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ABSTRACT 
 

The intensification of seawater warming and the co-occurrence of different anthropogenic 

stressors are threatening coastal marine habitats, including seagrasses which form a unique 

group of marine plants supporting diverse and productive ecosystems. However, seagrasses 

are declining globally and are one of the most threatened ecosystems on earth. The 

simultaneous presence of sea warming with local pressures can result in antagonistic, additive, 

or synergistic effects depending on their interactions. One of the main concerns of rapid 

environmental shifts is that these changes do not allow species to react swiftly enough in order 

to cope with and survive in the new more stressful environment. Thus, the analysis of the 

degree of phenotypic plasticity could reveal important insights into seagrasses' persistence. 

The main aim of this doctoral research was to investigate the resilience capacity of Posidonia 

oceanica, endemic of the Mediterranean Sea, to environmental changes. Plants’ performances 

were analyzed exploring the effect of local environmental conditions in driving different 

plants' responses to single and multiple stressors. To this end, I previously reviewed the 

concept of phenotypic plasticity suggesting mesocosm experiments and reciprocal transplants 

as useful approaches to assess the phenotypic plasticity that allows discriminating the effect 

of local adaptation and acclimation in plants’ responses to common stress conditions. Starting 

from these considerations, I performed a mesocosm experiment where plants growing in 

oligotrophic (Ol plants) and eutrophic (Eu plants) environments were exposed to single 

(nutrients and temperature increases) and multiple stressors (nutrients combined with 

temperature increases). Plants’ performance was assessed applying an ‘omic approach’, 

exploring physiological and transcriptional responses with the focus on the dynamics of DNA 

methylation during the exposure to stress conditions. Physiological analysis revealed that the 

exposure to nutrients induced the worst effect in the leaf in both Ol and Eu plants while 

antagonistic effects with temperature were found in Eu plants for some parameters. 

Accordingly, the analysis of the whole battery of transcribed genes revealed an organ-specific 

response depending on the plants’ origin and stress exposure. I also aimed to investigate the 

dynamics of DNA methylation selecting key genes and analyzing the global DNA methylation 

levels during the exposure to stresses in both Ol and Eu plants. DNA methylation levels 

changes according to the plants’ origin and environmental stresses, demonstrating that DNA 

methylation changes dynamically with the surrounding environmental conditions contributing 

to the regulation of stress responses in P. oceanica plants. In the framework of designing 

appropriate restoration strategies, approaches to assisted evolution can be implemented. In 
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this thesis, I applied the thermo-priming treatment to P. oceanica seedlings through exposure 

to a simulated warming event. This priming process modifies the phenotypic state of an 

organism favouring phenotypic-plastic adjustments to future environmental stress conditions. 

Primed seedlings performed better during the re-occurring stress event than un-primed ones. 

This possibility provides important implications for restoration and conservation 

management. During the Ph.D. thesis, I also authored a review paper, highlighting the 

importance of the genetic component in seagrass restoration, where the hypotheses and the 

knowledge acquired during the study, were integrated for providing a conceptual framework 

to serve future restoration plans. The integration of studies related to local adaptation and 

acclimation, local environmental disturbances with the analysis of the genetic and epigenetic 

component, should always be considered to select the most appropriate donor site to restore 

degraded habitats, guaranteeing the success of the restoration plan. 
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 INTRODUCTION 

Global and local threats to coastal ecosystems and their interactions 

Coastal marine ecosystems, such as seagrass meadows, mangroves, salt marshes, estuaries, 

coral reefs, and continental shelves, are among the most important of the world for providing 

services and benefits to humans (Fisher et al., 2015). Being in regions where sea, atmosphere, 

and land processes interact, these coastal ecosystems are characterized by high complexity 

and dynamism that render them also among the most threatened habitats, particularly 

vulnerable to global and local pressures (Zhang et al., 2004). In the era of the Anthropocene, 

climate change (e.g. warming) is provoking profound and irreversible changes on coastal 

marine environments at all levels of biological organization (He and Silliman, 2019). 

Globally, the estimates of the increase of mean coastal Sea Surface Temperature (SST) is 

0.17± 0.11 °C/decade with larger increases and more heterogeneous trends than those 

predicted for open oceans (Liao et al., 2015). Human-induced stressors and their 

consequences, including the increase of greenhouse gas concentrations, are worsening the 

impacts of climate changes enhancing atmosphere warming, and the occurrence of extreme 

weather and climatic events such as marine heatwaves (MHWs) (IPCC, 2012). The frequency 

of prolonged periods of anomalously warm seawater (i.e. MHWs) has increased since the 

early twentieth century (Oliver et al., 2018), and their impacts on marine ecosystems are 

driving biodiversity loss especially among habitat-forming species ( e.g. seagrasses, Thomson 

et al. 2015; coral reefs, Hughes et al. 2019; kelp forests, Thomsen et al. 2019). Although 

climate change is considered the major threat to marine ecosystems, its effect on marine biota 

can change according to ongoing local anthropogenic pressures. Globally, most of the 

metropolises with higher population density are located along coastlines, with over 1.2 billion 

people living within 100 km of the coast (Marone et al., 2017). Being so populated, coastal 

habitats are threatened by different kinds of stressors that can interact with each other either 

exuberating or buffering the negative impacts of climate changes. As a result, nearly 97.7% 

of the entire oceans are affected by multiple stressors (Halpern et al., 2015). The intensity of 

these effects varies according to the scale of the stress occurrence (Fig. 1), where densely 

populated areas tend to be affected by more intense stresses, especially for industry-derived 

pollution (e. g. toxic contaminants) and nutrient inputs (e. g. eutrophication) (Breitburg et al., 

2019). In other specific cases, such as after extreme weather events, large rivers can discharge 

enormous amounts of sediments and nutrients to the coastal ocean impacting wide areas, and 

thus the possibility of an interaction between eutrophication and other local factors is more 
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likely to occur (He and Silliman, 2019). Synergistic effects arise when the intensity of the 

impacts of co-occurring stressors is greater than the sum of each single stressor (fig. 1). 

Conversely, when the interaction is antagonistic the cumulative impacts of stressors is reduced 

(Folt et al., 1999). Synergistic interaction between climate change and local human pressures 

is usually linked to the greatest impact on biodiversity and ecosystems, whereas antagonistic 

effects are predicted to enhance resilience capacity to warming reducing the possibility to 

exceed species tolerance ranges (He and Silliman, 2019). However, the interpretation of the 

interactions observed between multiple stressors is even more complicated considering the 

dominant effect that one stressor may have on another which could lead to better explain the 

contribution of single stressors on the observed combined response (Brown et al., 2014; Coté 

et al., 2016). Hence, predicting the effect of multiple stressors on marine environments is a 

complex task that depends on local environmental conditions and pressures. Priorities must 

be given to cumulative impact assessment studies to identify the typology of the stress and 

eventual hotspot areas to warming, which is necessary to predict environmental shifts and 

their consequences in a more realistic future scenario of environmental changes. 

 

Figure 1. Hypothetical scale of different stressors co-occurring at local, regional and global 

areas (left), Modified from Breitburg et al. (2019), and variation in antagonistic, synergistic 

and additive interactions between climate change and local human impacts (right). 

Biology and ecology of marine plants 
 

Seagrasses are marine flowering plants belonging to the polyphyletic group of 

monocotyledonous angiosperms of the order Alismatales which includes 11 families of 

aquatic– freshwater species and four families that are fully marine (Posidoniaceae, 

Zosteraceae, Hydrocharitaceae, and Cymodoceaceae; Les et al. 1997). These marine plants 
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have evolved peculiar adaptation capacities to return to a completely submerged lifestyle in 

marine waters (Den Hartog, 1970). Phylogenetic analysis revealed that seagrasses returned 

into the sea at least three times through their evolution from a common aquatic-freshwater 

ancestor of terrestrial origin (Les et al. 1997). Living in seawater requires peculiar 

morphological adjustments such as a thin cuticle layer in place of stomata, which allows direct 

gasses and nutrients diffusion, and a buried rhizome that anchors the plants to the sediment. 

The rhizomes of one of the largest species (i.e. Posidonia oceanica), together with roots and 

leaf sheath remains form dense mats (Kuo and Den Hartog 2007). Contrary to terrestrial 

plants, in seagrasses epidermis of the leaf blade is the major site for photosynthesis, containing 

high concentrations of chloroplasts, mitochondrial, lipid droplets, dictyosomes, endoplasmic 

reticulum, and microbodies (Kuo and Den Hartog 2007). However, a huge phenotypic 

diversity exists among seagrass species, which is the result of the acclimation to different 

environmental conditions. 

Seagrasses fulfill a series of different ecosystem services, which are fundamental for the 

maintenance of benthic ecosystem functions, and whose benefit extend across the terrestrial 

the marine systems. Seagrass ecosystems are important primary producers and despite they 

occupy only 0.1% of the ocean surface, they have been estimated to store 27–44 Tg organic 

carbon (Corg) year–1 globally, which correspond to 10–18% of the total carbon burial in the 

oceans (Duarte et al., 2005; Fourqurean et al., 2012). Additionally, seagrass beds influence 

numerous biogeochemical processes trapping suspended particles from the water column 

through the leaf canopy. Thus, enriched seagrass sediments with particulate organic matter 

(POM) enhances sediment microbial activity, favouring associated fauna (i.e. macro 

suspension feeders or epibionts) and sustaining marine food webs (Marbà et al. 2007). They 

provide nursery habitats for fish and a diversity of marine organisms (e.g. invertebrates) 

representing one of the most valuable ecosystems on Earth with an estimated value of $1.9 

trillion per annum (Costanza et al., 2014; Waycott et al., 2009). The functional role of 

seagrasses render them as a potential solution to mitigate climate change (Gattuso et al., 2018). 

Besides the species diversity of seagrasses is low (<60 species), they are distributed worldwide 

occupying thousands of kilometers of coastline. Seagrasses are spread across different parts 

of the globe, colonizing tropical and temperate regions, shallow and deep waters (Short et al., 

2007). Most seagrass species exhibit a mixture of reproduction, shifting from clonal growth 

(i.e. vegetative propagation) to sexual reproduction according to different environmental 

conditions. Clonal growth results in a hierarchy of different organizational levels (i.e. ramets) 

that through the vegetative fragmentation allows plants to extend spatially at the expense of 
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genetic diversity, contrary to sexual reproduction that favours the maintenance of high genetic 

diversity through seeds production. The ramet, which represents the most elementary level of 

organization, typically consists in a leaf bundle, a piece of rhizome, and a root bundle 

(Waycott et al. 2006). Several ramets can form physiologically integrated clusters (the second 

organization level), that may comprise up to several hundreds of individuals in some genus 

(e.g. Posidonia). Thus, the sexual individual (i.e. genet) comprises all ramets originated from 

the same zygote (Waycott et al. 2006). In seagrasses, the sexual reproductive system has 

evolved unique structural adaptations for marine submerged pollination and seeds 

development. Once seeds are released, they can float or remain buried into the sediment, and 

generally, their dispersion occurs through winds and marine currents that transport floating 

reproductive fragments or fruits for long distances (Orth et al., 2007). Seedling's establishment 

is one of the most vulnerable life stage of seagrasses that can be affected by different biotic 

and abiotic agents preventing the germination or altering the suitable condition for growing 

(McMahon et al., 2014; Pereda-Briones et al., 2020). Since clonal growth is widely diffused 

among long-lived species (e.g. Posidonia oceanica), it is considered a winner strategy 

allowing species to survive under unfavourable conditions (Honnay and Bossuyt, 2005). The 

success plants clonality is related to unique ecological advantages including resource and risk 

and economies of scale among ramets (Ruocco et al., 2021), all issues that may favour their 

tolerance to environmental changes (Dodd and Douhovnikoff, 2016). However, the rapid 

occurrence of environmental changes is forcing seagrasses to exceed their tolerance ranges 

resulting in a worldwide decline of seagrass meadows (Waycott et al., 2009).   

Posidonia oceanica 
 

Posidonia oceanica (L.) Delile (fig. 2) is endemic of the Mediterranean Sea, where it forms 

wide-spread underwater meadows (Telesca et al., 2015). This species is characterized by long 

persistence genotypes, slow rhizome elongation rates (1–10 cm per year), low genetic 

diversity, and a mixed reproductive strategy (Arnaud-Haond et al., 2012; Procaccini et al., 

2002). Along the Mediterranean coast, P. oceanica colonizes rocky and sandy bottoms where 

it forms extensive monospecific meadows (Procaccini et al. 2002). It ranks amongst the 

slowest-growing and longest-lived plants, with single genotypes that can persist for millennia 

through asexual (clonal) reproduction (Arnaud-Haond et al. 2012). Populations of P. oceanica 

can display high phenotypic plasticity as the result of local adaptation. A clear genetic 

structure was observed among populations distributed along bathymetrical and latitudinal 

gradients where peculiar environmental conditions occur (e.g. light availability) (Dattolo et 
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al., 2017; Jahnke et al., 2015). Despite this intrinsic property has favoured the spread of this 

iconic species across different Mediterranean areas, estimates of P. oceanica extent indicate 

that up to 50% might have been lost in the last 50 years due to rapid environmental changes 

that forced fragmentation of the remaining meadows increasing their vulnerability to further 

stress exposure (Marbà et al., 2014). 

 

 

 

Phenotypic plasticity in a changing environment 
 

Populations of marine clonal plants show high genetic and genotypic variability depending on 

the interplay between clonal and sexual reproduction in addition to latitudinal gradients and 

geographical regions (Bricker et al., 2011; Jahnke et al., 2016). In the era of environmental 

changes, understanding how genotypes interact with the surrounding environment is crucial 

for assessing the degree of phenotypic plasticity. Phenotypic plasticity represents the main 

response to environmental changes, being a property of organisms to produce different 

phenotypes (Kelly et al., 2012). Besides controversies arise in defining phenotypic plasticity 

concept and all related terms, phenotypic variation rising from the interaction of a genotype 

with environmental variations can be defined by its “phenotypic curve” or “reaction norm”, a 

basic and highly useful concept to understand the interrelations among phenotype, genome, 

and environment (Woltereck and WOLTERECK, 1909). The slope of this curve describes the 

degree of plasticity and thus explains how that genotype can be more or less plastic under 

stressful conditions (Schlichting and Pigliucci, 1998). Since global environmental changes are 

occurring too fast, likely preventing appropriate plant responses, displaying plastic proprieties 

Figure 2. P. oceanica adult plants with associated biodiversity. Photo credit: J. Pazzaglia 
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may facilitate seagrass persistence under environmental shifts through their alignment with 

the new conditions (i.e. acclimation) or by increasing their dispersal abilities (i.e. migration). 

Seagrasses display a different degree of phenotypic plasticity. Although phenotypic 

differences are genetically induced, recent evidence suggests that part of these responses is 

also dependent on epigenetic variations, which include all DNA and chromatin modifications 

environmentally induced that do not involve changes in the DNA structure (Bossdorf et al., 

2008; Douhovnikoff and Dodd, 2015). Therefore, the epigenetic modifications resulting from 

environmental cues are not isolated events but are closely-linked processes that affect 

chromatin structure, and hence, DNA organization into the nuclei, regulating and modifying 

gene expression (Holliday, 2006; Kouzarides, 2007). Epigenetic marks can also be inherited 

across generations representing a reflection of lifetime stressor exposures of species (i.e. 

epigenetic memory, Mirbahai and Chipman 2014). In this sense, these mechanisms act as a 

regulatory machine enhancing stress acclimation responses that can be subsequently selected 

and fixed for a rapid adaptation (Douhovnikoff and Dodd, 2015; Richards et al., 2017). 

Investigating how the phenotypic plasticity of seagrasses will affect their responses to 

different stressors is crucial not only to better understand intrinsic mechanisms that may have 

favoured their survival in the past but also to apply appropriate conservation managements to 

ensure their persistence under the ongoing environmental changes. However, it is not even 

clear how to manage these complex tasks, especially in marine clonal plants, giving rise to the 

following question: what are the best methods to approach the study of phenotypic 

plasticity in seagrasses? 

Seagrasses experiencing single and multiple stresses 
 

Climate change and local pressures associated with human activities are threatening seagrass 

meadows that are declining worldwide (Waycott et al., 2009). The environmental conditions 

(i.e. temperature and CO2 concentrations) that seagrasses are currently experiencing are less 

severe than the conditions experienced by their ancestors (Beer and Koch, 1996). However, 

seawater warming and other anthropogenic-induced environmental changes are (co-

)occurring faster than previously, during the evolutionary history of the lineage, and are 

accelerating the rates of regression of seagrass populations. Warming represents one of the 

greatest challenges for the future persistence of seagrasses, as it negatively affects the 

morphology, physiology, and gene expression (Nguyen et al., 2021). Different studies have 

been performed analyzing seagrass responses to a single stress factor, mostly to temperature 

increase (Nguyen et al., 2021). Exposure to high-temperature conditions alters the 
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performance of the photosynthetic apparatus and accelerates plant  respiration, resulting in 

plant carbon imbalances (Collier and Waycott, 2014; Marín-Guirao et al., 2016). High 

temperatures also enhance the production of reactive oxygen species (ROS) that tend to 

accumulate, leading to membrane, proteins, and DNA damages. Since ROS are normally 

produced by plants as a product of the aerobic metabolism and are generated in several cellular 

compartments, mainly in chloroplasts and mitochondria, plants are equipped with antioxidant 

defence systems that involved the expression of specific genes like superoxide dismutase 

(SOD) and ascorbate peroxidase (APX) acting as ROS scavengers (Reusch et al., 2008; 

Winters et al., 2011). Temperature increase also promotes flowering in P. oceanica adult 

plants, which can be interpreted as an escape strategy adopted by plants to track for more 

suitable environmental conditions (Ruiz et al., 2018; Marín-Guirao et al. 2019). While the 

analysis of seagrass’s responses to single stresses is useful to describe the main impacts at 

different organization levels, information on the potential interaction among different 

stressors and the effects on marine plants is needed for describing a more realistic scenario.  

In this context, few studies revealed synergistic interactions when plants are exposed to a 

combination of stressors (Collier et al., 2011; Ontoria et al., 2019; Touchette and Burkholder, 

2000; Villazán et al., 2015). For instance, seagrasses from temperate regions exposed to the 

co-occurrence of nutrients enrichment (i.e. eutrophication) and warming showed higher 

deleterious effects on plant functions (photosynthesis, growth, demographic balance) than 

those caused by the exposure to single stresses, suggesting that the combined effects of 

warming and eutrophication may further impact plant survival (e.g. Cymodocea nodosa, 

Ontoria et al. 2019). When warming and eutrophication are combined with the increased level 

of acidification, the overall plant's response is different, improving nutrients assimilation and 

thus the production of carbon reserves, and buffering the enhanced respiration promoted by 

temperature (Egea et al., 2018; Nguyen et al., 2021). On the contrary, the early life-stage of 

tropical species (e.g. Enhalus acoroides seedlings) showed weak response to the interactions 

among warming and eutrophication, suggesting that the responses to multiple stressors are 

highly species-specific and vary according to the life-stage of the plant. In this context, it is 

worth underlining that different populations of the same species are locally adapted to 

environmental conditions, and respond differently when they are exposed to common stressful 

conditions (Dattolo et al., 2017; Hämmerli and Reusch, 2002; Marín-Guirao et al., 2016). 

Comparative analysis of different seagrass populations revealed a huge variability of 

morphological and physiological responses to stressors (carbon balance, carbohydrates 

content, growth, and mortality), that could be at the basis of a geographical heterogeneity of 
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the potential negative impacts on the functions and services offered by seagrass meadows 

(Marín-Guirao et al., 2018). All these early evidences open the following question: are the 

local pressures and environmental conditions experienced by seagrasses in their home 

environment influencing their response to single and multiple stresses, modifying thus, 

their resilience capacity to global changes? 

Gene expression approaches for studying seagrass stress responses 
 

The assessment of gene expression represents a fundamental tool to describe morphological 

and physiological responses to environmental changes in non-model species. Different 

approaches include the selection of target genes (e.g. RT-qPCR) and transcriptomic analysis 

which can be carried out using different techniques among which the most dominant is 

RNAseq, an high-throughput sequencing technology (Lowe et al., 2017). In seagrasses, these 

approaches were applied mainly to investigate gene expression responses of locally-adapted 

plants exposed to single stresses (Bergmann et al., 2010; Dattolo et al., 2017; Franssen et al., 

2011, 2014; Gu et al., 2012; Marín-Guirao et al., 2016, 2017; Reusch et al., 2008; Winters et 

al., 2011). The transcriptomic response to multiple stressors remains unexplored, and only 

few studies integrate gene expression analysis with morphological and physiological 

measurements (Ceccherelli et al., 2018; Ravaglioli et al., 2017; Ruocco et al., 2019). 

Ravaglioli and colleagues (2017) observed that P. oceanica plants growing close to CO2 vents 

showed different responses when exposed to nutrient loadings. In fact, nutrients additions at 

low pH levels induced the overexpression of nitrate transporters while reduced the expression 

of antioxidant genes. However, since the exposure to both acidification and nutrients additions 

did not exuberate the impacts of plants performances, this interaction was not defined as 

synergistic. By contrast, Ceccherelli et al. (2018) observed synergistic effects of nutrients 

additions and burial treatment on P. oceanica adult plants. Under such conditions, shoot loss 

increased about 60% and different regulation of stress-related genes was suggested to function 

as anticipatory of the immediate seagrass collapse. The absence of interaction among nutrients 

enrichment and herbivory was observed by Ruocco et al. (2018) in a field experiment, where 

the only presence of high herbivore pressure induced the greatest molecular response. 

Additionally, differential regulation of genes involved in carbon fixation and N assimilation 

was also observed in response to pulse nutrient loadings and chronic exposure. These studies 

provided new insights into molecular signatures that regulate physiological and morphological 

responses of seagrasses to multiple stresses. However, most of them investigated only selected 

genes and did not consider the role that local acclimation may play in differentiating the whole 
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transcriptomic response to multiple stresses, giving rise to the following question: how 

seagrasses respond at transcriptomic level when exposed to multiple stresses? 

The evolution of epigenetic regulation under environmental stressors 
 

The term epigenetics was first coined in the context of developmental biology playing a 

crucial role in the differentiation and maintenance of specialized cells (Waddington, 1940). 

The analysis of epigenetics is currently incorporated in ecological studies to investigate 

phenotypic plasticity changes in response to environmental disturbances (Bossdorf et al., 

2008). Part of the organism's epigenetic landscape is genetically determined and depends on 

the activity of enzymes (e.g. MET1, dnmt1 and acetyltransferases) and proteins (e.g. SET-

domains and Trithorax groups) encoded by specific genes that catalyzed epigenetic 

modifications (Suzuki et al., 2017). Together with chromatin conformational modification, 

DNA methylation is one of the most documented epigenetic marks in both plants and animals 

and consists in the addition of a methyl group to the C-5 position of the cytosine (Li et al., 

2018). Particularly, DNA methylation can also be modulated by the surrounding environment 

due to the influence of biotic (e.g pathogens and microbial communities) and abiotic factors 

(e.g temperature, drought, and chemicals; Bossdorf et al. 2008; Feil and Fraga 2012). 

Variation in DNA methylation plays a fundamental role in many biological processes, 

regulating the gene expression, growth, development, and protecting from environmental 

stresses (Kumar, 2017; Zilberman et al., 2006). Stress-induced DNA methylation can be 

reversible and DNA returns to the basal levels once the stress is relieved, which can be 

considered as the first response of an organism under stress promoting short-term acclimation. 

When DNA methylation occurs in specific regions, it can be fixed and inherited across 

generations to function as a “stress memory” (Chinnusamy and Zhu, 2009). Different 

components are involved in the de novo DNA methylation, maintenance, and demethylation 

(i.e. writers, readers and erasers) and a “cross-talk” between DNA and histone marks also 

exists underling the complexity of epigenetic regulation (Holliday, 2006; Kouzarides, 2007; 

Nicholson et al., 2015). Recent findings from terrestrial studies, revealed that DNA 

methylation levels change in response to stressful conditions and higher levels of methylation 

were related to heat-sensitive genotypes compared with the more tolerant ones (Gao et al., 

2014). By contrast, other evidence showed more DNA demethylation events in the heat-

tolerant genotype concerning the sensitive genotype (Akhter et al., 2021). In seagrasses, 

epigenetic mechanisms remain unexplored, and only recently new approaches have been 

performed for a restricted number of species (Z. marina, Jueterbock et al. 2019; P. oceanica, 
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Ruocco et al. 2021; P. oceanica and C. nodosa, Entrambasaguas et al. 2021). What emerge 

from these recently analysis studies is that several epigenetic mechanisms can modulate gene 

expression patterns in seagrasses depending on plant’s origins, and that DNA methylation 

regulates the cellular status of plants and the possibility to memorize stress events with 

important implications for regulating seagrass plasticity under changing conditions. All these 

findings suggest that understanding the evolution of DNA methylation in plants under stress 

could be critical for better exploring not only the potential role of epigenetics in driving gene 

expression regulation but also to investigate the dynamic of epigenetic marks behind the 

appearance of different phenotypic responses. Thus, the further question to be addressed is 

the following: Is DNA-methylation a dynamic process in marine plants influenced by the 

plant’s origin and the timing of the stress occurrence? 

Thermal priming to assist marine plants in a changing environment 
 

Under the ongoing environmental changes, the existing conservation tools such as reducing 

exploitation and restoring degraded habitats, are effective only to some degree as they can be 

compromised by the rapidly changing ocean conditions (Hobbs, 2013; Seastedt et al., 2008). 

Novel applications, like assisted evolution approaches, are now available to implement the 

possibility to survive environmental stresses. In fact, this term refers to all active human 

interventions on organisms that accelerate the rate of natural evolutionary processes 

conferring higher resilience to environmental changes (Jones and Monaco, 2009). Building 

more resistant genotypes can be performed using genome editing manipulations (i.e. CRISPR) 

or through less invasive techniques such as the selection of more tolerant genotypes or priming 

approaches (Jisha et al., 2013). These lasts are value-added techniques widely applied among 

land plants species of commercial interests (Wang et al., 2017). In plant stress biology, 

priming or hardening strategies can be applied to individuals through their exposure to a first 

(mild-)stress event, which confers a priming status, improving their performance under 

subsequent (future) stress conditions (triggering stimulus, Fig. 3, Hilker et al. 2016). These 

processes are based on the capability of plants to store information of the past stress event, 

which is known as stress memory. Recently, new findings revealed that stress memory is 

closely associated with epigenetic regulation (Friedrich et al., 2019; Lämke and Bäurle, 2017). 

Stress-induced epigenetic modifications during the priming stimulus can modify the 

expression of stress-responsive genes that can be maintained mitigating the negative impacts 

of the re-occurring stress event (Chang et al., 2020). This kind of approach is only recently 

applied in seagrasses in one study performed on adult plants of tropical species (Posidonia 

10



australis and Zostera muelleri, Nguyen et al. 2020). Since this study provided new insights 

on the possibility to confer stress memory in seagrasses, applying this approach to early–life 

stages of marine plants could be fundamental for enhancing resilience capacity in younger 

seedlings. Furthermore, this approach could be essential for the possibility of inducing a long-

last stress memory during the adult stage, enhancing the survival chance of marine plants in a 

changing environment. 

 

 

Implications on seagrass restoration strategies 
 

The analysis of seagrass responses to single and multiple stresses, the role that local 

acclimation/adaptation may have on seagrass responses to stress, and the possibility to induce 

a priming status during early-life stages in seagrasses are all crucial aspects to take into 

consideration for developing improved and successful restoration plans. Restoring degraded 

seagrass meadows required a clear and delineated plan, which starts from the analysis of the 

genetic structure of natural populations in order to select the appropriate donor site. Since 

marine plants reproduce mostly via clonal propagation, an initial analysis of genetic and 

genotypic diversity ensures the selection of more diverse populations. This is fundamental as 

Figure 3. Schematic representation of the relationship between fitness and priming of a 

stress response by bacteria, fungi or plants over time. An organism which have experienced a 

prming stimulus shows less severe response to the triggering stimulus in respect to non-

primed organism (from Hilker et al. 2016). 
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seagrass studies had revealed that high genetic diversity enhances stress tolerance, and 

populations showing high genotypic diversity are more likely to include resistant genotypes 

with wider tolerance ranges (Ehlers et al., 2008; Hughes and Stachowicz, 2004; Jahnke et al., 

2015). However, these preliminary considerations and all consequences that can derive from 

the application of inappropriate strategies (e.g genetic pollution) are not always considered in 

seagrass restoration. Since restoration and conservation programs are regulated by national 

laws and international conventions, a central role for the elaboration of a well-organized plan 

requires a constant dialogue among scientists, stakeholders, and policymakers in order to 

identify new opportunities limiting potential risks for the environment (Farber et al., 2006). 

Thus, a comprehensive view of the considerations necessary to perform seagrass restoration 

plans is determinant to merge all scientific, ethical, and legal knowledge for delineating clear 

restoration actions. 
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AIMS OF THE THESIS 
 

My doctoral thesis is a collection of scientific papers that analyzed the responses of different 

life stages of the iconic seagrass species of the Mediterranean Sea, Posidonia oceanica, (i.e. 

adult and seedlings) to stresses. The general objective of the thesis was to explore the 

resilience capacity of P. oceanica to single and multiple stresses. In detail, the effect of 

different abiotic stressors and their combination (temperature, nutrients and temperature + 

nutrients) was assessed in adult plants of P. oceanica species, while the effect of the priming 

treatment induced by only temperature (thermo-priming) was assessed in P. oceanica 

seedlings. Two main experiments have been performed using the indoor mesocosm system 

offered by Stazione Zoologica Anton Dohrn in Naples and the indoor mesocosms facility of 

the Oceanographic Center of Murcia (Spain). Plant responses were assessed at different levels 

of organization, considering morphological, physiological and transcriptomic responses 

focusing also on epigenetic modifications that can be linked to the phenotypic responses 

observed. The thesis is structured in six chapters each of them includes original papers with 

specific aims. 

In Chapter I, I reviewed the concept of phenotypic plasticity and all related terms 

(acclimation and adaptation) to better clarify their meaning and role in the face of 

environmental changes. This allowed me to explore the most recent literature on seagrass 

responses to environmental stressors to analyse and describe pros and cons of different 

techniques and approaches utilized. Thus, the most suitable approaches to explore the role of 

plastic responses in seagrasses under global climate changes and local environmental stressors 

have been suggest.   

In Chapter II, I evaluated if P. oceanica plants undergoing chronic cultural eutrophication 

(Eu, eutrophic site) and plants growing in relatively pristine waters (Ol, oligotrophic site) were 

more (or less) sensitive to heat stress, nutrient load and the combination of both stressors. 

Plants performance were assessed analysing morphological and physiological traits. 

 In Chapter III, starting from previous physiological assessments, I aimed to investigate on 

transcriptome rearrangements occurring in different organs (leaf and shoot-apical meristem) 

of P. oceanica plants with a different history of nutrient loads and exposed to single and 

multiple stressors. I first screened transcriptomic profiles of both plants and organs to explore 

differential genes regulation according to plant’s origin and the exposure to single and 

multiple stresses. Then, I focused on biological processes activated under different 

experimental conditions exploring the potential of epigenetics in regulating stress responses 
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to stresses. I assessed the dynamics DNA methylation of selected genes in Chapter IV, where 

key genes involved in the DNA methylation in plants were investigated during the exposure 

to stressful conditions in both Ol and Eu plants, from the initial exposure to single and multiple 

stressors to the end of the experiment.  

In Chapter V, I aimed to explore if primed seedlings of P. oceanica were more tolerant under 

the short-term re-occurrence of a thermal-stress event. To achieve that, the thermo-priming 

stimulus was induced on P. oceanica seedlings, and the induction of the priming status was 

assessed by analyzing the photo-physiological and growth performance of primed and non-

primed seedlings, as well as their gene expression responses of a selected set of genes (i.e. 

stress-, photosynthesis- and epigenetics-related genes) during their exposure to extreme high 

temperature.  

In Chapter VI, I explained the relevance of seagrass studies related to phenotypic plasticity, 

local adaptation, exposure to multiple stressors and the application of novel techniques 

knowns as assisted evolution approaches that on the success of seagrass restoration 

managements.  
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Abstract
Coastal oceans are particularly affected by rapid and extreme environmental changes 
with dramatic consequences for the entire ecosystem. Seagrasses are key ecosystem 
engineering or foundation species supporting diverse and productive ecosystems 
along the coastline that are particularly susceptible to fast environmental changes. In 
this context, the analysis of phenotypic plasticity could reveal important insights into 
seagrasses persistence, as it represents an individual property that allows species’ 
phenotypes to accommodate and react to fast environmental changes and stress. 
Many studies have provided different definitions of plasticity and related processes 
(acclimation and adaptation) resulting in a variety of associated terminology. Here, 
we review different ways to define phenotypic plasticity with particular reference 
to seagrass responses to single and multiple stressors. We relate plasticity to the 
shape of reaction norms, resulting from genotype by environment interactions, and 
examine its role in the presence of environmental shifts. The potential role of genetic 
and epigenetic changes in underlying seagrasses plasticity in face of environmental 
changes is also discussed. Different approaches aimed to assess local acclimation and 
adaptation in seagrasses are explored, explaining strengths and weaknesses based 
on the main results obtained from the most recent literature. We conclude that the 
implemented experimental approaches, whether performed with controlled or field 
experiments, provide new insights to explore the basis of plasticity in seagrasses. 
However, an improvement of molecular analysis and the application of multi-factorial 
experiments are required to better explore genetic and epigenetic adjustments to 
rapid environmental shifts. These considerations revealed the potential for selecting 
the best phenotypes to promote assisted evolution with fundamental implications on 
restoration and preservation efforts.

K E Y W O R D S

acclimation, adaptation, genetic diversity, global changes, phenotypic plasticity, reaction 
norm, seagrasses
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1  | INTRODUC TION

In the context of global environmental changes, studying the 
ability of species to cope with environmental shifts is fundamen-
tal for predicting their fate. The possibility to rapidly respond 
to environmental changes is exacerbated by the occurrences 
of different human pressures, which can have critical effects at 
the ecosystem level, forcing ecological systems into an alterna-
tive stable state (Beisner et al., 2003; Harley et al., 2006). The 
marine coastline is particularly vulnerable to environmental dis-
turbances, such as sea level rise, acidification, increase of tem-
perature, and intensity of heat waves events and storms (IPCC, 
2019). Additionally, climate-derived environmental changes and 
their consequences on habitats can potentially be intensified by 
regional anthropogenic pressures, including overfishing and nu-
trient pollution among others (Chaturvedi et al., 2017; Zaneveld 
et al., 2016). The resulted exposure to multiple stressors forces 
coastal marine environments to drastic changes as a consequence 
of the alteration of species biodiversity, distribution, and ecosys-
tem functioning (Gunderson et al., 2016). Importantly, rapid and 
extreme environmental changes strongly affect the performance 
of foundation species (i.e., species with a structural role within 
an ecosystem) altering the resilience capacity (i.e., the ability to 
recover and continue functioning after a disturbance) of the en-
tire ecosystem (Thrush et al., 2009). The degree of the ecosystem 
transition into different states strongly depends upon the founda-
tion species’ tolerance and resistance to environmental variability 
or disturbances (Scheffer & Carpenter, 2003). These abilities, in 
turn, rely on different physiological and molecular mechanisms 
that drive individual or population responses in the presence of 
relatively rapid environmental changes (Sih et al., 2011; Summers 
et al., 2012; York et al., 2013). One of the main concerns of rapid 
shifts is that these changes do not allow species to react swiftly 
enough in order to cope with and survive in the new more stressful 
environment. Analyzing how species traits change with the envi-
ronment becomes thus of crucial importance.

Among higher plants, seagrasses are the only group that has 
returned to a completely submerged marine life (Shepherd et al., 
1989). Although fossil evidence for marine plants is limited, some 
records indicate that seagrass’ ancestors likely evolved more than 
100  Ma ago in the Cretaceous Period, whereas modern seagrass 
families beginning to diverge more than 70  Ma ago (Hedges & 
Kumar, 2009). Seagrasses are a polyphyletic group of monocot-
yledons, belonging to the order of Alismatales which includes 11 
families of aquatic–freshwater species and four families that are 
fully marine (Posidoniaceae, Zosteraceae, Hydrocharitaceae, and 
Cymodoceaceae; Les et al., 1997). Among the hundreds of thousand 
species of angiosperms today, there are currently only 12 genera 
and ca. 65 species of seagrasses (Chase et al., 2016). Seagrasses 
are widely recognized as key ecosystem engineering or foundation 
species, supporting diverse and productive ecosystems in the pho-
tic zone of the marine coastline around all the continents except 
Antarctica (Bos et al., 2007). These marine plants fulfill a series of 

important ecosystem services worldwide, including oxygen produc-
tion and CO2 sequestration (Champenois & Borges, 2019; Duarte 
& Krause-Jensen, 2017). Although they occupy only 0.1% of the 
ocean surface, it is estimated that seagrasses can store 27–44  Tg 
organic carbon (Corg) year−1 globally, corresponding to the 10–18% 
of the total carbon stock in the oceans (Fourqurean et al., 2012). 
As in terrestrial plants, where clonal species are the most abundant 
members among perennial grasslands (Klimeš et al., 1997), sea-
grasses are also mostly herbaceous even if stiff and hard stems and 
rhizomes occur in some families (e.g., Posidoniaceae). A huge vari-
ability exists among seagrasses, ranging from species characterized 
by short-lived shoots, with a quicker cycle of growth and death of 
shoots (i.e., Cymodoceaceae), to slow-growing and long-lived plants 
(i.e., Posidoniaceae) (Larkum et al., 2006). Seagrasses often exhibit a 
mix of sexual and clonal reproduction that has been a crucial aspect 
of their evolutionary history. Seagrass meadows show high-genetic 
variability depending on the interplay between sexual reproduc-
tion and clonal growth and by latitudinal and geographical regions 
(Bricker et al., 2011; Jahnke et al., 2016). As for terrestrial plants, 
seed dispersal is critical for population distribution, contributing to 
the maintenance of genetic diversity and the shaping of spatial ge-
netic structure (Kendrick et al., 2012). Theory predicts that the lack 
of genetic variation leads to the accumulation of deleterious muta-
tions that negatively affect plants’ persistence under environmental 
shifts (Silvertown, 2008). However, sexual reproduction has a draw-
back, since it is a costly energetic process that requires resource al-
location and depends on surrounding conditions (Diaz-Almela et al., 
2006).

In seagrasses, vegetative (= clonal) reproduction occurs through 
rhizome extension and branching in space, leading to the formation 
of extensive underwater meadows (Larkum et al., 2006). The success 
of clonal propagation is related to different and unique ecological 
advantages, such as resource and risk sharing, and economies of 
scale among ramets within a genotype (Dodd & Douhovnikoff, 2016; 
Ruocco et al., 2020). Thus, clonal plants appear to be more resistant 
than plants lacking clonal reproduction and are likely more buffered 
against habitat deterioration (Pennings & Callaway, 2000). This ca-
pacity has allowed clonal plants to colonize diverse terrestrial and 
marine ecosystems, and include many of the most important crops 
and invasive plants, and some of the earth's largest and oldest plant 
species (Honnay & Bossuyt, 2005; Pan & Price, 2002).

Seagrass meadows are particularly susceptible to environmen-
tal changes. They are exposed to the effects of single and multiple 
stressors, due to local and global threats, including changes of en-
vironmental parameters (i.e., light and salinity levels) and nutrient 
condition of the water column (Moreno-Marín et al., 2018; Pereda-
Briones et al., 2019; Salo & Pedersen, 2014). The intensifying de-
struction of the marine environment is promoting a huge decline 
of seagrass meadows with knock-on effects for the entire coastal 
benthic ecosystem (Boudouresque et al., 2009; Gacia et al., 1999). A 
complete analysis performed by Waycott et al. (2009) revealed that 
seagrass loss rates have increased to 7% year−1 since 1990, placing 
seagrasses among the most threatened ecosystems on earth.
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How marine clonal plants with low-genetic recombination have 
been able to survive to past environmental changes and which are 
the main implications for current and future environmental shifts are 
still to be clarified and becomes mandatory for assessing their fate 
and adopting proactive management actions. An aspect that has to 
be considered is the longevity that characterizes genets in some spe-
cies (Arnaud-Haond et al., 2012; Ruggiero et al., 2002). This points 
to an intrinsic ability of single genotypes, including mostly clonal 
populations, to survive and persist across environmental changes 
(Arnaud-Haond et al., 2012; Ruggiero et al., 2002). Plastic responses 
represent an individual property that allow genotypes to accommo-
date and react to fast environmental changes (Donelson et al., 2019). 
According to the climate variability hypothesis, seagrass populations 
living in more dynamic environments and/or at their tolerance lim-
its (e.g., lagoons characterized by unstable salinity or temperature 
conditions) may better perform in face of environmental changes 
(Ashander et al., 2016; Botero et al., 2015; Chevin & Hoffmann, 
2017; Tomasello et al., 2009). Thus, organisms growing in highly vari-
able environments are more plastic (tolerant) than organisms from 
more stable environments (Tuya et al., 2019).

Although environmental cues trigger phenotypic differences, 
the ability to respond is genetically based. Recent evidence sug-
gests that part of this capacity is also due to epigenetic variations 
(Douhovnikoff & Dodd, 2015) or to somatic mutations that have 
been shown to segregate among ramets (Yu et al., 2020; see Box 
1; Figure 1). If the latter is true, plasticity may interact with “hard-
wired” genetic changes that thus far have been neglected.

Here, we focus on marine angiosperms (aka seagrasses) and de-
scribe the concept of phenotypic plasticity and its role in the face 
of rapid environmental changes as a potential way to overcome fu-
ture environmental shifts. To do that, we focussed in particular on 
the most recent literature on seagrass responses to environmental 
stressors that has been critically analyzed also underlining the pros 
and cons of the technical approaches utilized. As an outlook, we 

suggest the most suitable approaches to analyze the role of plastic 
responses in seagrasses under global climate changes and local envi-
ronmental stressors. A glossary of more specific terms utilized in this 
review is given in Table S1.

2  | THE CONCEPT OF PH ENOT YPIC 
PL A S TICIT Y

The concept of “phenotypic plasticity” was applied for the first time 
by Nilsson-Ehle (1914) in a case study of plant’ phenotypic changes 
resulting from different environments. Since then, the term itself 
evolved according to the development of new studies that docu-
ment changes in environmental conditions, moving the scientific 
interest on organismal responses to environmental shifts. Not sur-
prisingly, a broad literature defined concepts related to plasticity in 
plants during recent years. Different ways to define plasticity have 
been utilized, along with a variety of associated terms and more spe-
cific terminology (Kelly et al., 2012). Plasticity was also described 
with philosophical significance, as the ‘plastic nature’ of organisms 
or ‘plastic properties’ inherent to life. According to West-Eberhard 
(1989), phenotypic plasticity can be defined as the ability of an or-
ganism to produce different phenotypes when it is exposed to dif-
ferent biotic and abiotic environmental conditions. In other words, a 
single genotype has the possibility to adjust its response to environ-
mental changes, modifying its phenotypic state in terms of chem-
istry, physiology, morphology, and gene expression. The exposure 
to environmental variations enhances the development of different 
phenotypes (i.e. phenotypic plasticity) within and among individuals 
of the same population. The window of phenotype changes of a gen-
otype along environmental variations defines its “phenotypic curve” 
or “reaction norm”, a basic and highly useful concept to understand 
the interrelations among phenotype, genome, and environment 
(Woltereck & Woltereck, 1909). Importantly, the reaction norm it-
self is under genetic control (Schlichting & Pigliucci, 1998) and can 
be defined as a function that relates the environment with the 
phenotype resulting from a particular genotype across an environ-
mental gradient. This function can take any shape, and for continu-
ously distributed traits, such as many physiological, morphological, 
and life-history traits, it is typically visualized as a line or curve on 
a plot of the environment vs the phenotype (Gabriel & Lynch, 1992; 
Schlichting & Pigliucci, 1998). Evidently, deciphering more complex 
threshold/saturation type responses requires more than two meas-
urements of the environment. Being a property of the reaction norm 
of single genotypes, plasticity is described by comparing the slope 
of the phenotype curve with the mean phenotypic value resulting 
from the external conditions. Consequently, the greater the slope of 
the curve, the more it deviates from the mean phenotypic value and 
the more the phenotype is plastic (Figure 1). Assessing the genetic 
basis of the reaction norm slope (i.e., phenotypic plasticity) is funda-
mental to explore the genotype–environment relation. In this regard, 
the genetic variation of a genotype is displayed by the “height” of 
the reaction norm plot. Thus, genotypes differing in terms of heights 

F I G U R E  1   Schematic representation of plasticity resulting from 
the interaction of linear reaction norms and environments (line 
slopes). Black and green solid lines refer to different genotypes 
characterized by genetic variation (line heights); dashed lines refer 
to the mean phenotypic value across environments (A and B) (from 
Schlichting & Pigliucci, 1998, modified)
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(genetic variation) and slopes (degree of plasticity) of their reaction 
norms are more likely to evolve (see next paragraph, Pigliucci, 2001; 
Schlichting & Pigliucci, 1998). Another important issue is that the 
shape of the reaction norm can be the result of a different organis-
mal response along the biological hierarchy. Responses at the gene 
expression level, for example, may be plastic, that is, exhibit a strong 
slope when stress genes (HSPs) are activated (e.g., in seagrasses: 
Bergmann et al., 2010; Traboni et al., 2018). At the higher organiza-
tional level, however, this results in the maintenance or resilience of 
organismal function, for example photosynthesis, so essentially in a 
flat reaction norm with increasing stress (as in a generalist response) 
(Reusch, 2014).

In general, the analysis of processes involved in phenotypic 
plasticity and the possibility that such plastic responses might or 
might not be adaptive is complex. Currently, phenotypic plasticity 
is not unequivocally defined in seagrasses, and the approaches to 
assess the adaptive potential of phenotypic plasticity have not been 

standardized. Long-life cycles and slow growth, which characterize 
most of the seagrass species, impede manipulative experiments and 
trans-generation assessments. Additionally, advanced genetic tools, 
such as recombinant technologies (e.g., CRISP), are currently un-
available for all seagrass species and a complete sequenced genome 
is only available for two species, that is, Zostera marina (Olsen et al., 
2016) and Z. muelleri (Lee et al., 2016).

3  | THE GENETIC COMPONENT OF 
PHENOT YPIC PL A STICIT Y

Seagrass populations can be more resilient or resistant to environ-
mental changes as the expression of individual or population plastic-
ity. In general, the process can be addressed at two different but 
interconnected levels: genetic diversity displayed among genets, and 
number and distribution of genets at a particular location that can 

BOX 1 Linking genetics to epigenetics

The term epigenetics refers to all DNA and chromatin changes that can be inherited by the next generations and that do not involve 
changes in the DNA sequence (Bossdorf et al., 2008). These intrinsic mechanisms include methylation of cytosine residues, chroma-
tin structure changes through chemical modifications of histone proteins, and a possible “crosstalk” between modifications at differ-
ent levels (Holliday, 2006; Kouzarides, 2007). Overall, these modifications can be environmentally induced, promoting phenotypic 
plasticity through gene regulation and its heritability (epigenetic plasticity) (Feil & Fraga, 2012; Verhoeven et al., 2016). Since epige-
netic marks can promote down- and up-regulation of genes that can also be inherited to next generations, epigenetic alterations 
could be referred to as a regulatory machine, firstly for the acclimation response, and then through the fixation of that “epigenetic 
acclimation”, for a rapid adaptation (Dodd & Douhovnikoff, 2016; Richards et al., 2017). In this context, epigenetics could be the 
link between genetic diversity, phenotypic plasticity and the environment (Zhang et al., 2013). Another relevant issue in epigenetic 
mechanisms is related to the inheritance of histone modifications, as the possibility in plants to “remember” past stress events. This 
is already demonstrated for terrestrial clonal plants (Latzel et al., 2016; Verhoeven et al., 2016). Therefore, one of the most important 
epigenetic contributions in individual plasticity is the possibility to pass specific environmental information to the next generations 
and to regulate fast responses to ongoing environmental perturbations. This “learning process” could contribute to the accumula-
tion of memory mechanisms, altering plant–environmental interactions in future generations. The epigenetic memory as plastic 
behavior seems to be partially responsible also for rapid phenotypic adjustments following fast environmental changes (Dodd & 
Douhovnikoff, 2016). For instance, Arabidopsis thaliana showed that a single genotype can display different epigenetic states, mean-
ing that probably a widely epigenetic variation takes place between different ramets as a result not only of environmental conditions 
but also of the connection that exists among phenotypes, environment, and progenitors (Johannes et al., 2009). Recently, evidence 
about epigenetic mosaics within a genotype has been also shown in marine clonal plants, where epigenetics has been suggested 
as a key molecular mechanism enhancing phenotypic plasticity conferring thermal tolerance and the evolution of (pre-) adaptive 
strategies (Marín-Guirao et al., 2017, 2019). In particular, a case study performed on a clonal meadow of Zostera marina described 
epigenetics as the potential advantage to enhance beneficial phenotypic variations under environmental stressors without costs of 
clonal reproduction (Jueterbock et al., 2020). In seagrasses, new evidence pointed out the appearance of more tolerant phenotypes 
to contrast fast environmental shifts as a mechanism regulated by epigenetic rearrangement that occurs through genetic regulation 
(Jueterbock et al., 2020). Thus, the activation/inactivation of this regulatory machinery is strongly dependent on the environment 
triggering the existence of a stress memory with important implications for seagrasses exposed to future factors of stress (Nguyen 
et al., 2020). In Posidonia oceanica, differences in global DNA methylation has also been found among leaf tissue of different age in 
the same shoot, highlighting its role in the response to changes in environmental conditions (i.e., light availability and water tempera-
ture; Ruocco, De Luca et al., 2019; Ruocco, Marín-Guirao et al., 2019). Additionally, an in silico gene–body–methylation approach 
showed that house-keeping genes are hyper-methylated, while genes with more inducible expression are widely hypo-methylated 
(Entrambasaguas et al., under review).
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be summarized as genotypic diversity. Genetic diversity depends on 
the allelic variation and heterozygosity resulting from the sexual re-
production and the immigration of new genetic variants from other 
populations, whereas the genotypic diversity depends on the size 
structure and persistence of clones (or genets, consisting of many 
ramets) at a location, through vegetative propagation (i.e., clonal 
diversity) (Procaccini et al., 2007). Experimental studies have dem-
onstrated that genetic and genotypic diversity of populations are a 
good proxy of population resilience and plasticity to changes (Ehlers 
et al., 2008; Hughes et al., 2008; Jahnke et al., 2015) since popula-
tion reaction norm results in a broad sense from the amplitude of the 
reaction norms of single genotypes.

Since seagrass genotypes can persist for a long time 
(>>100 years) as in long-living species such as P. oceanica (Arnaud-
Haond et al., 2012) and Z. marina (Olsen et al., 2016), the genetic 
diversity among the genet level is maintained by the interplay be-
tween sexual reproduction and clonal growth (Arnaud-Haond et al., 
2020; Kendrick et al., 2012). This results in the formation of sub-
merged meadows ranging from almost monoclonal to highly genetic 

diverse (e.g., P.  oceanica: Arnaud-Haond et al., 2012; Z.  marina; 
Ferber et al., 2008; Figure 2).

Despite the importance of population size, low-genetic variation 
has been found as a winner strategy in different plant species (e.g., 
clonal invasive species; Lambertini et al., 2010; Li et al., 2006), partic-
ularly in long-lived ones (e.g., P. oceanica; Arnaud-Haond et al., 2012; 
Ruggiero et al., 2002; Z. marina: Reusch et al., 1999). Population size 
(the level of genetic variation within populations) is considered a 
major constrain for the adaptation of natural populations to environ-
mental changes, as the higher is the number of genotypes, the higher 
is the possibility that some of them can be positively selected (Bell & 
Gonzalez, 2009; Matesanz & Valladares, 2014). Effective population 
size can be decreased by the selection of plastic genotypes (adaptive 
phenotypes), in presence of rapid environmental changes, through 
changes of allele frequencies of specific loci and globally on the ge-
nome (Grenier et al., 2016).

Any adaptation to a new environment at population level is a pro-
cess resulting from the natural selection of better-suited genotypes 
across generations, changing the genetic composition of populations. 

F I G U R E  2   The role of genetic diversity 
and its effect on phenotypic plasticity in 
face of prompt environmental changes 
(see the text for more details)
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This process can be slow, inducing an initial decline in population fit-
ness and size and experiencing a subsequent increase once adaptive 
genotypes exhibit appropriate phenotypes (Hamilton & Miller, 2016; 
Valladares et al., 2014). The selection of these genotypes leads to 
changes in the frequency of alleles that confer greater fitness under 
the new altered conditions, promoting adaptive evolution (Grether, 
2005). For this reason, the slope or shape of reaction norms is con-
tinuously evolving in most cases, rendering the mutually exclusive 
distinction of plasticity vs. adaptation meaningless (Schlichting & 
Pigliucci, 1998). The occurrence of somatic DNA mutations in single 
individuals can provide a readily available extra source of variation 
that was previously not considered and that can be maintained via 
clonal growth in long-living genotypes (Whitham & Slobodchikoff, 
1981). The role of somatic mutations in seagrasses was initially as-
sessed by Reusch and Boström (2011) (Reusch & Boström, 2011). 
Recently, high somatic genetic variation was detected among ramets 
of a single genet of Z. marina plants (Yu et al., 2020).

Similar to genotypes within a population, populations from con-
trasting environmental conditions also showed different plasticity 
which is indicative of local adaptation (Sánchez-Gómez et al., 2011). 
Thus, the existence of populations locally adapted to natural envi-
ronments showing more adaptive genotype curves (i.e., reaction 
norms) results in population divergence in plasticity patterns rep-
resenting an evolutionary potential for the species. In this sense, 
plasticity has the potential to drive population divergence as the 
environment changes (Pfennig et al., 2010). The capability of an indi-
vidual to adapt and the timing of evolutionary adaptation is intrinsi-
cally related to its plasticity.

Even in species with high clonal persistence, such as P.  oce-
anica, stochastic events of sexual reproduction and migration of 
genetic variants through populations via sexual propagules seem 
to suffice to promote genetic rearrangements and enhance se-
lectively advantageous genetic variations (Arnaud-Haond et al., 
2014; Jahnke et al., 2015; Kendrick et al., 2012; Procaccini et al., 
2007). The connectivity among populations depends on the exis-
tence of geographic or oceanographic barriers and the different 
features of dispersal vectors, that is, sexual or clonal propagules 
(e.g., Jahnke et al., 2016; McMahon et al., 2014; Serra et al., 2010). 
High-resolution genetic data for the seagrass Thalassia testudinum 
along the western tropical Atlantic coasts revealed high-genetic di-
versity as the result of high connectivity between subpopulations 
(i.e., gene flow) which in turn favored the appearance of different 
phenotypes (Bricker et al., 2011). Isolated meadows, instead, can 
progress toward genetic drift lowering allelic diversity and making 
populations even more fragile against changes in environmental 
conditions (Figure 2a). When environmental conditions change 
only more diverse populations could harbor genotypes able to 
face the new extreme conditions, while monoclonal or less diverse 
populations could disappear (Figure 2b–d). This is the reason for 
the higher sensitivity to environmental changes of marginal popu-
lations concerning central populations of the species distribution 
(e.g., Billingham et al., 2003). The alternative would be to move 
toward conditions that are more favorable or to adapt, requiring 

times that are not achieved against fast environmental changes as 
we are facing nowadays.

3.1 | Genotype by environment interactions

Being a characteristic of individual genotypes, the amount of phe-
notypic variation across the environment describes the degree of 
genotype plasticity (genotypes by environment interactions – GxE; 
Li et al., 2018). Different reaction norms arise according to the de-
gree of the interaction between individual genotypes and the envi-
ronment (which is represented by the slope of each reaction norms 
in Figure 2). When environmental conditions change, populations 
with low genotypic diversity (Figure 2a,b) can react in different ways: 
(i) genotypes are stable and show no plastic behaviors (the reac-
tion norms are parallel with the same shape, Figure 2d). Phenotypic 
changes do not occur, meaning that the mean of the phenotypic 
value of genotypes is enough to support environmental changes; 
(ii) genotypes re-shape their phenotypes to the new environmental 
condition exhibiting positive phenotypic plasticity (Figure 2e). This 
results in different positive plastic responses depending on the in-
dividual genotype interaction with the new environmental factor; 
(iii) genotypes interact with the new environment showing pheno-
typic changes that are maladaptive or not able to accommodate new 
conditions (Figure 2f). Negative phenotypic plasticity could result in 
population extinction. Contrary, more diverse populations have the 
potential to exhibit more plasticity if most plastic genotypes bring 
phenotypes closest to the new optimum conditions (Figure 2e). Then, 
if the plastic response is positively correlated with plant fitness, phe-
notypic plasticity can evolve by natural selection (Valladares et al., 
2014) leading to genotype plasticity evolution (Figure 2g).

4  | PL A STIC RESPONSES TO 
R APID ENVIRONMENTAL CHANGES: 
ACCLIMATION AND MIGR ATION

Currently, global environmental changes may be too fast to allow for 
selection and evolutionary changes to occur in long living species, 
resulting in mean decline in population fitness. Thus, the persistence 
of species in the age of global climate changes will mainly depend on 
their intrinsic abilities that facilitate their persistence under environ-
mental shifts adjusting to new conditions (i.e., acclimation capacity) 
or increase their dispersal capacity to find a more suitable environ-
ment to which they are adapted (i.e., movement capacity, Figure 3).

Here, we refer to acclimation capacity as the most relevant short-
term response derived from pre-existing phenotypic plasticity, which 
allows organisms to adjust to rapidly changing environments extend-
ing their tolerance ranges (De Los Santos et al., 2009; Sharon et al., 
2009). Phenotypic responses to environmental changes occur at 
different organizational levels that may include highly specific devel-
opmental, morphological, and physiological adjustments enhancing 
survival and persistence in the novel environment (Bercovich et al., 
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2019; Zhang et al., 2014). The degree of plasticity, as stated above, is 
related to the slopes of reaction norms that are variable among indi-
viduals, populations, and species. Thus, the steeper is the slope of the 
reaction norm, the more an organism is able to acclimate to different 
environmental conditions, and the more it is plastic. The process of 
acclimation resulting from phenotypic adjustments to environmen-
tal cues can occur during the early development of an organism that 
persists also on the adult stage, or as reversibly acclimation occur-
ring during the lifetime (Beaman et al., 2016). The continuous align-
ment of phenotypes to the environment involves associated costs 
to perform strategies for sensing and responding without affecting 
individual performances (Vialet-Chabrand et al., 2017; Zimmerman, 
2017). In fact, phenotypic plasticity is constrained by the energetic 
costs required for the sensory and regulatory mechanisms that 

ensure the processing of information and the development of the 
best phenotype–environment match (Gibbin et al., 2017). This is 
especially true for fast environmental changes and highly variable 
environments that force continuous prompt adjustment. The cost 
of switching the phenotype related to individuals and populations 
could be determinant for the ability of organisms to withstand envi-
ronmental changes and to sustain the provision of ecological func-
tions (Auld et al., 2010; Forsman, 2015; Murren et al., 2015). The 
high energetic costs involved in producing the optimum phenotype 
and the presence of a trade-off diverting energetic costs to support 
other traits and/or functions (DeWitt et al., 1998) can also result in 
the appearance of phenotypes that are less fit to the new environ-
ment (non-adaptive or maladaptive phenotypes) and hence not posi-
tively selected by evolutionary processes (see Figure 2 and previous 
paragraph; Palacio-López et al., 2015). Non-adaptive phenotypes 
would induce the decline of many species, including seagrasses, as 
fast global changes are currently increasing environmental stochas-
ticity. However, costs related to phenotypic plasticity are currently 
under-studied in seagrasses.

Short-term responses occur through acclimatory mechanisms. 
In seagrasses, it has been described that these involve the modu-
lation of gene expression profiles, which in turn depend on stress 
intensity, time of exposure to stressful conditions (Pernice et al., 
2016; Ruocco et al., 2018), and morphometric plasticity in relation 
to geographical distributions and nutrient status (De los Santos et al., 
2016; Soissons et al., 2018). At the individual level, plasticity can 
buffer environmental changes throughout the plant's lifetime, fur-
ther increasing its tolerance to stress (e.g., short-term acclimation to 
light conditions; Olesen et al., 2002). It has been shown that plants 
of the Mediterranean species Posidonia oceanica have plastic re-
sponses to different light conditions as a consequence of regulatory 
mechanisms that allow them to acclimate to low-light environments 
(Dattolo et al., 2014; Mazzuca et al., 2009; Procaccini et al., 2017).

Plasticity at lower levels of the biological organization needs 
to be integrated at the level of individual and/or population fitness 
to evaluate how this influences the fitness and therefore alters the 
structure and the functioning of seagrass ecosystems. As an exam-
ple, the stenohaline P. oceanica is able to thrive in environments with 
highly fluctuant salinity regimes thanks to high plasticity at the phys-
iological (e.g., photosynthesis, carbohydrates metabolism) and mor-
phological (e.g., plant size) levels (Marín-Guirao et al., 2017). These 
adjustments permit the species to keep unaltered plant density and 
population growth rates, as a plastic response to maintain popula-
tion fitness. Nevertheless, the reduced size of plants weakens the 
physical structure of the leaf canopy and thus, its functionality, af-
fecting the provision of ecological services.

At the population—and ultimately species—level, plasticity can 
allow colonization and establishment in diverse habitats and there-
fore influences the species’ ecological breadth (Gimeno et al., 2009; 
Pigliucci, 2001; Sultan, 2003). In the presence of environmental 
stressors, plasticity could increase the dispersal capacity favoring 
the migration to more comfortable conditions or increase the reac-
tion norm slope of a particular trait to cope with new environmental 

F I G U R E  3   Representation of seagrass reactions to 
environmental changes. In the presence of environmental 
perturbations as global changes, seagrass survival is compromised, 
through habitat fragmentation and structural and functional 
ecosystem loss with consequent species extinction. Alternatively, 
intrinsic forces can increase their dispersal capacity to find more 
suitable environments (i.e., migration) or facilitate their persistence 
in the new environment through phenotypic plasticity. This 
adjustment to external conditions can be enhanced by epigenetic 
modifications or somatic DNA mutations, which increase epigenetic 
and genetic diversity, respectively. The resulting phenotype will 
favor the acclimation to the new environment and can be naturally 
selected. Thus, acclimation and adaptation are interrelated 
strategies of the seagrass plasticity representing intrinsic forces for 
their survival to future environmental changes
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conditions. In this sense, organisms could adopt an escape mecha-
nism to avoid unfavorable conditions due to environmental changes. 
Thus, the migration capacity can be described as an alternative 
strategy to local acclimation, which allows organisms to track more 
favorable conditions (Bulleri et al., 2018). It is important to empha-
size that the movement capacity can be a consequence of trait plas-
ticity when its reaction norm is defined by the interaction with the 
environment.

The migration capacity of seagrasses is related to clonal growth, 
sexual reproduction and dispersal of sexual propagules, and vege-
tative fragments (McMahon et al., 2014). This means that the mo-
tion capacity is very different among species and even within the 
same seagrass species given that the frequency of sexual reproduc-
tion, the dispersion of seeds (floating vs buried seeds), the rates of 
clonal elongation, and the persistence of plant fragments greatly 
vary among populations, let alone species (Orth et al., 2007). For in-
stance, settling velocities of fragments are important for successful 
seagrass movements, which allow plants to disperse spatially. Thus, 
rapid settling capacities can be the result of an adaptive process that 
reduces the risks for plants of being away from theirs optimal habi-
tats (Weatherall et al., 2016).

Overall, large and long-lived species mainly rely on slow vegeta-
tive growth and have infrequent sexual reproduction events, which 
may potentially result in a reduced migratory success since they 
spread extremely slowly over large distances and seldom produce 
sexual propagules (McMahon et al., 2014). However, some species 
have shown high plasticity in reproductive phenology in response 
to environmental changes that increase their movement capacity. 
For instance, in terrestrial plants, it has been observed that differ-
ent natural populations grown in common environments showed 
different flowering time in response to wet and dry conditions (e.g., 
Brassica rapa; Franks, 2011), a way to produce dispersal vectors 
(i.e., sexual propagules) and escape from the existing environment. 
B.  rapa genotypes growing from seeds that experienced drought 
anticipate flowering in further dry conditions, in respect to seeds 
collected before the stressing event (Franks et al., 2007). This ev-
idence suggests that the escape strategy adopted by these plants 
could be an indication of a rapid evolutionary shift to early flow-
ering rather than the modification of the phenotypic state through 
trait adjustments (i.e., phenotypic plasticity). Thus, the potential to 
adopt plastic strategies is mostly the result of a trade-off between 
avoidance (through phenotypic plasticity) and escape (through early 
flowering). Similar evidence was recently described for seagrasses, 
where flowering phenotypes resulted in response to warming (i.e., 
Z. marina, Blok et al., 2018; P. oceanica, Ruiz et al., 2018). Collecting 
and storing seeds from seagrass populations growing in different 
conditions would allow testing evolutionary processes in face of fu-
ture environmental scenarios.

Small and more ruderal species, such as Halophila stipulacea, are 
able to migrate fast into new environments adjusting their disper-
sal ability through phenotypic plasticity. This species, a native from 
the Red Sea, rapidly spread and colonized new environments, as 
the Mediterranean and Caribbean seas, locally adapting through 

phenotypic changes, such as changing sex ratio (Nguyen et al., 2018; 
Winters et al., 2020). The rapid establishment and spread of this spe-
cies in cooler regions are mediated by its great plasticity for shifting 
the thermal tolerance during the Mediterranean invasion (Georgiou 
et al., 2016; Nguyen et al., 2020; Wesselmann et al., 2020). Despite 
the migration being a valuable strategy to avoid species extinction, 
losers can be the native species that are potentially outcompeted by 
colonizing species (e.g., H. stipulacea; Winters et al., 2020).

It is noteworthy to mention that plasticity is an underlying at-
tribute to these processes, which in turn are not mutually exclusive 
since acclimation, adaptation, and distributional changes are interre-
lated to some extend (Donelson et al., 2019; Kelly, 2019).

5  | A SSESSING PHENOT YPIC PL A STICIT Y 
IN SE AGR A SSES

The analysis of plasticity and the discrimination between adaptive 
or acclimation processes in plants has been mostly approached in 
model species, where the appropriate molecular and manipulative 
tools have been developed (Bossdorf et al., 2010; Matesanz et al., 
2020). Seagrasses are a polyphyletic and unique group of plants, 
with convergent morphology due to constraining imposed by the 
adaptation to a fully submerged life in the marine environment (Les 
et al., 1997; Olsen et al., 2016). Sexual reproduction is adapted to the 
marine environment and its experimental manipulation has not been 
developed for most of the species. Hence, the dissection of the dif-
ferent drivers of plasticity can mostly be assessed based on indirect 
evidence. The complex and multidisciplinary information needed 
for disentangling plasticity components can be obtained through 
field observations, experimental manipulations, and laboratory ap-
proaches that are described in detail in the following paragraphs. 
The most recent seagrass literature has been reviewed to present 
the strength and weaknesses of each approach (Table 1; Table S2).

5.1 | Field observations

Phenotypic plasticity, and in particular whether it is adaptive and 
which are the energetic costs involved, can be first approached by 
comparing performances between populations subjected to differ-
ent environmental conditions (Forsman, 2015). Variation in single 
or multivariate trait plasticity along environmental gradients can in-
form about factors and conditions potentially promoting the evolu-
tion of phenotypic variation and give insights into how plasticity can 
contribute to evolutionary differentiation within species (Donelson 
et al., 2019).

Analysis of functional traits selected for plants combined 
with genetic data is a helpful approach to investigate genotype–
environment interactions (Haseneyer et al., 2009). For instance, 
Maxwell et al. (2014) observed that physiological and morphological 
characteristics of Zostera muelleri varied along a gradient of water 
quality according to well-known light acclimation responses. They 
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also observed a consistent response in all meadows to a severe 
flooding event increasing freshwater run-off along the gradient. 
Plants maintained population productivity unaltered (i.e., biomass, 
shoot, or leaf density alterations) through physiological adjustments, 
suggesting high phenotypic plasticity and a reaction norm with a 
large positive slope. In another example, the congeneric seagrass 
species Z. noltii showed the capacity to acclimate to local environ-
mental conditions exhibiting different phenotypes in terms of me-
chanical and morphological traits during one growing season and 
across the latitudinal range of the species. The presence of stronger 
and stiffer leaves under oligotrophic as compared to more eutrophic 
conditions suggested that the species suffers in nutrient-enriched 
environments without evolving a potentially adaptive phenotype 
(Soissons et al., 2017).

Phylogeny-based comparative analyses can be used to infer the 
role of plasticity for evolutionary diversification among species and 
for speciation (Coyer et al., 2013; Olsen et al., 2004). Candidate 
genes that are indirectly related to environmental gradients, provid-
ing evidence of local adaptation, can be identified through genome-
wide transcriptomic analysis performed on wild populations (Jahnke 
et al., 2019), though the identification of real causation among genes 
and the environment is not trivial. This could be approached by com-
bining genome-wide analysis with manipulative stress experiments 
(e.g., Anderson et al., 2014).

The analysis of spatial variation across environments by compar-
ing ecosystems and populations along gradients is a useful approach 
to extrapolate temporal dynamics and to infer about future ecosys-
tem responses (i.e., space for time substitution; Fukami & Wardle, 
2005). This is a valid approach, which states that environmental 
factors vary over time in the same way as they vary in space pro-
viding new opportunities to explore the potential success of plastic 

species (Buyantuyev et al., 2012). The analysis of samples along a 
wide spatial range allows to assess relationships between pheno-
typic variations and the environmental gradient without the con-
straints of time (Banet & Trexler, 2013). As showed by Bricker et al. 
(2011), T.  testudinum individuals from different populations across 
north–south physiochemical environmental gradients in the Florida 
Bay was an effective method to discriminate plasticity as the main 
driver for phenotypic variations across sites. The space-for-time 
substitution approach is helpful not only to analyze populations’ 
plasticity through natural gradients and thus to assess long-term 
consequences of human impacts, but also to infer temporal dynam-
ics by comparing multiple sites with different disturbance gradients 
(Fukami & Wardle, 2005). For instance, Yang et al. (2018) showed, 
under different stress regimes, different degree of plasticity for 
physiological and morphological traits in Z. marina plants collected 
across regions that displayed diverse eutrophic gradients. New po-
tential bio-monitoring metrics, which may help the management of 
seagrass meadows in monitoring and predicting phenotypic varia-
tions, can derive from this kind of study.

5.2 | Experimental manipulation of 
selected parameters

Observational studies can offer important insights in order to gener-
ate further hypotheses and testable predictions. However, demon-
strating causal relationships and mechanisms, linking either variation 
in the capacity for plasticity itself or plasticity induced phenotypic 
variation to aspects of the individual or population fitness, is com-
plex, as it requires experimental manipulation, replication, and con-
trolled comparisons (Forsman, 2015).

Approaches Pros Cons

Field observations Inform about factors that potentially promote 
the evolution of phenotypic variation and 
how plasticity can contribute to evolutionary 
differentiation within species

Limited to observations

Field experiments Quantify the degree of plastic responses, 
analyzing phenotypic changes in relation to 
the environment

Natural environmental 
variation leads 
to misleading 
interpretations

Mesocosm 
experiments

Simulate the effect of the stress factor of 
interest for analyzing intraspecific and 
interspecific responses and the genetic basis 
of phenotypic plasticity

Require sophisticated 
systems. Results 
cannot be 
automatically 
transferred to natural 
conditions

Reciprocal 
transplant 
experiments

Identify the genetic component of plastic 
responses

Sensitive to 
environmental forces 
and regional stressors

Common garden 
experiments

Allow discriminating the contribution of 
genetic and plastic effects comparing 
genetically distinct families or populations

Require long 
acclimation phases 
and an accurate 
experimental design

TA B L E  1   Summary of pros and cons 
of approaches used to assess phenotypic 
plasticity in seagrasses (see the main text 
for more detail)
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The experimental manipulation of one or more environmental 
factors can be performed directly in the field or in the laboratory 
under controlled conditions. The last option requires a deep analysis 
of the relevant environmental factor to establish the correct exper-
imental design, which in turn reflects the environmental variation 
that occurs under natural conditions. This is not an easy task, since 
many environmental factors act and interact with each other in nat-
ural conditions.

5.2.1 | Field experiments

Field experiments allow quantifying the degree of plastic responses, 
analyzing phenotypic changes in relation to the environment (Merilä 
& Hendry, 2014), and predicting shifts in species compositions under 
environmental changes (La Nafie et al., 2013). This can be realized 
through the artificial modulation of one or more factors, to compare 
control and treatment under natural environmental conditions, in 
order to investigate the potential drivers for the observed pheno-
typic changes. One of the major strengths of this approach is the 
inclusion of natural variability and processes that are difficult to re-
produce under controlled conditions. In this respect, individual re-
sponses measured in situ provide more reliable results than those 
performed in the laboratory. Different studies have been carried out 
in the field, exploring phenotypic responses of seagrass species to 
single (e.g., Bité et al., 2007; Collier et al., 2012; Cox et al., 2015; 
Darnell & Dunton, 2017; Silva et al., 2013; Table S2) or to multiple 
environmental factors (e.g., Ceccherelli et al., 2018; La Nafie et al., 
2013; Ravaglioli et al., 2017). For instance, Ruocco et al. (2018) 
showed that in P. oceanica plants, herbivory increases under nutri-
ents addition, with a clear effect on seagrass productivity. In such 
environmental conditions, the species can enhance growth to com-
pensate for the increase of herbivory, or can increase the accumu-
lation of deterrent substances and the translocation of nutrients 
to underground tissues to protect them against external pressures 
(Alcoverro & Mariani, 2005; Ruocco et al., 2018; Sánchez-Sánchez & 
Morquecho-Contreras, 2017).

Tuya et al. (2019) assessed the tolerance of C. nodosa to low-light 
levels across different populations located in the Canary Islands and 
the Mediterranean Sea by manipulating the light intensity directly 
in the field. Results demonstrated biogeographical variability among 
populations in the degree of shading tolerance, with Canary Island 
populations being less tolerant in respect to the others. As sug-
gested by authors, the lower plasticity of Canary Island populations 
can be related to the lower genetic diversity of these populations, 
living at the range edges of species’ distribution. Salo et al. (2015) 
also found different gene expression and physiological performance 
of Z.  marina genotypes to light reduction. The experimental ma-
nipulation in the field offers also the opportunity to study plastic 
responses of plants locally adapted to particular environmental 
conditions. In order to model the response to eutrophication in a 
future ocean acidification scenario, Ravaglioli et al. (2017) evalu-
ated the performances of P.  oceanica plants adapted to long-term 

acidification by exposing them to in situ nutrient enrichment. The 
field experiment revealed that the increased CO2 benefits plants fa-
cilitating the absorption and assimilation of nutrients.

Although experimentation in the field is helpful for quantifying 
the plasticity in the response to environmental stressors, the natural 
environmental variability can lead to misleading interpretations of 
the specific drivers responsible for the resulted phenotypic changes. 
Additionally, these experiments provide results that are difficult to 
replicate and compare with similar studies because regional stress-
ors and biotic interactions may modify the final outcome (e.g., 
Garrote-Moreno et al., 2016).

5.2.2 | Mesocosm experiments

One of the main advantages of performing experimental manipula-
tions under controlled conditions is the possibility to simulate the 
effect of the stress factor of interest, isolating it from all the other 
variables that are naturally occurring, and to analyze intraspecific 
and interspecific responses. Additionally, controlled experiments 
offer the opportunity to evaluate the degree of phenotypic plastic-
ity in the form of a genetically determined reaction norm. An exam-
ple from terrestrial plants refers to the manipulation of temperature, 
utilized for assessing thermal tolerance variability across latitudes 
(Molina-Montenegro & Naya, 2012). In this case, the authors meas-
ured the phenotypic plasticity of an invasive species (Taraxacum of-
ficinale) to different environmental temperatures, confirming that 
higher thermal tolerance at higher latitudes is related to an improved 
phenotypic expression. Different studies performed under labora-
tory conditions assessed phenotypic plasticity of seagrass species, 
such as the mesocosm experiments performed on the most abundant 
Mediterranean species, Posidonia oceanica and Cymodocea nodosa. 
These studies have confirmed that these two species have different 
tolerance to hypersaline stress (i.e., C. nodosa > P. oceanica), consist-
ent with their physiological and morphological plasticity (Piro et al., 
2015; Sandoval-Gil et al., 2012, 2014). Furthermore, C. nodosa also 
showed higher tolerance and higher plasticity to warming, possi-
bly related to the tropical affinity of the genus (Marín-Guirao et al., 
2018; Olsen et al., 2012; Tutar et al., 2017). Controlled experiments 
also allow the manipulation of multiple stressors simulating realis-
tic environmental changes affecting coastal marine habitats (Artika 
et al., 2020; Egea et al., 2018; Pazzaglia et al., 2020; Viana et al., 
2020). Through the manipulation of temperature and nutrients con-
centration, Ontoria et al. (2019) investigated individual and popu-
lation responses in C.  nodosa plants. Different phenotypes arose 
depending on the interaction among temperature-ammonium and 
temperature-organic carbon suggesting that the exposure to mul-
tiple stressors triggers phenotypic responses in relation to stress-
specific thresholds. The analysis of the recovery after stressing 
conditions, allowed to point out contrasting resilience abilities of 
seagrass populations living in different environments, as a result 
of their adaptation to local climatic conditions (e.g., Franssen et al., 
2011; Winters et al., 2011; Table S2). This represents an important 
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advantage of experimental manipulations, as offers the possibility 
to understand if plants are able to turn back to their original natural 
state after extreme events providing new insights into the long-term 
survival of seagrasses to environmental changes.

5.3 | Transplantation experiments

Transplantation experiments fall into two distinct approaches. A 
reciprocal transplant experiment entails the movement of pheno-
types between contrasting natural environments along with on-site 
transplantation controls. In common garden experiments, genotypes 
coming from different environments are planted into the common 
environmental conditions of a single site.

5.3.1 | Reciprocal transplant experiments

This experimental approach allows for a direct test of local adapta-
tion by comparing two sites with each other (Kawecki & Ebert, 2004). 
Thus, provided proper acclimation and control for carry-over effects 
(see below), a potential genetic component of the plastic response 
(as reaction norm) can be quantified by comparing the phenotypic 
performances of transplants in native vs. foreign environments. 
Local adaptation and plastic abilities of different populations can be 
addressed using two different comparisons. First, local populations 
can be compared within habitats, that is, “local” vs “immigrant” de-
sign; second, plants can be compared across habitats, that is, “home” 
vs “away” design (Svensson et al., 2019). The final expectation of 
such experimental conditions is that plants perform better in their 
“home” environment in respect to the “away” ones, showing direct 
indications of a local adaptation. In this case, the degree of plasticity 
of genotypes locally adapted to their home site and transplanted to 
reciprocal environments within their environmental tolerance range 
can be assessed. A recent review summarizing 75  years of plant 
experiments on local adaptation revealed that indeed, local popu-
lations almost always showed higher performance than non-local 
ones, especially in traits related to reproductive output, suggesting a 
notably local adaptation in terrestrial plants (Baughman et al., 2019).

Factors other than local adaptation can affect transplants per-
formance. Evans et al. (2018) designed a reciprocal transplantation 
experiment of two genetically and geographically distinct popula-
tions of P.  australis in southeastern Australia. They assessed local 
adaptation by comparing plant productivity of low- and high-genetic 
diversity meadows using the “home” vs “away” approach. After 
6 months, they found higher survival rates and productivity for high-
genetic diversity plots, which outperformed less genetically diverse 
plants both at home and away sites. This means that more genet-
ically diverse plots included also more plastic genotypes that per-
formed better than less diverse plots, allowing them to survive after 
transplantation. This high genetic demonstrated that both high-
genetic diversity and local adaptation play a crucial role in enhancing 
transplant success (Hämmerli & Reusch, 2002; Jahnke, Serra, et al., 

2015; Procaccini & Piazzi, 2001; Reusch et al., 2005; Reynolds et al., 
2012; Williams & Davis, 1996; Williams, 2001).

A reciprocal transplantation approach has also been used to eval-
uate seagrass short-term acclimation along environmental gradients. 
Sharon et al. (2009) transplanted shoots of H. stipulacea between the 
depth extremes of its distribution, to evaluate the plastic response 
to different irradiance regimes (Table S2). After 2 weeks of exposure 
to reciprocal environments, they found fast changes in photosyn-
thetic performance supporting the high plasticity of the species.

The long-term maintenance of field experiments can be jeop-
ardized by environmental forces (storms, salinity, and temperature 
fluctuations), regional stressors (anchoring boats and anthropic in-
puts), or other technical problems (van Katwijk et al., 2009). As an al-
ternative, reciprocal transplant experiments in controlled conditions 
are a valid tool to overcome logistical issues with transplantation in 
the field that also includes the risk of introducing as yet unknown 
pathogens over longer distances. In P.  oceanica, plants from shal-
low and deep environments were transplanted in individual pots 
and exposed to their reciprocal light regimes in a controlled meso-
cosm approach (Dattolo et al., 2017). P. oceanica genotypes showed 
some degree of photo-physiological and morphological plasticity. 
Nevertheless, after several weeks under reciprocal light environ-
ments, genotypes showed performances that were similar to those 
shown by plants from their original depth, suggesting local adapta-
tion to their home environment.

5.3.2 | Common garden experiments

Common garden experiments are particularly relevant to investigate 
the nature of plastic responses and to discriminate the contribution 
of genetic and plastic effects on phenotypic variation. In fact, these 
experiments allow comparing distinct genotypes or populations 
from different environments by growing them under identical envi-
ronmental conditions (De Villemereuil et al., 2016; Merilä & Hendry, 
2014). This approach is commonly used to test for local adaptation, 
as it enables to unravel the genetic basis of phenotypes from differ-
ent populations excluding the effects of the corresponding environ-
ments (Cruz et al., 2019; De Villemereuil et al., 2016; Lepais & Bacles, 
2014; Vermaat et al., 2000).

In seagrasses, Franssen et al. (2011) performed a common garden 
stress experiment to assess transcriptomic profiles of Z. marina pop-
ulations from two contrasting thermal environments (Venice Bay, 
Italy, vs. Limfjord, Denmark) to a simulated heat wave. They found 
a strong divergence in terms of gene expression profiles between 
populations only in the recovery phase, while the immediate stress 
response was similar and showed the typical heat shock protein-
encoding genes with overexpression. This was consistent with local 
adaptation to the local natural thermal environment. One caveat of 
such studies is that even under a long acclimation phase of about 
1 month, this may not be sufficient to overcome long-term acclima-
tization to the home environment. We can thus not fully conclude 
that observed stress responses resulted from a genetically based 
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adaptation (as stated by Bergmann et al., 2010; Winters et al., 2011; 
Table S2). One way forward to overcome such limitations is raising 
the experimental plants from seeds. This was done in seagrasses, 
for the first time to our knowledge, in eight populations across 
the distribution range of the seagrass C.  nodosa. Seeds were ger-
minated and subsequently grown for sixteen months in a common 
garden before being exposed to two marine heat waves of different 
intensity (Pereda-Briones et al., under review). The positive relation-
ship observed between the resilience and local thermal regimes of 
the studied populations strongly evidenced local adaptation of the 
populations to their thermal regime. Such studies provide strong 
evidence for the existence of underlying genetic variation resulting 
from divergent selection, representing the evolutionary potential of 
the species within the frame of global warming, although the attain-
able rates of change remain obscure (Reusch & Wood, 2007). This 
“adaptive transgenerational plasticity” is not only the result of the 
development of specific traits in response to environmental stresses 
passed from parental individuals to the progeny, but also the in-
heritance of regulatory epigenetic machinery enhancing offspring 
to activate regulatory mechanisms under the same stresses (King 
et al., 2018). Despite the relative long acclimation imposed on plants 
under common conditions, it remains still difficult to conclude on 
the genetic and/or epigenetic basis of the observed plasticity. Long 
acclimation phases and phenotypic responses of individuals under 
common conditions over one or more generations are necessary to 
test for adaptive traits in order to reset plants’ experiences of their 
place of origin (as in terrestrial model species; Raabová et al., 2007; 
Watson-Lazowski et al., 2016). However, as stated above, the repro-
duction of seagrasses under controlled conditions is challenging, and 
life cycles are often too long to allow experimentation over multiple 
generations.

Common garden experiments can also be designed based on a 
space-for-time substitution approach. A case in point is the study 
by Winters et al. (2011) that compared plant responses to a heat 
wave originating from three populations of Z. marina across a latitu-
dinal thermal gradient. The differential thermal response in terms of 
growth and photo-physiology was consistent with local adaptation 
and could be integrated into seagrass models to predict the future 
persistence of this species in different regions affected by climate 
changes.

Some common garden experimental designs are a merger of 
all approaches described above (Jueterbock et al., 2016; Marín-
Guirao et al., 2018). Jueterbock and colleagues tested temperature 
adaptation of Z. marina populations collected from contrasting and 
phylogenetically independent thermal clines (North vs South in 
Mediterranean and Atlantic areas), using a common garden exper-
iment combined with a space-for-time substitution design in an-
ticipation of rapid ocean warming predicted for the next decades. 
Upon exposure of plants to a marine heat wave, full transcriptome 
profiles were obtained and mapped onto the genome. Results re-
vealed a stronger adaptive transcriptomic differentiation between 
the Mediterranean and the Atlantic samples that is likely due to 
the reduced gene flows that characterized the smaller and isolated 

Mediterranean populations, favoring adaptive differentiation (Olsen 
et al., 2004; Procaccini et al., 2007).

6  | FUTURE PERSPEC TIVES:  ENHANCING 
PL A STICIT Y FOR BOOSTING SE AGR A SS 
ADAPTATION

Ascertained the importance of phenotypic plasticity and its role in 
driving short-term responses and evolution, it is now necessary to 
explain how all this information can be integrated into seagrasses 
research. In the framework of conservation and restoration manage-
ment, understanding the phenotypic plasticity of selected meadows 
to restore a disrupted habitat strongly boosts the success of resto-
ration plans (Falk et al., 2001; Paulo et al., 2019). In fact, the selec-
tion of highly plastic and tolerant/resilient genotypes of foundation 
species could be a valid approach to restore marine ecosystems 
(Abelson et al., 2020; Coleman et al., 2020; Kettenring et al., 2014; 
van Katwijk et al., 2009). Selected genotypes should present a set 
of positive traits in order to increase their plasticity for successfully 
facing coming fast environmental changes.

In order to support the restoration, better performing genotypes 
can not only be identified and selected but can also be experimen-
tally manipulated. A possible way is to use gene-editing approaches, 
though their ethical implications are currently under debate 
(Rodriguez, 2016). After the identification of genes that directly af-
fect seagrass ability to thrive in a changing climate, genetic engineer-
ing techniques, such as CRISPR (Clustered Regularly Interspaced 
Short Palindromic Repeats), can be used to produce genotypes with 
higher plasticity and the ability to acclimate and adapt to strong and 
stochastic environmental changes (Scheben et al., 2016).

Another way, which does not involve genetic manipulation, is the 
experimental hardening. The terms “hardening” or “priming” define 
phenomena that induce temporally limited environmental stimulus 
in order to prepare and modify the response to future stress (Hilker 
et al., 2016). This is a well-known concept among botanists, which 
used to harden plants taking advantage of their ability to “remem-
ber” their ancestral environments via phenotypic plasticity, reveal-
ing a mechanism by which past experience affects future evolution 
(Gibbin et al., 2017; Ho et al., 2020). The capability of genotypes 
to save memory of past stress events and to better perform when 
the stress re-occurs has recently been observed in seagrasses (i.e., 
P. australis and Z. muelleri, Nguyen et al., 2020). This process is one 
element of “assisted evolution” strategies to promote individual 
and population resilience against environmental changes without 
genetic manipulation constraints (Filbee-Dexter & Smajdor, 2019). 
Genotypes with improved resistance (i.e., hardening response, Bruce 
et al., 2007) can represent preferential material for the restoration of 
endangered or disturbed populations. In terrestrial studies, the abil-
ity to “remember” past stressful events is currently investigated for 
model crop species, especially through the assessment of epigenetic 
modifications induced by the exposure to stress (Liu et al., 2015). 
Although the field of ecological epigenetics is gaining momentum, due 
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to the application of increasingly specific and sophisticated molec-
ular techniques (Ay et al., 2014; Bossdorf et al., 2010; Popova et al., 
2013; Rendina Gonzàlez et al., 2018; Richards et al., 2017), the study 
of the epigenetic “stress memory” is still at the beginning, for both 
marine and terrestrial plants.

7  | CONCLUSIONS

Our main goal was to present an overview on the importance of 
plasticity in the face of rapid environmental changes for a group of 
marine plants with long generation times owing to clonality that lives 
in an environment with very steep environmental gradients, subject 
to alarming rates of global change. The rapid occurrence of global 
changes forces marine plants to react in order to prevent popula-
tion declines. Species react acclimating to new conditions, through 
phenotypic plasticity, evolutionary adaptation, or migration (Bulleri 
et al., 2018). The acclimation abilities as one major form of pheno-
typic plasticity are widely explored in seagrasses’ studies (Bité et al., 
2007; Dattolo et al., 2017; Duarte et al., 2018; Maxwell et al., 2014). 
This acclimation process can be based on genetic and epigenetic 
processes, the last fostering rapid adaptive evolution (Douhovnikoff 
& Dodd, 2015), but it is so far unstudied in seagrasses. Equally, un-
studied is the adaptive significance of a large degree of standing so-
matic genetic variation detected in seagrass clones that could be the 
basis for adaptation within a genet or clone (Yu et al., 2020). The 
adaptation occurs through natural selection and requires too long 
times to react in the face of rapid changes. Nevertheless, the selec-
tion of more plastic genotypes could prevent population declines, 
as they are more likely to contrast dynamic changes (Bricker et al., 
2011; Table S2).

We explored several main approaches that allow us to infer the 
nature of plastic responses to global changes and discussed pros and 
cons. The experimental approaches implemented in seagrass stud-
ies, whether performed with controlled or field experiments and 
space for time designs, were instrumental for exploring the basis of 
plasticity. One future avenue is clearly more multi-factorial exper-
iments that would be required to understand seagrass responses 
under more realistic present and future scenarios. Another import-
ant way forward is the integration of different phenotypic and ge-
nomic approaches to study the interaction among the genetic and 
plastic components of phenotypic variation, including the study 
of epigenetic mechanisms. Considering the importance that plas-
ticity may have in response to rapid environmental changes, future 
promising research in seagrasses should involve the analysis of rela-
tionships between gene expression profiles resulting from environ-
mental stresses and epigenetic regulatory machinery. The majority 
of seagrass studies employing molecular approaches involve gene 
expression and transcriptomic analysis, while being limited to few 
species and mostly related to thermal and light responses (Davey 
et al., 2016; Gu et al., 2012; Marín-Guirao et al., 2017; Procaccini 
et al., 2017; Tutar et al., 2017). We also observed that many recent 
transcriptomic studies in response to environmental stressors lack 

consideration of molecular elements that may have strongly regu-
latory roles in stress responses, such as transposable elements and 
micro-RNA (miRNAs) (e.g., Barghini et al., 2015). The improvement 
of molecular approaches in seagrasses could play a crucial role not 
only in studying their plasticity but also in digging on the basis of 
stress memory and on its potential evolutionary role under global 
climate changes (Chinnusamy & Zhu, 2009; Lämke & Bäurle, 2017).

In conclusion, we strongly suggest that the evaluation of plastic 
adaptive responses should be moved from a local to a global scale. 
The future implementation and evolution of seagrass observatories 
will foster this process. Next-generation marine observatories should 
make it possible to collect multivariate time series synchronously 
in different sites or regions and to exploit the information by inte-
grating data through multivariate statistics and/or machine-learning 
algorithms (Crise et al., 2018; Danovaro et al., 2016). Real-time mul-
tivariate monitoring in seagrass observatories will enable assessing 
environmental and seagrass trait changes and inferring adaptive po-
tential of the observed processes in seagrass populations.
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Stress-related genes 

HSP90 T 2 4.74 37.77 0.00 NP  ≠ C (P < 0.01) 

  Error 6 0.13     
P ≠ C (P < 0.01) 

P = NP (P > 0.05) 

SHSP T 2 10.23 6.98 0.03 NP  ≠ C (P < 0.05) 

  Error 6 1.47     
P ≠ C (P < 0.05) 

P = NP (P > 0.05) 

AOX T 2 14.32 12.89 0.01 NP  ≠ C (P < 0.01) 

  Error 6 1.11     
P ≠ C (P < 0.01) 

P = NP (P > 0.05) 

MSD T 2 2.15 4.83 0.06   

  Error 6 0.44       

DDB T 2 2.83 14.06 0.01 NP  ≠ C (P < 0.05) 

  Error 6 0.20     
P ≠ C (P < 0.01) 

P = NP (P > 0.05) 

Photosynthesis-

related genes 

CAB-151 T 2 1.49 3.68 0.09   

  Error 6 0.40       

POR T 2 0.89 1.44 0.31   

  Error 6 0.62       

FD T 2 3.47 5.80 0.04 NP = C (P > 0.05) 

  Error 6 0.60     
P ≠ C (P< 0.05) 

P = NP (P > 0.05) 

psbA T 2 2.30 3.27 0.11   

  Error 6 0.70       

PSBS T 2 1.29 3.15 0.12   

  Error 6 0.41       

Epigenetics-related 

genes 

ATX2 T 2 2.02 1.65 0.27   

  Error 6 1.22       

ATRX7 T 2 2.23 6.46 0.03 P ≠ C (P< 0.05) 

  Error 6 0.35     

NP = C (P > 0.05) 

P = NP (P > 0.05) 

 

ASHL2 T 2 3.32 14.23 0.01 NP  ≠ C (P< 0.05) 

  Error 6 0.23     
P ≠ C (P< 0.01) 

P = NP (P > 0.05) 

SETD3 T 2 3.16 6.69 0.03 NP  ≠ C (P< 0.05) 

  Error 6 0.47     
P ≠ C (P< 0.05) 

P = NP (P > 0.05) 

DME T 2 1.56 5.07 0.05 P ≠ C (P< 0.05) 

  Error 6 0.31     P = NP (P > 0.05) 
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Figure 6. Gene expression. Relative expression of GOIs selected for stress-related category (HSP90, SHSP, AOX, MSD, 

DDB), photosynthesis category (CAB-151, POR, FD, psbA, PSBS) and epigenetic category (ATX2, ATRX7, ASHL2, 

SETD3, DME) in primed (P) and not-primed (NP) seedlings vs. control conditions (x-axis). Asterisks indicate post hoc 

significant differences of the treatment respect to the control.  

 

Discussion 

Phenotypic plasticity is the main factor behind the capability of organisms to cope and survive with changes 

in their niches, being crucial for the species to withstand and survive the ongoing climate change (Merilä and 

Hendry, 2014). This property is particularly relevant in long-lived organisms, such as several seagrass species 

(i.e. P. oceanica), as it modifies individuals’ phenotype, through physiological and molecular changes, in order 

to adjust their performance under changing environmental conditions (Pazzaglia et al. 2021b). Findings from 

this study provide experimental evidences about the potential of P. oceanica seedlings to acquire a thermo-

primed status that eventually confers an enhanced tolerance and resistance to an extreme warming event. 

Thermo-primed seedlings performed better during the re-occurring heat stress event than non-primed seedlings 

and offered some insights into the molecular basis of thermal priming in seagrass seedlings. During the 

triggering stimulus (i.e. the second exposure to high temperatures), these seedlings experienced lower thermal 

pigment degradation than non-primed seedlings, kept their carbon balance unaltered through a complete 

respiratory homeostasis and increased their growth rates leading to larger seedlings. In addition, the altered 

expression levels of epigenetic-related genes pointed to the potential involvement of chromatin remodeling 

processes as the basis of the acquired primed status revealing that early life stages of seagrasses may have the 

potential for long-term storage of stress responses.  

In this study, the maximum quantum yield (Fv/Fm) of both P and NP experienced a significant reduction 

during the trigging stimulus confirming that 32 ºC is a stressful temperature for P. oceanica seedlings, likely 

close to the lethal temperature limit of the species (Guerrero-Meseguer et al., 2020; Hernán et al. 2017; Olsen 

et al., 2012; Pereda-Briones et al., 2019). Interestingly, the effective photochemical capacity (F/Fm’) of 

thermo-primed seedlings (P) was higher than controls and NP seedlings indicating an improved capacity to 

move electrons along the photosynthetic electron transport chain (ETC). These seedlings, contrarily to NP, 

increased the expression level of Ferredoxin (FD) which is a key gene of the chloroplast electron transport 

chain encoding for the photosynthetic electron carrier, and thus, likely responsible of the observed 

photochemical enhancement. FD plays an important role in the final step of the linear electron flow, thanks to 

its ability to divert electrons to cyclic or alternative electron flow pathways, sustaining photosynthesis and 

minimizing damaging ROS production (Munekage et al., 2004). In P. oceanica adult plants, thermal stress 

affects the regulation of ROS production and their removal altering defense mechanisms and plant 
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performances (Mittler et al., 2004). Here, despite the enhanced photochemistry, P seedlings showed lower 

photosynthetic capacity (O2 production), although not significantly, suggesting the lack of acclimation in 

photosynthetic carbon fixation to imposed warming conditions. The inconsistency between the two 

photosynthetic parameters (i.e. photochemical efficiency and photosynthetic capacity) can be due to the 

potential activation/deactivation of alternative electron transport pathways (e.g., photorespiration, water–water 

cycle, cyclic electron transport; Niyogi, 2000) under stressful conditions, as already described in seagrasses 

under different abiotic stress conditions (e.g. Dattolo et al. 2017; Marín-Guirao, Sandoval-Gil et al., 2013; 

Silva et al. 2013). Alternatively, it might be related to changes in leaf absorbance, which can be promoted by 

changes in leaf pigment content and leaf morphology (Enríquez, 2005). During the exposure to anomalous 

high temperatures, thermo-primed seedlings experienced a lower generalized pigment degradation than non-

primed seedlings, evidencing an improved tolerance to warming. We cannot determine whether this response 

is or not the result of de novo synthesis of thermally stable isoforms of proteins during the warming exposure 

(Somero, 1995). In fact, only primed seedlings activated genes (although not significantly) for the synthesis of 

photosynthetic pigments. Although the expression of pigment-related genes was not statistically significant, it 

could be reflecting a stronger activation during the early responses to warming. Significant changes in protein 

abundance through gene expression requires time, as the increase in protein abundance of the thermally stable 

isoform can take several days since the strong activation of the related gene (Degen et al., 2021).  

The evidence of the increased heat tolerance in thermo-primed seedlings was also supported by the complete 

respiratory homeostasis achieved by these seedlings under warmed waters. Respiratory homeostasis is a 

functional trait associated with the tolerance to heat in seagrasses, as previously shown for P. oceanica and 

other seagrass species (e.g. Collier et al., 2011; Marín-Guirao et al., 2018, 2016). Through this metabolic 

acclimative response P seedlings were able to maintain the carbon balance unaltered (i.e. photosynthetic to 

respiratory ratio) under warming conditions, allowing the availability of fixed carbon for primary plant 

processes, such as growth and carbon storage. Carbon storage is a key process for the species survival since 

the ability of plants for overwintering tightly depends on the energy reserves stored during the summer growing 

season (Alcoverro et al., 2001). The evidence that P seedlings performed better during the triggering stimulus 

than NP seedlings was clearly reflected by their higher growth rates that ultimately led to larger seedlings. As 

demonstrated for terrestrial plants, one of the main advantages for inducing a priming status is the activation 

of thermo-tolerance mechanisms allowing the generation of more productive and larger individuals able to 

better cope with stressful conditions (Triticum aestivum, Wang et al. 2014). In contrast, non-primed seedlings 

experienced a dramatic carbon balance reduction driven mainly by an increased respiratory activity. However, 

they grew similarly to controls and attained also a similar size. This result suggests that seedling growth was 

sustained by the mobilization of carbohydrate reserves stored on seeds, which constitute a functional part of 

seedlings for several months, making young seedlings relatively independent from external conditions 

(Celdrán and Marín, 2013). Moreover, since the photosynthetic activity of seeds also contribute to seedlings 

growth and their metabolic (respiratory) activity varies with environmental changes (e.g. Temperature; Celdrán 

& Marín, 2011), it would be interesting to also study seed responses when exploring thermal priming strategies 

in seagrass seedlings. As commented above, the contrasting ability to regulate respiration under increased 

temperatures between thermo-primed and unprimed seedlings pointed to a lower heat-sensitivity in the former 

(Marín-Guirao et al. 2016, 2018). An accelerated respiratory metabolism leads to excessive production of ROS 

causing progressive oxidative damage and ultimately cell death (Mittler et al., 2004). The strong activation in 

heated seedlings of the alternative oxidase (AOX) pathway of the mitochondrial ETC can be interpreted as a 

metabolic response for alleviating ROS production. AOX activity appears to increase under stressful 

conditions that cause oxidative stress, including heat stress (Del-Saz et al., 2018; Saha et al., 2016), and helps 

to dissipate excessive reducing equivalents and limit respiratory ROS production (Scafaro et al., 2021). The 

induction of AOX under heat stress supports their pivotal role in mediating seagrass stress acclimation as 

previously suggested in P. oceanica adult plants (Marín-Guirao et al. 2017; Ruocco et al. 2019a; Tutar et al. 

2017). Moreover, since the induction of AOX is dependent on ROS accumulation, the much higher AOX 

induction in non-primed with respect to thermo-primed seedlings, could be revealing that the former were 

suffering a greater heat-stress level and thus, greater heat-induced ROS production. Primed seedlings, indeed, 

activated a stronger antioxidant defense when subjected to increased temperatures and induced a stronger 
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expression of small heat shock proteins (SHSP), doubling the expression level of nonprime seedlings. SHSPs, 

as ubiquitous molecular chaperones, are involved in the heat stress response of plants and provide an effective 

and low-cost thermo-protection, responsible for downstream plant thermo-tolerance (Sun et al., 2002; Wang 

et al., 2004). In P. oceanica, the SHSP seems to be the HSP with higher responsiveness under heat stress (Tutar 

et al 2017; Traboni et al 2018, Marín-Guirao et al 2016). Additionally, the higher constitutive expression level 

of SHSP observed in shallow thermal-tolerant genotypes in comparison to deep-sensitive genotypes suggest 

its role in a pre-adaptive defense strategy of the species against heat stress (Marín-Guirao et al 2017, Tutar et 

al 2017).  

While heat stress-inducible genes are essential to investigate the acquired priming status (He and Li, 2018; Lin 

et al., 2014), exploring epigenetic regulation under priming treatment is essential for the analysis of the 

subsequent storage of the information of priming cues which is known as stress-memory (Lämke and Bäurle, 

2017; Liu et al., 2015). In this regard, methylation/demethylation of the histone H3 is known to be linked to 

gene regulation and memory of stress responses in primed plants (Ding et al., 2012), conferring to 

modifications of the chromatin structure a crucial role in driving the memorization of past stress events (Bäurle 

and Trindade, 2020). Here, we tested genes involved in chromatin modifications (ATX2, ATRX7, ASH2l, and 

SETD3) and a regulator of the active DNA methylation (DME) (Li et al. 2018; Pontvianne et al. 2010). In 

general, P seedlings showed slightly higher gene expression levels of all epigenetics-related genes in respect 

to NP seedlings. This is in contrast with what emerged from a recent study performed on Posidonia australis 

and Zostera muelleri adult plants (Nguyen et al. 2020), where methylation-related genes showed an opposite 

pattern and only ATX2 significantly differed among treatments in both species. It is worth underlining that in 

plants, trimethylation of lysine 4 of histone 3 (H3K4me3) is an important epigenetic mark that is associated to 

active chromatin states (Zhang et al. 2009) and transcriptional memory (Bhadouriya et al., 2021). In this study, 

the higher overexpression of genes related to H3K4 marks measured for P seedlings (ATRX7, ASH2l, and 

SETD3) gives first insights on: i) epigenetic changes induced by environmental stimuli in P. oceanica 

seedlings, ii) different epigenetic regulation under priming treatment of adult plants and seedlings, iii) the 

potential for juvenile stages of P. oceanica plants to memorize stress information through chromatin 

remodeling, overexpressing key genes in histone methylation and DNA demethylation. Regarding the first 

observation, in terrestrial plants dynamic epigenetic changes occur during embryo/seed development, 

germination, and early seedling development (Bouyer et al., 2017; Hannoufa et al., 2018; Kawakatsu et al., 

2017). Thus, our results suggest that seedlings are more responsive to priming treatments in respect to adult 

plants. Moreover, since H3K4 marks tend to be accumulated after the exposure to heat stress in primed plants 

(A. thaliana, Lämke et al. 2016) and different regulation of key histone-modification related genes was already 

observed in P. oceanica during a heat-stress induced flowering event (Marín‐ Guirao et al., 2019), it appears 

that these genes are directly involved in driving epigenetic responses under stressful conditions, with the 

potential for storage of stress information. 

In conclusion, this study revealed, for the first time in seagrass seedlings, that thermal priming conferred higher 

tolerance to the occurrence of an extreme seawater-warming event. All the responses measured in our 

experiment at the physiological, metabolic and molecular levels, pointed to the acquisition of a priming status 

in P. oceanica seedlings by a previous exposure to increased temperatures. In fact, during the triggering 

stimulus, primed seedlings performed better than unprimed ones. They were able to enhance the photochemical 

efficiency, to attain respiratory homeostasis, to keep their carbon balance unaltered and to grow faster reaching 

larger sizes compared to non-primed seedlings. Since the induction of the thermo-priming status depend on 

the level of heat-stress experienced by plants during the priming stimulus, exploring the influence of different 

temperature levels and the duration of the exposure to these conditions could be a critical point and a further 

step for understanding the acquisition of a thermo-primed status in P. oceanica seedlings. Our findings about 

the acquisition of a thermo-priming status in P. oceanica seedlings were supported by the expression levels of 

key genes related to stress response, photosynthesis, and epigenetic modifications. The overexpression of key 

genes in histone modifications suggests that primed seedlings have the potential to store priming stress 

information for long-lasting memorization of the past stress event. However, more studies are required to 

investigate specific stress-memory genes including epigenetic regulators to describe molecular mechanisms 

behind the acquisition of the priming status and to better describe the extent of the memorization of the past 

129



stress event. Since priming approach have been utilized in terrestrial systems to reinforce plants against 

different kind of abiotic stresses (Kerchev et al., 2020), further studies are necessary to better explore tolerance-

enhancing strategies in seagrasses, with important implications for improving conservation and restoration 

management of this highly valuable marine ecosystems. 
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factors, including environmental conditions, dispersal abilities, and population connec-
tivity [17,41,42]. Most seagrasses are dioecious [43] and therefore are outcrossed, while
other species, such as Posidoniaceae and several Zosteraceae, are monoecious [44,45] with
highly variable outcrossing rates [46–49]. As a result, seagrass meadows can range from
almost monoclonal, with very low genetic and genotypic diversity [21], to extremely di-
verse [41]. Clonal growth has been recognized as a winner strategy in seagrasses, avoiding
the potential accumulation of deleterious mutations and maintaining the most suitable
genotype over time [50]. An important source of genetic variation in marine clonal plants
is represented by somatic DNA mutations resulting in genetic mosaicism [51]. In clonal
plants, genetic mosaics can occur at different levels of the ramet (i.e., the morphological
individual [52]) organization, including (1) within the same module; (2) within connected
modules; (3) between different modules that belong to the same clone. Recently, it has
been demonstrated that the mosaic genetic variation in a large seagrass clone of Zostera
marina was greater within than among ramets, pointing out the importance that somatic
mutations have in structuring genetically unique modules [53].

2.2. Level of Genetic Connectivity, Population Size, and Genetic Drift

For species with a wide distribution range, different factors can contribute to popula-
tion isolation [54]. Moreover, despite the apparent spatial uniformity of the sea, marine
habitats are characterized by clear discontinuities, and the presence of dispersal barriers
may create a genetic breakdown in marine populations due to local selective pressures [55].
Nevertheless, dispersal vehicles such as buoyant fruits and vegetative propagules can travel
long-distance transported by marine currents (potential connectivity), and new genotypes
or allelic variants can establish in disjoint populations (realized connectivity [56–58]). This
implies that even if sexual reproduction occurs at a low rate, passive transport of sexual
propagules can play an important role in maintaining population connectivity and in the
colonization of new habitats [59]. Isolated and small populations are more prone to undergo
genetic drift and bottleneck events, increasing allele loss and the possibility of fixation for
deleterious alleles compromising their persistence in the future [49,60]. This is even more
relevant considering the fragmentation of populations resulting from the current destruc-
tion of natural habitats [61]. These processes may thus lead to genetic erosion, reducing the
fitness of individuals and increasing the chance populations can disappear [62].

2.3. Phenotypic Plasticity and Local Adaptation

Different populations of the same species distributed over environmental and geo-
graphic gradients can be locally adapted, depending on selection and patterns of gene flow.
Local adaptation occurs when individuals have higher average fitness in their local environ-
ment compared to individuals from elsewhere [63]. The measurement of adaptive genetic
diversity is more difficult than neutral genetic diversity and requires an accurate analysis
of genotype-by-environment interactions [20]. Disentangling plasticity from environmen-
tally driven adaptation requires experimental approaches such as reciprocal transplants
and common garden experiments [20,64–66] that have been performed in few seagrass
species. Experiments carried out on Z. marina and Posidonia oceanica populations from
divergent climatic regions highlighted a high divergence in their phenotypes in response
to environmental stressors (e.g., heat stress [67–69]). Within populations, variations in
acclimation to warming were observed among P. oceanica individuals collected along a
depth cline [70], while a reciprocal transplant in a common garden [71] of plants coming
from different depths (i.e., contrasting light-environment) showed clear indications of
local adaptation. Thus, a deep knowledge of eco-physiology of plants at the donor and
target sites is also required to perform restoration programs. Although genetic linkage
mapping [72] is not applicable for most seagrass species, due to the scarcity of genomic
resources, a genetic-environment association analysis, using a genome scan approach
and a genome-wide transcriptome analysis, started to identify genetic loci and functions
potentially associate with the selective environmental factors along either a latitudinal and
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a bathymetric gradient [73]. Collectively, these studies suggest that local adaptation might
play a role in shaping the divergence of seagrasses across environmental clines, even if it is
not yet possible to assess how much of the observed phenotypic differences are heritable.

2.4. Disturbances

High genotypic diversity has been demonstrated to enhance the resistance and re-
silience of seagrasses to physical disturbances [17,74–76] or other stressful conditions such
as heat stress or shading [76–78]. The level of genetic diversity of seagrass populations has
also been shown to correlate with species richness and productivity [79,80] and ultimately
with the associated community structure [79]. A high disturbance level can affect genetic
diversity, leading to a decline in allelic or genotypic diversity or even to complete popula-
tion extinction. Intermediate level of disturbance, instead, can boost sexual reproduction,
increasing both allelic and genotypic diversity [17]. In general, the relationship between
disturbance and genetic diversity is not simple, and the reciprocal causality of the two
phenomena renders it difficult to assess the relative contribution of disturbance strength
and frequency in relation to its effects on genetic components of diversity [17,40].

3. Integration of Genetic Research into Seagrass Restoration

How should a restored meadow be in order for it to successfully perform and persist?
It should be genetically diverse and composed of genotypes locally adapted or able to adapt
to the local environmental conditions. It should be connected, through a sufficient level of
gene flow, with surrounding populations, in order to avoid negative effects of inbreeding
depression, but it should not disrupt the local gene pool. It should be established to limit
the damage to existing populations in providing source material and should comply with
ethical and legal issues. Here we present and comment on key aspects to consider for a
correct restoration plan.

3.1. Selection of Donor Sites

Genetic diversity is at the base of phenotypic diversity, which determines how restored
populations will perform and respond to environmental stimuli at restored sites [74,75,81].
Prior to any restoration project, an accurate understanding of local environmental condi-
tions and potential disturbances, the genetic makeup of populations nearby the transplanta-
tion site, and policies and legislation guidelines should be acquired in order to select proper
donor sites. Many studies have investigated the relationship between genetic diversity (of
both source and transplanted meadows) and the success of seagrass restoration plans (see
Table 1). Those studies indicate that the selection of donor sites displaying a high level
of genetic diversity as well as the choice of plant materials (e.g., adult plants, seeds, or
seedlings) is crucial for maximizing restoration success.

Table 1. List of the most relevant studies investigating the effects of genetic diversity on seagrass restoration plans. Data were collected
from Google Scholar using “seagrass restoration” plus “seagrass genetic” as keywords together with personal knowledge from the
authors. Year: year when transplantation started; *: multiple restorations; related ref: see related reference for more details.

Species Year Donor
Location

Restored
Location

Plant
Material Area Duration

Genetic
Diversity

Assessment
Ref.

Posidonia
australis 2013

Jervis Bay
(Australia)
reciprocal
transplant

study

St. Georges
Basin

(Australia)
reciprocal
transplant

study

Adult
plants na 6 months Eight

microsatellites [11]

Zostera
noltei 2009

Carteau in
the Gulf of

Fos
(France)

Berre lagoon
(France)

Adult
plants 450 m2 4 years Nine

microsatellites [82]
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Table 1. Cont.

Species Year Donor
Location

Restored
Location

Plant
Material Area Duration

Genetic
Diversity

Assessment
Ref.

Zostera
marina 2007

Mobjack
Bay, Chesa-
peake Bay,
South Bay,

USA

Hog Island Bay,
USA Seeds 128 m2 20 months Eight

microsatellites [83]

Zostera
marina 2006–2007 * Chesapeake

Bay (USA)
Virginia coastal

bays (USA) Seeds na 2–3 years Eight
microsatellites [84]

Posidonia
australis 2004

Parmelia
Bank,

Cockburn
Sound

(Australia)

Southern Flats,
Cockburn

Sound
(Australia)

Adult
plants 3.2 ha 4 years Seven

microsatellites [85]

Zostera
marina 2001–2008 * Related ref related ref Adult

plants
related

ref 10 years Seven
microsatellites [86]

Zostera
marina 2000

Two sites
along the
German

Baltic Coast

Two sites along
the German
Baltic Coast

Adult
plants 450 m2 11 weeks Four

microsatellites [87]

Zostera
marina Late 1990s Chesapeake

Bay

Twenty-three
meadows
along the

eastern coast of
North America

Seeds 1600 ha 15 years Seven
microsatellites [88]

Posidonia
oceanica 1994

Gorgona
Island,

Pantelleria
Island
(Italy)

Vada (Italy) Adult
plants na 3 years Six

microsatellites [89]

Halodule
wrightii 1993–2000 * Related ref Related ref Adult

plants na 2–7 years 98 AFLPs [90]

Zostera
marina 1993

South San
Diego Bay

(USA)

North San
Diego Bay

(USA)

Adult
plants na 2 years Allozyme

electrophoresis [81]

Zostera
marina related ref * Related ref Related ref Adult

plants
Related

ref 3–16 years Allozyme
electrophoresis [91]

To date, the most widely applied approach of restoring a former local gene pool
is by sourcing the plant material from nearby or well-connected donor sites, i.e., local
provenance (Figure 2). The reason is that locally adapted plants are believed to fit the
condition of the site being restored. However, trying to replicate what is already lost
is inappropriate in highly degraded environments, and better environmental conditions
should be achieved first.

Native genotypes that have already suffered past environmental disturbances could
also be unable to overcome the recurrence of such perturbation or new stressful conditions
in the future [36]. Sgrò et al. [92] identified critical problems of this “local is best” practice,
including (1) the risk of establishing populations that do not exhibit sufficient genetic
variation and evolutionary potential; (2) the possibility that particular environmental condi-
tions driving local adaptation can change very quickly, hampering the advantage of using
locally adapted genotypes. This is particularly important and can cause serious impacts on
restoration outcomes, considering the speed at which environmental changes are occurring.
On the other hand, the introduction of novel genotypes from distant sources (assisted gene
flow) has the potential to restore levels of genetic diversity (genetic restoration), increasing
the overall fitness of inbreeding-depressed populations (genetic rescue). Nevertheless,
it may also result in deleterious effects as a consequence of outbreeding depression and
maladaptation [93,94]. According to a modeling approach by Aitken and Whitlock [95],
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the risks and consequences of outbreeding depression and contamination of the local gene
pool are minor in respect to potential advantages.

Another important aspect to consider in the selection of donor sites is the taxonomic
uncertainty, which characterizes some seagrass groups, such as, for example, the Halophila
genus [96,97]. The high morphological plasticity of species and the presence of locally
adapted morphotypes could lead to erroneous species identification. This could favor in
turn, the hybridization with native species, the breakdown of locally adapted ecotypes, and
the establishment of hybrids (i.e., genetic swamping), potentially compromising the entire
ecosystem functioning [98]. In this case, species identification should also be performed at
a genetic level to overcome taxonomic ambiguity.

Figure 2. Graph showing the conceptual relationship between local (blue line), climate-adjusted
(red line), admixture and composite (dashed line) provenance (sensu Prober et al. [99]) with the
possibility of survival of the restored seagrasses under environmental change (e.g., ocean warming,
eutrophication, etc.).

In order to utilize donor material potentially able to respond to projected climate
changes, source populations can be selected within the distribution range of the species
in areas experiencing environmental conditions as projected in the near future for the
transplantation site, i.e., climate-adjusted provenance (Figure 2, red line) [88]. This source
material could be utilized together with material coming from healthy local populations or
from multiple sources across the species range, i.e., a composite and admixture provenance
(Figure 2, dashed line) [99]. The latter is especially suitable for most seagrass species,
where information about genotypic plasticity and potential response to changes is scarce.
Furthermore, many seagrass species exhibit wide latitudinal ranges of distribution [100],
making the selection of climate-adjusted or admixture provenance easier. These strategies
may not result in a high survival rate of restored populations in the short-term as they can
experience intraspecific hybridization with local and non-local genotypes (i.e., outbreeding
depression) or maladaptation [93,94,101]. However, in the long-term, the introduction
of “future climate-adapted” genotypes can enhance the survival and longevity of the
restored meadows [6,10,99]. Even holding great potentials for seagrass restoration, there
are still limitations in choosing non-local donor material approaches that require further
investigation. For instance, to apply admixture provenance, it is important to establish
the right proportion of local and climate-adjusted plant material and the number of donor
populations to select. Sometimes, this is also highly dependent on the availability of
material at both source and receiving sites (see Section 3.2).
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3.2. Integration of Biogeographic and Genetic Data

Integrating genetic diversity information with biogeographical and oceanographic
data into connectivity maps can be very helpful in the selection of donor sites and the
monitoring of restoration efforts (Figure 3). This becomes particularly useful for species
with the potential to disperse over long distances via ocean currents during various life
stages [59,102] and for species with a highly variable level of meadow genetic diversity
over their distribution range (e.g., P. oceanica [103,104]). These maps, together with habitat
suitability and site selection models [105], are important to identify whether or not seagrass
recovery can naturally occur or whether the targeted population would remain isolated
after being restored (in this case, restoration is not advisable). In the first case, it is the
result of a high level of connectivity and gene flow between degraded and neighboring
sites, or in the second case, resulting from the absence of population connectivity. In
the last case, the integration of genetic diversity, connectivity, and environmental data
could reveal the reasons behind the isolation of the target area and the possible way of
restoring dispersal and connectivity networks ([106]). Recently, Mari and colleagues [58]
built maps of potential connectivity for P. oceanica, modeling the dispersal and potential
exchange of propagules between sites evaluating environmental features. The resulting
patterns could be integrated with genetic data of target populations useful for choosing
potential donor populations. Survival data from seagrass restoration can also be used to
investigate fundamental niches and model the persistence potential of restored seagrass
meadows [107,108]. Recently, Oreska et al. [109] analyzed the presence and absence data of
seedlings from restored plots in the Virginia Coast Reserve through Species Distribution
Models (SDMs) to identify potential environmental factors that affect the survival rate
of different sites. This offered the opportunity to compare the extent of the realized and
fundamental niche of the restored and natural sites, improving management efforts to
accelerate seagrass coverage and recovery.

The integration of information from genetic diversity into connectivity maps may also
help to keep track of historical gene flow and local adaptation while at the same time, avoid
the loss of genetic variation at the restored sites [110]. Seagrass genetic diversity tends to de-
crease in populations that locate at the range-edge of the species’ distribution range [49,102].
This phenomenon has been suggested as the result of reduced seed production and pollen
limitation [10,49] and limited connectivity of populations [111–113]. Range-edge popu-
lations often exhibit smaller effective population sizes, making them unsuited as donor
sites [111,112,114]. Indeed, many studies have recommended that populations with large
effective population sizes are the most appropriate donor sites [114]. These populations
actually possess the genetic potential to better adapt to more extreme environmental condi-
tions (e.g., marine heatwaves) and could be used as potential restoration materials for the
future as ocean warming continues to rise [10,111]. However, these populations could also
be at high risk of extinction if the speed of environmental change overrides their capacity
to adapt [115].

Distribution and connectivity maps together with a priori knowledge of population
structure should be integrated with the reproductive characteristics of related seagrass
meadows [111,116]. For example, after studying reproductive and genetic profiles of P.
australis meadows across Western Australia, Sinclair et al. [111] showed flower and fruit
production variability between northern range-edge meadows and center range ones, with
the first showing mixed mating system and lower sexual productivity. This evidence
suggests that future restoration activities may benefit from sourcing plant material from
multiple reproductive meadows. Future efforts on making complete maps (or georefer-
enced databases) as guidelines to restoration should also include information regarding
intraspecific differences in genetic diversity, e.g., among different depths of the same popu-
lation as seen in the case of the seagrass Z. marina [115] and P. oceanica [117,118], which can
have potential implications in the collection of plant material.
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Figure 3. Examples of models and distributions maps and genetic data from seagrass’ studies of the Mediterranean Sea.
The integration of species distribution (a [119]), environmental data (b [58]), anthropogenic impacts (c [120]), with potential
(d [58]) and realized connectivity maps (e [57]) and genetic diversity analysis (f [121]) could be combined to develop
multilayers maps for the identifications of donor and target sites in seagrass restoration (see text for more detail). The figure
was modified from the studies cited above.

3.3. Selection of the Plant Material

Different species of seagrasses have different morphological and reproductive traits,
affecting in a different way restoration success. Moreover, restoration plans have mainly
focused on species with higher ecosystem value (providing more valuable ecosystem
services) and also forming monospecific meadows. Only one-third of the extant seagrass
species have been utilized in restoration programs, with Z. marina present in more than
50% of the trials [122]. Other species highly utilized in restoration plans are the ones from
the Posidonia genus in the Mediterranean and in Australia. Most of the restoration plans
occur in temperate areas of the United States, Europe, Australia, and Eastern Asia [122].

Seagrass restoration can be performed by using different parts of the plant, such as
rhizome fragments, seedlings, or seeds [122]. The most common approach implies the
collection of adult plants with well-developed shoots and roots [85,122]. However, adult
plant-based methods are often labor-intensive and costly, as the survival rate of trans-
planted shoots is strongly related to the amount of planted material used [10]. In contrast,
the use of seed-based methods instead of adult shoots, particularly in large restoration
plans, can result in a much lower impact on existing meadows (i.e., donor sites) [10].
Moreover, seed-based transplantation approaches are less expensive and more logistically
feasible when restoring larger areas [88,123]. As reported by van Katwijk et al. [122],
large-scale restoration trials (> 100,000 shoots/seeds planted) perform better than small
trials, and part of these results depend on the initial sourcing material, which should have
high genetic and genotypic diversity. One of the best examples of large-scale restoration
in seagrasses was performed along the mid-western Atlantic coast, where over 70 million
Z. marina seeds were planted from 1999 to 2010 [124]. In this case, the collection of a large
number of seeds from multiple parents did offset potential genetic bottlenecks ensuring
high genetic diversity of donor plants and thus of restored sites [84]. Orth et al. [125] also
demonstrated that a large restoration plan not only restored local seagrass coverage but also
improved water quality and ecosystem functioning, supporting other restoration programs
(e.g., scallops). Seed-based methods can quickly facilitate the recovery of populations with

148



Water 2021, 13, 829 10 of 24

higher genetic diversity [83,90] and have the advantage of maintaining genetic variation
mimicking natural ecological and evolutionary processes [92,123]. Thus, it is considered as
a valid approach to restore and redefine populations that are more capable of persisting to
changing environmental conditions. However, it is still unclear if and how massive seed
collection can impact the survival and genetic composition of donor populations in the
long-term. Although the acquisition and processing of large amounts of seeds is a limiting
factor in most seagrass species, other species, such as Z. marina, produce large quantities of
seeds that are released in a short time, allowing the implementation of different approaches
to store and maintain collected seeds viable [126].

Nevertheless, seed-based methods still have limitations that deserve further efforts
from the scientific community. For example, more information is needed about sexual
reproduction and other biological characteristics of plants, such as flowering time, seed
production strategies, dormancy, and germination condition. Furthermore, it has been
found that in P. australis new seedlings have a low initial establishment rate, which depends
on local environmental conditions [127], while in Z. marina in natural conditions, only
around 5%–10% of seeds can survive and germinate [128].

3.4. Genetic Assessment of Transplantation Success

The success of seagrass restoration has historically been evaluated by demographic
monitoring, which only informs about population processes such as recruitment, survival,
and reproductive success, but that do not provide insights into the evolutionary resilience
of restored populations or about the consequences of reproductive processes following
restoration actions [129]. Genetic monitoring evaluates the success in restoring genetically
viable populations and whether the positive effects of the restoration are maintained over
time (i.e., across successive generations). Thus, well-designed monitoring programs are
required, including also evaluation of changes in environmental conditions of the restored
site and referring to comparable time frames for the same species [130]. Monitoring genetic
changes in restored populations can be done retrospectively by using pre-disturbance
genetic population datasets or for evaluating ongoing changes in their status and persis-
tence (i.e., mid-and long-term restoration outcomes). Measuring changes in population
allele frequencies or levels of linkage disequilibrium over time, using neutral markers,
can provide information about absolute changes in the restored population (e.g., effective
population size) and can be relevant for digging into the genetic processes driving these
changes (e.g., selection, genetic recombination, mutation, genetic drift, mating system, and
genetic linkage).

Genetic monitoring can also be useful to inform about the factors and processes
underlying the success or failure of a restoration action, which could be critical to adjust
management practices accordingly [131]. For instance, when mixed source populations are
used in restoration, genetic monitoring has the potential to inform whether genotypes from
different origins have been admixed or if the local genetic characteristics are maintained
and not completely replaced by the newly introduced foreign genotypes. In the latter case,
this would involve a reduction in the overall genetic diversity of the restored population,
compromising its evolutionary potential in future environmental scenarios. In species with
high clonal propagation, genetic monitoring could also inform whether the establishment of
new recruits is the result of clonal spread or sexual reproduction, the latter being indicative
of successful population rejuvenation [132].

Combining molecular markers with fitness-related phenotypic traits can provide a
quantification of genetic variability and structure, as well as further valuable information
about the progression of the restored population and the likely existence of constraints to
recovery. For instance, genetic monitoring just several generations after the completion of a
restoration action can reveal the existence of reduced fitness of inbred offspring (inbreeding
depression; Z. marina [68]) or reduced fitness of progeny involving an admixture of differ-
ent sources or of native and foreign genotypes (outbreeding depression; Z. noltei [133]).
Additionally, monitoring the genetic structure of restored populations can identify the
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re-establishment of a gene flow between the restored and closely populations (e.g., Z.
muelleri [134]) as well as factors that have the potential to alter the future population genetic
structure (e.g., Z. marina [135]). Whether selection pressures in the restored habitat with
mixed source populations have the potential to result in population differentiation in the
long term can also be inferred. Since fitness of transplants may depend both on the source
origin and the particular environmental conditions of the restored habitat, the higher fitness
in critical traits (e.g., sexual reproduction) of locally adapted genotypes might result in
within-population differentiation. This can also result from heterosis, as heterozygous
individuals are relatively fitter than homozygous individuals [136].

In addition, genetic monitoring could also shed light on the genetic basis influencing
the provision of ecosystem services [133], which is a major outcome pursued in restoration
programs. Reynolds et al. [84] found that a small increase in genetic diversity in transplant
plots of the seagrass Z. marina improved restoration success, but also the provision of valu-
able ecosystem services (i.e., habitat provision, primary productivity, and nutrient cycling).
The authors argued that the mechanism behind this ecosystem services enhancement was
the increase in shoot density promoted by high genetic diversity in transplant plots.

For all the above, monitoring of transplants is essential to identify timely evidence-
based information that can ultimately enhance the long-term success rates of transplan-
tation efforts by establishing additional actions and modifications (see Figure 1). This
information can also uncover mechanisms limiting transplantation success to inform future
projects [124]. As the recovery of seagrass meadows can take from two to over 30 years
to reach a fully functional state [6], and negative impacts of improper donor sites (e.g., in
genetic aspects) can also take decadal times to be detectable [101,137]. All these make long-
term seagrass monitoring essential. Unfortunately, most agencies typically fund restoration
projects over a short period (e.g., in Australia from one to 10 years [6]) that is usually not
enough for appropriate monitoring. Besides the devoted efforts of the scientific community,
restoration programs require the involvement and commitment of all stakeholders in the in-
dustry, local communities, citizen-science projects, non-governmental organizations, states,
and federal government agencies to establish multi-year to decadal funded restoration
projects in order to progressively improve seagrass restoration outcomes and to complete
the ambitious restoration goals set out for the present decade.

4. Future Directions in Seagrass Restoration
4.1. Improving Transplant Performances through Assisted Evolution

The ability for impacted or vulnerable seagrass populations to successfully adapt to
environmental changes depends on their standing genetic variation and the pace at which
genetic changes are incorporated [138]. However, in the context of accelerated climate
change, the genetic adaptation of populations is considered slow compared to the celerity
of climatic changes [139]. Different approaches with diverse levels of intervention intensity
have been proposed within the concept of “assisted evolution” (or assisted adaptation)
to accelerate the rate of naturally occurring evolutionary processes (e.g., corals [140],
terrestrial plants [141]). Although such human interventions are under strong ethical
debate (as discussed in Section 5), it is timely to start exploring and discussing the potential
possibilities we have to secure a sustainable future for seagrasses.

The use of resistant genotypes in seagrass restoration is an approach with the potential
for improving the extant genetic baselines of natural populations and for enhancing the
resilience of the restored population to present and future stressors. Resistant genotypes
can be identified through manipulative selection experiments and by identifying local
adaptation (i.e., selection) in natural populations. Genotyping by sequencing of single nu-
cleotide polymorphisms (SNPs) now enables to explore genome-environment interactions
and to characterize both neutral and functional (adaptive) genetic diversity of organisms
without a reference genome (see Box 1), which is the case of most seagrass species. The
identification of putative heritable loci under selection for a given stressor (e.g., thermal
stress) could then be combined with manipulative stress experiments to confirm candidate
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gene function and to examine the resilience and the potential trade-off of genotypes pos-
sessing such loci [142]. This information could be crucial for improving seagrass restoration
outcomes by facilitating an informed decision-making process about the provenance and
genetic background of the transplant material. Furthermore, this can also be relevant in the
future thanks to the recent development of novel technologies in genome editing, which
are opening up new opportunities for molecular ecologists to achieve specific manipulation
of genes of interest for improving restoration outcomes and for enhancing the overall
resilience of restored populations [143,144]. However, these approaches require a high
level of human intervention that are more socially and ethically controversial and still
far from being applied in seagrasses, although they are common in terrestrial plants and
animals and have been proposed in certain cases of coral reef restoration [35,140]. However,
legal guidance on how to define organisms produced by exploring novel genome editing
techniques and how to distinguish them from genetically modified organisms (GMOs) is
still under construction [145].

The selection of more tolerant genotypes to improve restoration success can be per-
formed by growing wild specimens under controlled conditions. These practices that
include a culture phase are widely applied for coral restoration, where fragments or larvae
are collected from the environment in order to prevent coral damage during their most
vulnerable stages [7]. In seagrasses, the use of aquaculture systems to grow plants of Z.
marina has been improved and representsd a way to obtain plant material alternative to
harvesting plants from donor sites when vegetative shoots are required [146]. Addition-
ally, growing plants under controlled conditions is useful to overcome acclimation to the
home environment, avoiding problems related to the choice of a local or non-local site [20].
Although this approach can also be applied to other seagrass species, several constraints
regarding reproductive cycles of the species, germination of seeds under control conditions,
and slow growth rate limit its application.

Resistant genotypes can also be produced with a lower level of intervention through
the use of priming/hardening methods [147]. Pre-exposing individuals to mild stress have
the potential to induce stress memory, giving rise to genotypes with enhanced tolerance to
subsequent stressful events. Whether stress memory is set by stress-induced epigenetic
modifications (see Section 4.2), the acquired resistance can be passed to offspring leading
to new generations with acquired resistance [148]. The first evidence of the existence of
stress memory in seagrasses has very recently been published [149]. Adults of two seagrass
species with contrasting biological attributes (pioneer vs. climax) have shown the capacity
to acquire thermal-stress memory and to better resist and perform in a successive stressful
thermal event. Primed plants also showed the activation of methylation-related genes
suggesting the involvement of epigenetic modifications on stress memory in seagrasses, as
also suggested in a recent paper on Z. marina [150].

4.2. Potential of Epigenetics in Seagrass Restoration

Plasticity provides a buffer against rapid climate changes and also assists the rapid
adaptation of species and populations to the ongoing climatic change [20,139]. Among
mechanisms promoting and regulating phenotypic plasticity, epigenetic modifications,
which include potentially heritable changes of genomes that do not alter the DNA sequence
itself, have been widely considered as key candidates [151,152]. Epigenetic variations can
arise from genetic control, environmental induction, or spontaneous epimutations [151,153].
Epigenetically induced phenotypic variations could be transiently reversible or trans-
generationally heritable within one or multiple generations through meiosis and/or mi-
tosis [154]. Especially clonal plants such as seagrasses could benefit from epigenetic
variations and their adaptive potential as an alternative to the slower mechanisms of adap-
tation through natural selection [155,156]. In addition, under clonal growth, epigenetic
changes (e.g., DNA methylation patterns) are expected to be more stably inherited than
under sexual reproduction [157].
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In seagrasses, different studies pointed out the potential role of epigenetic mechanisms
in regulating gene expression following stress events, thus promoting stress acclimation and
increasing tolerance of individuals [19,24,70,158–160]. A very recent study in the seagrass
Z. marina tested the hypothesis that clonal seagrass meadows could display epigenetic
variation that compensates for low genetic variation [150]. Clonal shoots displayed DNA
methylation variations independent from underlying genetic variations and associated with
changes in plant performance under experimental conditions [150]. This demonstrates that
epigenetic variation could play a similar role to genetic diversity in meadows dominated
by a single or a few genotypes and that seagrass stress resilience could be much higher than
expected considering only the genetic makeup of populations. Especially in long-living
seagrass species (e.g., P. oceanica [21]), epigenetic responses can build through time, thus
increasing the fitness of individuals over a number of ramet generations [155].

Consequently, when dealing with clonal plants, conservation and restoration man-
agement should consider ‘epigenetic diversity’ as an indicator of stability and functioning
of the ecosystem equal to genetic diversity [161,162]. In a framework of restoration, the
assessment of the epigenetic variation of populations could be potentially as informative as
the assessment of their genetic status, thus being a reliable tool for the evaluation of suitable
donor sites as well as for establishing the success of replanted shoots to overcome natural
variability and stress events. As recently stated by Rey et al. [163], DNA-methylation,
which is the most studied epigenetic modification, could contribute to improving ecologi-
cal restoration, including the development of biomarkers, the study of wild populations’
ecological structure, the improvement of translocation strategies, and the study of func-
tional landscape connectivity. Introducing epigenetics into conservation and restoration
practices, especially in seagrasses, would contribute to better understanding the plasticity
of these unique plants and their adaptive potential in the face of environmental changes,
thus improving conservation and restoration strategies [163].

5. Legal and Ethical Issues Related to Genetic Aspects of Seagrass Restoration

Conservation and restoration programs are generally regulated by national laws and
international conventions with a central role of maintaining biological diversity [164,165].
Biodiversity conservation is regulated in the framework of the Convention on biological
diversity (CBD) that was signed by 150 government leaders in Rio de Janeiro in 1992.
The CBD aimed to stem the worldwide biodiversity loss, focusing on the conservation of
biodiversity, sustainable use of the components of biological diversity, and sharing benefits
derived from genetic resources. Importantly, an explicit goal of the CBD was the conserva-
tion of genetic diversity, as the persistence and evolutionary potential of species depend on
it [166]. Other conventions with a role in seagrass conservation and management are the
Berna Convention (1979), which deal with the conservation of wild species and European
natural habitats, the Barcelona Convention (1995), which was recognized as the convention
for the protection of marine habitats, and a series of other legislations related to fisheries
and aquaculture [167]. In addition, the inclusion of seagrass ecosystems in national and
international policies is a recommended action for the maintenance of marine ecosystems
and biodiversity (UNEP, UN Environment Program 2020). The UN decade on ecosystem
restoration [168] is an international call that aims to massively restore degraded ecosystems
worldwide during the period 2021–2030, as well as to promote their resilience to climate
and anthropogenic changes. The UNEP offers regional and international collaborations
in broad thematic areas, including the protection and restoration of coastal ‘blue carbon’
ecosystems, like mangroves and seagrasses.

However, no specific regulations and practical implementations exist on the manage-
ment of the genetic component in seagrass restoration practices. One exception is Article
15 of the Convention on biological diversity (CBD), where terms and conditions for access
to genetic resources were recognized, such as the sovereignty of States over their natural
environments (see Secretariat of the Convention on Biological Diversity 2002 [169]). The
introduction of some countries’ specific restrictions on access to genetic resources could
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limit the possibility of choosing donor sites. One recent addition to the protocols of the CBD
was the implementation of the Nagoya Protocol on Access to Genetic Resources and the
Fair and Equitable Sharing of Benefits Arising from their Utilization that was adopted on
29 October 2010 [170]. This new protocol introduced legal transparency for both providers
and users of genetic resources by sharing benefits arising from the utilization of genetic
resources contributing to the conservation and sustainable use of biodiversity as stated by
the CBD.

Important management measures on genetic issues related to conservation have been
applied for agrobiodiversity, especially for crop species of economic and commercial in-
terest [171,172]. In this regard, different regulations and specific institutions already exist,
which aim to conserve plants’ genetic resources [173]. In 1971, Food and Agriculture
Organization (FAO), with the World Bank and the UN Development Program, founded the
Consultative Group on International Agricultural Research (CGIAR). Today, the CGIAR
is primarily responsible for the international germplasm collections and includes gov-
ernments, private foundations, and regional development banks (http://www.cgiar.org
accessed on 10 October 2020). The conservation of plant genetic resources consists of the
storage of crop genetic materials, usually as seeds or vegetative material. This approach,
known as ex situ conservation and widely applied for terrestrial plants, consists of the col-
lection of seeds and their storage for future use of plants [174]. The possibility to preserve
seeds in seedbanks is strongly species-dependent and population-specific [175] and has
not been considered to date for seagrasses. Different guidelines have been developed to
improve translocation of plants (i.e., reintroduction) and breeding in restoration [176]. In
the presence of highly degraded habitats, where the native species are almost disappear-
ing, a strict sampling strategy must be followed considering the number of populations
and individuals within populations to create a sufficient initial gene pool [177]. These
guidelines can also be applied to seagrasses, even if more studies performing transplant
experiments and addressing genetic diversity effects over the years are needed. Uncer-
tainty related to the management of genetic issues in restoration is exacerbated by ethical
questions that arise from novel approaches, such as assisted evolution and genome ma-
nipulation [36,178]. The artificial selection of more suitable genotypes or the release of
genetically modified genotypes into wild populations opens a debate on the potential con-
sequences that modified genomes can have on native populations. Furthermore, improving
populations’ performances to human-modified environmental conditions make it harder
to define clear interventions’ rules. In this context, the lack of long-term outcomes derived
from these manipulations raises concerns about the appropriate use of assisted approaches.
A constant dialogue among scientists, stakeholders, and policymakers is fundamental to
identify opportunities from new technologies and potential risks for the environment.

6. Recommendations and Conclusions

In this review, we provide a comprehensive view of the importance of genetic knowl-
edge to seagrass restoration. Whether a restoration program aims to replicate or to reinforce
target populations, a proper restoration plan would require: (1) information about the ge-
netic structure of both donor and restored meadows; (2) the analysis of local environmental
conditions and disturbances that affect the site to be restored; (3) the analysis of local adap-
tation constraints influencing performances of donor and native plants; (4) the integration
of distribution and connectivity maps with genetic information and environmental factors
relative to the target seagrass populations; (5) long-term monitoring programs to assess
the performance and the variability of the restored populations over time. In addition, we
encourage the inclusion of an ‘epigenetic conservation and restoration’ perspective together
with a genetic one. Further studies in the field of epigenetics in seagrasses are needed to
broaden our knowledge on this emerging topic that can ultimately benefit future restoration
and conservation activities. These kinds of studies are also crucial for the integration of
assisted evolution strategies into seagrass restoration, which needs to be further reasoned
and developed in a similar way to what has been done for other marine foundation species
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such as corals [35,140] and kelps [36]. It is urgent and imperative to integrate and develop
the concepts and methods of assisted evolution in seagrass restoration to reinforce seagrass
ecosystems, avoiding rapid deterioration and promoting their adaptation to local and
global pressures.

Bringing solid scientific knowledge from biologists to policymakers is essential to
define clear restoration actions, delineating priority areas to restore, and making adequate
funds available. Altogether, we expect to ensure a sustainable future for seagrasses and the
multiple life forms they support worldwide to our future generations.

Box 1. Current molecular methods to assess seagrass genetic/epigenetic diversity, adaptation, and
population structure.

Different molecular methods have been developed to quantify genetic diversity and structure
within and among plant populations (see review by [179]). Early studies in seagrasses have largely
relied on traditional molecular markers (e.g., Random Amplified Polymorphism DNA, Amplified
Fragment Length Polymorphisms, and Restriction Fragment Length Polymorphisms). Some of these
marker categories have limited power in assessing population genetics indices and in resolving
the geographical differentiation of populations and a limited consistency among studies. Simple
Sequence Repeats (or microsatellites) represented the reference markers in population genetics for
many years and are still widely utilized, considering that whole-genome sequencing techniques
are still too expensive, especially when dealing with tens or hundreds of samples and species with
large-sized genomes.
The rapid progress in next-generation sequencing technologies (NGS) speeded up the development
of various reduced-representation genome-sequencing (RRS) methods based on restriction enzyme
digestion of genomic DNA (for a review see [180]), and genotyping-by-sequencing (GBS) is currently
increasingly applied to ecological and evolutionary studies [181]. GBS methods can produce
thousands to millions of single nucleotide polymorphisms (SNPS), which allow resolving patterns
of genetic diversity, genotyping, and spatial structure of populations at a very fine scale [180].
Restriction-site-associated DNA sequencing (RAD-Seq) is a family of techniques in which DNA
is digested with restriction enzymes, and the resulting fragments are size-selected and sequenced
via NGS. The resulting NGS reads are mined across individuals for SNPs that occur immediately
adjacent to common restriction sites [182]. RAD-Seq provides high-resolution population genomic
data for outliers scan, linkage mapping, and demographic analysis at relatively low cost and
requires minimal starting material [183]. Diverse RAD-Seq techniques e.g., RAD based on fragments
produced by type IIB restriction endonucleases (2b-RAD [184]), Isolength restriction site-associated
DNA (isoRAD [185]), or Double digest RADseq (ddRAD [186]), have been developed in recent
years (for a review see [187]). Importantly, they can be easily applied to non-model species without
prior genomic knowledge [183], as most seagrass species (with the only exception of Zostera marina
and Z. mulleri, whose genomes have been recently released [188,189]). A RAD-Seq approach has
been recently applied in Zostera capensis to obtain SNPs data and examine the neutral genomic
variation of populations [190,191].
NGS platforms can also be used to study genome-wide DNA methylation patterns across the
genome to improve the assessment of epigenetic diversity in ecological settings and provide
functional insights [192]. Bisulfite sequencing applied to whole genomes (WGBS) allows the
evaluation of methylation status for every cytosine in a genome [193], and it represents the ‘gold
standard’ of all available techniques, but it is only applicable to species with a high-quality reference
genome, besides having prohibitive costs for large experimental designs. Several cost-effective
reduced representation bisulfite-sequencing approaches (RRBS) have been recently developed, as for
instance, Methylation-dependent restriction-site associated DNA sequencing (MethylRAD [194]),
epi-genotyping by sequencing (EpiGBS [195]) or bisulfite-converted restriction site associated
DNA sequencing (BsRADseq [196]) that can be applied to non-model organisms lacking a well-
annotated reference genome. The Methyl-RAD technique has been recently applied to characterize
the methylome of the seagrass Z. marina [150].
The integration of the various “omics” or “high-throughput” technologies now allows to achieve
a comprehensive understanding of the link between genotype, phenotype, and the environment
through the application of system biology approaches (for a complete review of new technologies in
restoration and conservation, see reviews by [197] and [198]). Moreover, many commercial services
are currently available to perform most of the ‘genetic work’, from library preparation to sequencing
and bioinformatics analysis, allowing research in restoration and conservation genetics without
access to a fully equipped molecular laboratory.
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Glossary

Admixture provenance: Plant materials for restoration collected as a mixture of Local
provenance and Climate-adjusted provenance (i.e., from a variety of provenances from
sources across a species range).

Assisted evolution: Conservation strategy adopted for vulnerable species and based
on human intervention, which aims to accelerate the rate of natural evolutionary processes
enhancing population resilience and the rapid adaptation to environmental changes.

Assisted gene flow: An active intervention which involves transplanting genotypes
of a given species from distant sources to new locations within the species range with the
potential to restore levels of genetic diversity.

Climate-adjusted provenance: Plant material for restoration collected along a climate
gradient in line with climate change projections.

Composite provenance: Plant materials for restoration collected as a mixture from
healthy local provenances together with smaller amounts of material from more dis-
tant sites.

Effective population size: A measure proposed by Montalvo et al. [199] to evaluate
genetic diversity in populations by considering the percentage of reproductive individuals,
sex ratio, and fluctuations in population density.

Genetic restoration: The process of assisting the recovery of an ecosystem that has
been degraded by restoring or improving the genetic baselines of vulnerable populations.

Genetic rescue: Introduction of genetic materials from other populations to increase
the fitness of small, isolated, and imperiled populations.

Heterosis: Increased fitness of hybrid product from two different genotypes in com-
parison with parental genotypes.
Inbreeding depression: Reduction in survival, fitness and reproduction of offspring of
genetically related individuals.

Local provenance: Plant material for the restoration collected near to and in similar
environmental conditions as the planting site, which gives new plants the best chance
of survival.

Linkage disequilibrium: Non-random association of alleles at different loci. The
frequency of association of different alleles is higher or lower than what would be expected
if the loci were independent and randomly associated.

Outbreeding depression: Reduction in survival, fitness and reproduction of offspring
of genetically distant individuals.
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CONCLUSIONS 
 

The overall aim of the thesis was to evaluate the resilience capacity of the Mediterranean 

seagrass Posidonia oceanica to future environmental changes. The main findings indicate that 

local conditions in which plants grow affect the response capability to environmental stress. 

The eutrophic conditions existing in the Gulf of Pozzuoli (Naples, Italy), in fact, weaken local 

populations, thereby compromising their resilience and survival in the face of seawater 

warming that is ongoing in the context of global climate change. In fact, the physiological and 

transcriptomic characterization of P. oceanica adult plants exposed to simulated eutrophic 

conditions and sea warming (i.e. simulated marine heatwave) in a multi-factorial experiment 

revealed the higher vulnerability to marine heatwaves of plants growing under eutrophic 

conditions with regard to plants from pristine environments. Local environmental conditions 

also play a crucial role in the response specificity to single and/or multiple stressors in natural 

P. oceanica populations. The complex plants’ responses to single and multiple stress also 

underlined that the occurrence of different local pressures has the potential to interact with the 

ongoing seawater warming, either exacerbating or buffering the impact on seagrass 

ecosystems. Dissimilar metabolic mechanisms are adopted, as highlighted by the activation 

of different genic pathways, to cope with stress factors in plants with a different history of 

exposure to stress. My results highlight the relevance of these type of experimental approaches 

(multifactorial designs in controlled mesocosm systems) and analytical techniques 

(transcriptomic and eco-physiology) for exploring the resilience of seagrasses populations in 

a realistic scenario of environmental changes and human pressures. Moreover, I also revealed 

a different organ-specific vulnerability in P. oceanica plants exposed to different stress 

factors. Leaves were more vulnerable to nutrients enrichment and modulated different 

nutrients-balancing strategies and transcriptional reprogramming depending on the nutrient 

exposure history of populations, while shoot-apical meristems (SAMs) were particularly 

affected by heat stress, whose intensity also depends on the plants’ origin. Plants that have 

already experienced local pressures at their home site followed a greatest transcriptional 

reprogramming in the presence of new stress typology, which is temperature. Thus, SAMs 

seems to be a preferential tissue to analyse, if we aim in detecting early warning signals of 

heat stress in P. oceanica populations. This is of great importance for the possible 

implementation of monitoring plans of this vital resource for the dynamics and productivity 

of the Mediterranean coastline.  
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Plants exposed to single and multiple stressors also displayed a relevant modulation of 

epigenetic mechanisms, especially in organs where the largest transcriptomic regulation was 

observed. The dynamic regulation of epigenetic-related genes was remarkably different 

between plants depending on environmental conditions pre-experienced at their local sites and 

stress typology. Since epigenetic mechanisms regulated phenotypic variations that can also be 

inherited across generations favouring stress memorization, these results could provide the 

first epigenetic signatures of the existence of a transcriptional memory in P. oceanica. This is 

again variable, based on plants’ origin.    

These evidences were also supported by different dynamics of DNA methylation observed at 

the leaf level and pointed out the potential role of epigenetic modifications in regulating gene 

expression and the phenotypic plasticity of the species in presence of environmental changes. 

My results revealed that DNA methylation is a dynamic process in P. oceanica plants which 

is influenced by environmental stresses and plants’ origin, with important implications in 

regulating stress responses. 

My thesis also opened a new frontier in seagrass restoration and conservation, as it 

demonstrated the possibility to produce heat-primed P. oceanica plants during their early life 

stages (i.e. seedling stage) for increasing their heat tolerance to further stressful warming 

events. Furthermore, molecular analysis conducted on primed vs non-primed seedlings also 

suggested the potential of epigenetic modifications in stress-memory acquisition as well as 

for activating a suitable heat stress response. Reinforcing seagrasses by using non-invasive 

manipulative approaches could rewrite the fate of these important ecosystems improving 

restoration plans for marine plants. Moreover, the emerging role of epigenetic regulation of 

phenotypic responses to stressful conditions, underlined the importance to study epigenetic 

processes as active mechanisms that regulate the degree of phenotypic plasticity favouring the 

organisms adjustment to environmental changes.  

To conclude, this thesis contribute to explain the impact that local disturbance, in particular 

eutrophication, has in a sea warming scenario, suggesting the interrelation existing among 

local environmental stress factors and global stress factors induced by Global Climate 

changes. Populations that are locally affected by environmental stresses will possibly suffer 

more for the effects of global changes. I also revealed the importance of transcriptional and 

epigenetic studies in describing molecular signals of stress perceived by plants. Overall, these 

findings underlined the importance to perform ‘omic’ approaches integrating epigenetic 

studies to describe seagrass responses to single and multiple stressors. The results of my thesis 

also offer new opportunities to explore resilience capacity of seagrasses to environmental 
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changes with important implications for future directions of restoration and conservation 

managements of these valuable ecosystems.  
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