient signature of balancing selection around the S-locus in Arabidopsis halleri and A. lyrata, Mol. Biol.
Evol. 30 (2) (2013) 435-447.
[5] A.D. Kern, M.W. Hahn, The neutral theory in light of natural selection, Mol. Biol. Evol. 35 (6) (2018) 1366-1371.
[6] J.B. Wolf, H. Ellegren, Making sense of genomic islands of differentiation in light of speciation, Nat. Rev. Genet. 18 (2) (2017) 87-100.
[7] J. Wang, N.R. Street, D.G. Scofield, P.K. Ingvarsson, Natural selection and recombination rate variation shape nucleotide polymorphism across the genomes of
three related Populus species, For. Genet. 202 (3) (2016) 1185-1200.
[8] B. Wang, J.P. Mojica, N. Perera, C.R. Lee, et al., Ancient polymorphisms contribute to genome-wide variation by long-term balancing selection and divergent
sorting in Boechera stricta, Genome Biol. 20 (1) (2019) 126.
[9] M. Kimura, Evolutionary rate at molecular level, Nature (London, U. K.) 217 (1968) 624-626.
[10] M. Kimura, The Neutral Theory of Molecular Evolution, Cambridge University Press, Cambridge. UK, 1983.
[11]1 T. Mitchell-Olds, J. Schmitt, Genetic mechanisms and evolutionary significance of natural variation in Arabidopsis, Nature (London, U. K.) 441 (2006) 947-952.
[12] W. Yan, B. Wang, E. Chan, T. Mitchell-Olds, Genetic architecture and adaptation of flowering time among environments, New Phytol. 230 (3) (2021)
1214-1227.
[13] Y.X.C. Bourgeois, B.H. Warren, An overview of current population genomics methods for the analysis of whole-genome resequencing data in eukaryotes, Mol.
Ecol. 30 (23) (2021) 6036-6071.
[14] B.F. Zhou, Y. Shi, X.Y. Chen, S. Yuan, Y.Y. Liang, B. Wang, Linked selection, ancient polymorphism, and ecological adaptation shape the genomic landscape of
divergence in Quercus dentata, J. Systemat. Evol. 60 (2022) 1344-1357.
[15] V. Soria-Carrasco, Z. Gompert, A.A. Comeault, et al., Stick insect genomes reveal natural selection’s role in parallel speciation, Science 344 (6185) (2014)
738-742.
[16] F.C. Jones, M.G. Grabherr, Y.F. Chan, et al., The genomic basis of adaptive evolution in threespine sticklebacks, Nature (London, U. K.) 484 (2012) 55-61.
[17] W. Sebastian, S. Sukumaran, S. Abdul Azeez, et al., Genomic investigations provide insights into the mechanisms of resilience to heterogeneous habitats of the
Indian Ocean in a pelagic fish, Sci. Rep. 11 (1) (2021), 20690.
[18] B. Harr, Genomic islands of differentiation between house mouse subspecies, Genome Res. 16 (2006) 730-737.
[19] K. Tony, L.E. Anthony, W. Brendan, et al., A putative structural variant and environmental variation associated with genomic divergence across the Northwest
Atlantic in Atlantic Halibut, ICES J. Mar. Sci. 78 (7) (2021) 2371-2384.
[20] H. Ellegren, L. Smeds, R. Burri, et al., The genomic landscape of species divergence in Ficedula flycatchers, Nature (London, U. K.) 491 (2012) 756-760.
[21] R. Burri, A. Nater, T. Kawakami, et al., Linked selection and recombination rate variation drive the evolution of the genomic landscape of differentiation across
the speciation continuum of Ficedula flycatchers, Genome Res. 25 (11) (2015) 1656-1665.
[22] T.C. Mendelson, R.J. Safran, Speciation by sexual selection: 20 years of progress, Trends Ecol. Evol. 36 (12) (2021) 1153-1163.
[23] J. Wang, N.R. Street, E.J. Park, J. Liu, P.K. Ingvarsson, Evidence for widespread selection in shaping the genomic landscape during speciation of Populus, Mol.
Ecol. 29 (6) (2020) 1120-1136.
[24] D.A. Murphy, E. Elyashiv, G. Amster, G. Sella, Broad-scale variation in human genetic diversity levels is predicted by purifying selection on coding and non-
coding elements, Elife 11 (2022), e76065.
[25] C. den Hartog, J. Kuo, Taxonomy and biogeography of seagrasses, in: Seagrasses: Biology, Ecology and Conservation, Springer, Dordrecht, Netherlands, 2007,
pp. 1-23.
[26] A.K. Fahimipour, M.R. Kardish, J.M. Lang, et al., Global-scale structure of the eelgrass microbiome, Appl. Environ. Microbiol. 83 (12) (2017).


http://refhub.elsevier.com/S2405-8440(23)07439-X/sref1
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref1
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref2
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref3
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref3
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref4
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref4
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref5
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref6
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref7
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref7
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref8
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref8
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref9
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref10
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref11
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref12
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref12
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref13
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref13
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref14
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref14
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref15
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref15
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref16
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref17
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref17
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref18
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref19
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref19
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref20
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref21
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref21
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref22
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref23
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref23
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref24
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref24
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref25
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref25
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref26

W. Yan et al.

[27]

[28]
[29]

[30]
[31]

[32]
[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]

[49]
[50]

[51]
[52]
[53]
[54]

[55]
[56]
[57]
[58]
[59]

[60]

[61]
[62]
[63]

[64]
[65]
[66]
[67]

[68]
[69]
[70]

[71]

[72]
[731]

[74]

[75]
[76]
[77]
[78]

Heliyon 9 (2023) 20231

T.B.H. Reusch, P.R. Schubert, S.M. Marten, et al., Lower Vibrio spp. abundances in Zostera marina leaf canopies suggest a novel ecosystem function for temperate
seagrass beds, Mar. Biol. 168 (2021) 149.

C.M. Duarte, D. Krause-Jensen, Export from seagrass meadows contributes to marine carbon sequestration, Front. Mar. Sci. 4 (2017) 13.

M.J. Heckwolf, A. Peterson, H. Janes, et al., From ecosystems to socio-economic benefits: a systematic review of coastal ecosystem services in the Baltic Sea, Sci.
Total Environ. 755 (2) (2021), 142565.

D.E. Schindler, J.B. Armstrong, T.E. Reed, The portfolio concept in ecology and evolution, Front. Ecol. Environ. 13 (5) (2015) 257-263.

K.L. Wilson, D.P. Tittensor, B. Worm, H.K. Lotze, Incorporating climate change adaptation into marine protected area planning, Global Change Biol. 26 (6)
(2020) 3251-3267.

M. Jahnke, A. Christensen, D. Micu, et al., Patterns and mechanisms of dispersal in a keystone seagrass species, Mar. Environ. Res. 117 (2016) 54-62.

K.J. van Dijk, E. Bricker, B.I. van Tussenbroek, M. Waycott, Range-wide population genetic structure of the Caribbean marine angiosperm Thalassia testudinum,
Ecol. Evol. 8 (18) (2018) 9478-9490.

L.K. Reynolds, J.J. Stachowicz, A.R. Hughes, et al., Temporal stability in patterns of genetic diversity and structure of a marine foundation species (Zostera
marina), Heredity 118 (4) (2017) 404-412.

I0C: United Nations Global Compact, Revised Draft Implementation Plan for the United Nations Decade of Ocean Science for Sustainable Development, 2020.
Paris, https://www.oceandecade.org/resource/108/Version-20-of-the-Ocean-Decade-Implementation-Plan.

A. Raffard, F. Santoul, J. Cucherousset, S. Blanchet, The community and ecosystem consequences of intraspecific diversity: a meta-analysis, Biol. Rev. Camb.
Phil. Soc. 94 (2) (2019) 648-661.

K. DuBois, S.L. Williams, J.J. Stachowicz, Experimental warming enhances effects of eelgrass genetic diversity via temperature induced niche differentiation,
Estuar. Coast 44 (2) (2021) 545-557.

J.L. Olsen, P. Rouzé, B. Verhelst, et al., The genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea, Nature (London, U. K.) 530 (7590)
(2016) 331-335.

T.B.H. Reusch, P.R. Schubert, S.M. Marten, et al., Lower Vibrio spp. abundances in Zostera marina leaf canopies suggest a novel ecosystem function for temperate
seagrass beds, Mar. Biol. 168 (2021) 149.

K. Jiang, H. Gao, X.Y. Chen, Clonal diversity and genetic structure of Enhalus acoroides populations along Hainan Island, China, Chin. J. Appl. Ecol. 29 (2) (2018)
397-402.

J.A. Coyer, K.A. Miller, J.M. Engle, et al., Eelgrass meadows in the California Channel Islands and adjacent coast reveal a mosaic of two species, evidence for
introgression and variable clonality, Ann. Bot. 101 (1) (2008) 73-87.

M. Jahnke, M. Gullstrom, J. Larsson, et al., Population genetic structure and connectivity of the seagrass Thalassia hemprichii in the Western Indian Ocean is
influenced by predominant ocean currents, Ecol. Evol. 9 (16) (2019) 8953-8964.

S. Yu, Y. Wu, E.A. Serrao, et al., Fine-scale genetic structure and flowering output of the seagrass Enhalus acoroides undergoing disturbance, Ecol. Evol. 9 (9)
(2019) 5186-5195.

K. Liu, F.L. Liu, F.J. Wang, et al., Analysis of genetic diversity and structure of Zostera marina populations in Shandong Peninsul, J Shanghai Ocean Univ 22 (3)
(2013) 7.

D.R. Sun, Y. Li, W.T. Li, et al., Gentic diversity in populations of Zostera marina L. inferred from nuclear SSR markers, Acta Hydrobiol. Sin. 37 (1) (2013) 8.
T.G. Ross, C.F. Barrett, M. Soto Gomez, et al., Plastid phylogenomics and molecular evolution of Alismatales, Cladistics 32 (2) (2016) 160-178.

P.M. Delaux, G.V. Radhakrishnan, D. Jayaraman, et al., Algal ancestor of land plants was preadapted for symbiosis, Proc. Natl. Acad. Sci. U.S.A. 112 (43) (2015)
13390-13395.

M. Li, B.J. Baker, K. Anantharaman, et al., Genomic and transcriptomic evidence for scavenging of diverse organic compounds by widespread deep-sea archaea,
Nat. Commun. 6 (2015) 8933.

E. Pennisi, Disputed islands, Science 345 (2014) 611-613.

M. Watanabe, M. Nakaoka, H. Mukai, Seasonal variation in vegetative growth and production of the endemic Japanese seagrass Zostera asiatica: a comparison
with sympatric Zostera marina, Botanica Marina 48 (4) (2005) 266-273.

A.M. Bolger, M. Lohse, B. Usadel, Trimmomatic: a flexible trimmer for Illumina sequence data, Bioinformatics 30 (2014) 2114-2120.

H. Xu, X. Luo, J. Qian, et al., fastuniq: a fast de novo duplicates removal tool for paired short reads, PLoS One 7 (2012), €52249.

H. Li, Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM, arXiv 1303 (2013) 3997.

M.A. DePristo, E. Banks, R. Poplin, et al., A framework for variation discovery and genotyping using next-generation DNA sequencing data, Nat. Genet. 43
(2011) 491-498.

P. Danecek, A. Auton, G. Abecasis, et al., The variant call format and VCFtools, Bioinformatics 27 (2011) 2156-2158.

D.H. Alexander, J. Novembre, K. Lange, Fast model-based estimation of ancestry in unrelated individuals, Genome Res. 19 (2009) 1655-1664.

A. Raj, M. Stephens, J.K. Pritchard, fastSTRUCTURE: variational inference of population structure in large SNP data sets, For. Genet. 197 (2014) 573-589.
E. Frichot, F. Mathieu, T. Trouillon, G. Bouchard, O. Francois, Fast and efficient estimation of individual ancestry coefficients, For. Genet. 196 (2014) 973-983.
L. Skotte, T.S. Korneliussen, A. Albrechtsen, Estimating individual admixture proportions from next generation sequencing data, For. Genet. 195 (2013)
693-702.

G. Evanno, S. Regnaut, J. Goudet, Detecting the number of clusters of individuals using the software STRUCTURE: a simulation study, Mol. Ecol. 14 (2005)
2611-2620.

N. Patterson, A.L. Price, D. Reich, Population structure and eigenanalysis, PLoS Genet. 2 (2006) 2074-2093.

C.C. Chang, C.C. Chow, L.C. Tellier, et al., Second-generation PLINK: rising to the challenge of larger and richer datasets, Giga Sci 4 (2015) s13715-s13742.
L.T. Nguyen, H.A. Schmidt, A. von Haeseler, B.Q. Minh, IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies, Mol.
Biol. Evol. 32 (1) (2015) 268-274.

S. Kumar, G. Stecher, K. Tamura, MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets, Mol. Biol. Evol. 33 (2016) 1870-1874.
C. Zhang, M. Rabiee, E. Sayyari, S. Mirarab, astral-iii, Polynomial time species tree reconstruction from partially resolved gene trees, BMC Bioinf. 19 (2018) 153.
M. Slatkin, Linkage disequilibrium—understanding the evolutionary past and mapping the medical future, Nat. Rev. Genet. 9 (6) (2008) 477-485.

S. Purcell, B. Neale, K. Todd-Brown, et al., PLINK: a tool set for wholegenome association and population-based linkage analyses, Am. J. Hum. Genet. 81 (2007)
559-575.

W.G. Hill, B.S. Weir, Variances and covariances of squared linkage disequilibria in finite populations, Theor. Popul. Biol. 33 (1988) 54-78.

J. Oksanen, F.G. Blanchet, M. Friendly, et al., vegan: community ecology package, R package version (2016), 24-1.

S. Liu, M.M. Hansen, PSMC (pairwise sequentially Markovian coalescent) analysis of RAD (restriction site associated DNA) sequencing data, Mol Ecol Resour 17
(4) (2017) 631-641.

J. Terhorst, J.A. Kamm, Y.S. Song, Robust and scalable inference of population history from hundreds of unphased whole genomes, Nat. Genet. 49 (2017)
303-309.

A.J. Drummond, S.Y. Ho, M.J. Phillips, A. Rambaut, Relaxed phylogenetics and dating with confidence, PLoS Biol. 4 (5) (2006) e88.

S. Ossowski, K. Schneeberger, J.I. Lucas-Lledd, et al., The rate and molecular spectrum of spontaneous mutations in Arabidopsis thaliana, Science 327 (2010)
92-94.

K.E. Galbreath, D.J. Hafner, K.R. Zamudio, When cold is better: climate-driven elevation shifts yield complex patterns of diversification and demography in an
alpine specialist (American pika, Ochotona princeps), Evolution 63 (2009) 2848-2863.

A. Rambaut, A.J. Drummond, Tracer v1.6 (2013). http://tree.bio.ed.ac.uk/software/tracer/.

A.J. Drummond, M.A. Suchard, D. Xie, A. Rambaut, Bayesian phylogenetics with BEAUti and the BEAST 1.7, Mol. Biol. Evol. 29 (2012) 1969-1973.

A. Rambaut, FigTree Version 1.2. Computer Program Available from Website, 2008. http://tree.bio.ed.ac.uk/software/figtree.

T.S. Korneliussen, A. Albrechtsen, R. Nielsen, ANGSD: analysis of next generation sequencing data, BMC Bioinf. 15 (2014) 356.


http://refhub.elsevier.com/S2405-8440(23)07439-X/sref27
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref27
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref28
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref29
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref29
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref30
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref31
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref31
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref32
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref33
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref33
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref34
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref34
https://www.oceandecade.org/resource/108/Version-20-of-the-Ocean-Decade-Implementation-Plan
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref36
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref36
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref37
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref37
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref38
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref38
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref39
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref39
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref40
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref40
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref41
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref41
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref42
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref42
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref43
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref43
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref44
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref44
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref45
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref46
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref47
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref47
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref48
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref48
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref49
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref50
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref50
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref51
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref52
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref53
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref54
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref54
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref55
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref56
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref57
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref58
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref59
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref59
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref60
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref60
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref61
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref62
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref63
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref63
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref64
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref65
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref66
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref67
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref67
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref68
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref69
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref70
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref70
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref71
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref71
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref72
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref73
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref73
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref74
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref74
http://tree.bio.ed.ac.uk/software/tracer/
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref76
http://tree.bio.ed.ac.uk/software/figtree
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref78

W. Yan et al Heliyon 9 (2023) 20231

[79]
[80]
[81]
[82]

[83]
[84]

[85]
[86]

[87]
[88]
[891
[90]

[91]
[92]

L. Excoffier, I. Dupanloup, E. Huerta-Sanchez, et al., Robust demographic inference from genomic and SNP data, PLoS Genet. 9 (2013), e1003905.

B.S. Weir, C.C. Cockerham, Estimating F-statistics for the analysis of population structure, Evolution 38 (1984) 1358-1370.

M. Nei, Molecular Evolutionary Genetics, Columbia University Press, New York, 1987.

M. Roesti, A.P. Hendry, W. Salzburger, D. Berner, Genome divergence during evolutionary diversification as revealed in replicate lake-stream stickleback
population pairs, Mol. Ecol. 21 (12) (2012) 2852-2862.

A.H. Chan, P.A. Jenkins, Y.S. Song, Genome-wide fine-scale recombination rate variation in Drosophila melanogaster, PLoS Genet. 8 (2012), e1003090.

F. Han, S. Lamichhaney, B.R. Grant, et al., Gene flow, ancient polymorphism, and ecological adaptation shape the genomic landscape of divergence among
Darwin’s finches, Genome Res. 27 (2017) 1004-1015.

C. Chen, H. Chen, Y. Zhang, et al., TBtools: an integrative toolkit developed for interactive analyses of big biological data, Mol. Plant 13 (8) (2020) 1194-1202.
Y. Benjamini, Y. Hochberg, Controlling the false discovery rate: a practical and powerful approach to multiple testing, J. Roy. Stat. Soc. B 57 (1) (1995)
289-300.

N. Facchinello, M. Astone, M. Audano, et al., Oxidative pentose phosphate pathway controls vascular mural cell coverage by regulating extracellular matrix
composition, Nat. Metab. 4 (1) (2022) 123-140.

F.S. Barreto, E.T. Watson, T.G. Lima, et al., Genomic signatures of mitonuclear coevolution across populations of Tigriopus californicus, Nat Ecol Evol 2 (8) (2018)
1250-1257.

A.M. Reitzel, S. Herrera, M.J. Layden, et al., Going where traditional markers have not gone before: utility of and promise for RAD sequencing in marine
invertebrate phylogeography and population genomics, Mol. Ecol. 22 (2013) 2953-2970.

F. Leliaert, A. Tronholm, C. Lemieux, et al., Chloroplast phylogenomic analyses reveal the deepest-branching lineage of the Chlorophyta, Palmophyllophyceae
class. nov, Sci. Rep. 6 (2016), 25367.

H. Ellegren, N. Galtier, Determinants of genetic diversity, Nat. Rev. Genet. 17 (2016) 422-433.

M. Jahnke, P.O. Moksnes, J.L. Olsen, et al., Integrating genetics, biophysical, and demographic insights identifies critical sites for seagrass conservation, Ecol.
Appl. 30 (6) (2020), e02121.


http://refhub.elsevier.com/S2405-8440(23)07439-X/sref79
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref80
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref81
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref82
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref82
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref83
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref84
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref84
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref85
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref86
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref86
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref87
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref87
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref88
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref88
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref89
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref89
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref90
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref90
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref91
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref92
http://refhub.elsevier.com/S2405-8440(23)07439-X/sref92

	Population evolution of seagrasses returning to the ocean
	1 Introduction
	2 Materials and methods
	2.1 Population sampling, genome sequencing, and single nucleotide polymorphism (SNP) calling
	2.2 Population genetic diversity
	2.3 Linkage disequilibrium (LD)
	2.4 Isolation by distance (IBD)
	2.5 Demographic history
	2.5.1 Effective population size (Ne)
	2.5.2 Estimation of divergence time
	2.5.3 Site frequency spectrum (SFS)

	2.6 Population-genetic parameters
	2.7 Outlier screening and gene ontology (GO) analysis

	3 Results and discussion
	4 Conclusion and outlook
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of competing interest
	Acknowledgements
	References


