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A B S T R A C T   

Seawater warming and increased incidence of marine heatwaves (MHW) are threatening the integrity of coastal 
marine habitats including seagrasses, which are particularly vulnerable to climate changes. Novel stress 
tolerance-enhancing strategies, including thermo-priming, have been extensively applied in terrestrial plants for 
enhancing resilience capacity under the re-occurrence of a stress event. We applied, for the first time in seedlings 
of the Mediterranean seagrass Posidonia oceanica, a thermo-priming treatment through the exposure to a simu-
lated warming event. We analyzed the photo-physiological and growth performance of primed and non-primed 
seedlings, and the gene expression responses of selected genes (i.e. stress-, photosynthesis- and epigenetic-related 
genes). Results revealed that during the re-occurring stress event, primed seedlings performed better than 
unprimed showing unaltered photo-physiology supported by high expression levels of genes related to stress 
response, photosynthesis, and epigenetic modifications. These findings offer new opportunities to improve 
conservation and restoration efforts in a future scenario of environmental changes.   

1. Introduction 

In recent decades, the rates of changes including human pressures 
and climate change have been rapidly forcing organisms to exceed their 
resilient capacity and thus the potential to quickly respond and adapt to 
environmental changes (Doney et al., 2012). In the marine realm, sea 
warming is increasing at alarming rates inducing severe and significant 
consequences on ocean physical features as documented in the most 
recent IPCC (2019) assessment. Sea-surface temperature changes 
include prolonged anomalous high temperature events that last for five 
or more days known as marine heatwaves (MHWs; Hobday et al., 2016). 
The occurrence of these events varies globally and regionally, with high 
intensity in the western part of the globe (+2–5 ◦C), followed by the 
central and eastern equatorial Pacific Ocean (+1–4 ◦C) and eastern re-
gions (+1–3 ◦C) considering boundaries of Northern Hemisphere oceans 
(Oliver et al., 2018). In the Mediterranean Sea, which is considered a 
hotspot for environmental changes, climatic events represent the main 

drivers that caused the largest impacts, especially on coastal areas and 
coastal ecosystems (Micheli et al., 2013). In this framework, it is 
fundamental to improve new strategies that allow to better estimate and 
mitigate future impacts on coastal marine environments. 

To date, different approaches are being developed to improve con-
servation and restoration strategies of natural resources by human in-
terventions, generally known as assisted evolution approaches (Filbee- 
Dexter and Smajdor, 2019). These interventions vary according to the 
level of organism manipulation, ranging from active-genome editing (e. 
g. CRISPR, Hsu et al., 2014) to less intrusive methods such as priming 
treatments (Jisha et al., 2013). In plant stress biology, the term “prim-
ing” refers to a stimulus, which prepares an organism for upcoming 
environmental challenges by improving its response capacity (Conrath 
et al., 2015). Hence, this priming process modifies the phenotypic state 
of an organism (i.e. priming stimulus), favoring phenotypic-plastic ad-
justments to future environmental stress conditions (i.e. triggering 
stimulus) (Hilker et al., 2016). The maintenance of these phenotypic 
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responses constitute the “memory” of the past stress event that may be 
temporary or persist for several months, depending on the typology of 
the priming stimulus, its duration and other factors such as the devel-
opmental stage of organisms (Pastor et al., 2013; Walter et al., 2013). 
Thus, the memorization of the past stress event consists in the recogni-
tion of the reoccurring event as a stress in order to activate the appro-
priate response (Friedrich et al., 2019). Terrestrial plants can be primed 
during young life stages (i.e. seeds and seedlings), improving seed 
germination, seedling establishment and growth (i.e. Solanumly coper-
sicum seeds, González-Grande et al., 2020; Arabidopsis thaliana seed-
lings, Leuendorf et al., 2020). Numerous priming techniques have been 
applied (chemical, thermal or biotic, Rakshit and Singh, 2018), and all 
contribute to allow plants to better respond to re-occurring stress, 
minimizing the investments of resources. Primed plants show faster and 
stronger activation of defense mechanisms typically involved in stress 
responses, including expression of key responsive genes, epigenetic 
mechanisms and signaling pathways such as those involving hormones 
such as jasmonic acid, salicylic acid and ethylene (Bruce et al., 2007; 
Kreps et al., 2002). 

Molecular mechanisms that regulate the priming process modulate 
genes transcription during the priming stimulus, producing much higher 
levels of transcripts during the subsequent stress (triggering stimulus), 
and resulting in the potential induction for a long-term “transcriptional 
memory” (e.g. A. thaliana, Kotak et al., 2007; Liu et al., 2014). This 
defense response, which is enhanced by stress-memory, is arbitrated by 
epigenetic changes and the accumulation of signaling proteins with 
inactive configuration (Bruce et al., 2007). Epigenetic marks include 
DNA modifications operated by cytosine methyl-transferases that leave 
the DNA sequence unchanged, and acetylation, methylation, phos-
phorylation and ubiquitinylation of the nucleosome core histones (H2A, 
H2B, H3, H4) (Duncan et al., 2014). These last modifications induce 
changes in the chromatin structure, regulating the activation or 
repression of gene expression (Reyes et al., 2002). Thus, the priming of 
genes may be achieved through chromatin modifications that promote 
long lasting regulation favoring epigenetic memory (Borg et al., 2020). 
For instance, vernalization is an epigenetic-regulated process that in-
volves the repression of the gene FLOWERING LOCUS C (FLC) main-
tained by histone H3 lysine 27 trimethylation (H3K27me3) (Hepworth 
and Dean, 2015). In plants, histone modifications occur in the presence 
of different abiotic stress, including heat-stress, which modify the 
fluidity of the membrane, the interaction of DNA with the nucleosome as 
well as the folding of chromatin proteins allowing the regulation of 
stress-responsive genes (Bäurle and Trindade, 2020; Chen et al., 2011; 
Chinnusamy and Zhu, 2009; Kumar et al., 2020). 

This epigenetic regulation can be at the basis of the appearance of 
different phenotypes resulting from genotype by environment in-
teractions (Abdusalam and Li, 2018). Indeed, the ability of organisms to 
adjust to environmental changes is related to their degree of phenotypic 
plasticity which is crucial for the species to withstand and survive the 
ongoing climate changes (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 perfor-
mance under changing environmental conditions (Pazzaglia et al., 
2021b). Seagrasses are marine flowering plants that form extensive 
underwater meadows in most coastal areas, representing one of the most 
valuable ecosystems on earth (Costanza et al., 2014). Despite clonal 
growth is the most diffuse propagation typology among seagrass species, 
sexual reproduction through seed fertilization and seedling establish-
ment is crucial for maintaining high genetic diversity, which enhances 
population resilience to environmental changes (Jahnke et al., 2015; 
McMahon et al., 2014). Similar to terrestrial forests, seagrasses repre-
sent a highly productive system supporting different ecosystem services 
such as O2 production and CO2 sequestration (Champenois and Borges, 
2019; Fourqurean et al., 2012). The high degree of phenotypic plasticity 
that characterizes seagrass species favored their extensive distribution 

allowing adaptation to different marine environments (Pazzaglia et al., 
2021b). However, rapid environmental changes can exceed their toler-
ance capacity preventing appropriate responses. Seagrasses are 
declining globally and estimates indicate an increased meadows loss rate 
of 7% year− 1 since 1990 (Waycott et al., 2009). Projections estimate the 
functional extinction of some seagrass species in the next decades, 
including Posidonia oceanica (L.) Delile (Chefaoui et al., 2018), which is 
endemic to the Mediterranean Sea and one of the largest and long-lived 
plant species in the world (Arnaud-Haond et al., 2012). Increased tem-
perature trends and MHWs can negatively affect seagrass performances, 
accelerating respiration rates in a higher proportion than photosynthetic 
rates, eventually resulting in plant carbon imbalances (Collier and 
Waycott, 2014; Marín-Guirao et al., 2016; Nguyen et al., 2021). Species 
responses to heat stress are variable depending on local environmental 
conditions where plants grow and thus on local (pre-) adaptation 
(Marín-Guirao et al., 2017; Pazzaglia et al., 2020). MHWs have also the 
potential to affect flowering, seeds germination, seedlings development 
and survival thereby compromising the future of natural populations 
(Ruiz et al., 2018; Salo and Pedersen, 2014; Xu et al., 2016). Seedlings 
represent one of the most vulnerable life stages of seagrasses (Balestri 
et al., 2009) and are particularly sensitive to MHWs. The experimental 
exposure to simulated heat waves induced negative effects on growth 
and seed germination, increasing mortality and the occurrence of indi-
rect effects such as herbivory (Guerrero-Meseguer et al., 2017; Hernán 
et al., 2017; Pereda-Briones et al., 2019). Despite these early evidences, 
there is a lack of research conducted on seedlings and seeds with the aim 
to explore the effects of warming on these early life stages and more 
studies are required especially for improving seagrass conservation and 
management practices. This is particularly relevant in the frame of 
restoration and reinforcement of natural populations. Using seeds or 
seedlings as transplant material guarantees high genetic diversity levels, 
and novel approaches boosting resilience to environmental changes 
have been proposed in seagrasses (Pazzaglia et al., 2021a). In the pre-
sent era of environmental changes, seagrass restoration has the potential 
to slow-down habitat degradation and fragmentation mitigating the 
negative impacts of the ongoing climate change (Duarte et al., 2020). 

In seagrasses, different studies investigated the degree of phenotypic 
plasticity under different abiotic stressors, including thermal stress 
(Nguyen et al., 2021). Besides the expression of key stress-related genes 
under thermal stress conditions (e.g. HSPs), seagrass’s responses include 
also the activation of epigenetics-related genes (i.e. DNA and histone 
methylation, Marín-Guirao et al., 2017; Marín-Guirao et al., 2019). The 
methylome assessment of adult Zostera marina genets has underlined the 
existing relation of DNA methylation changes with phenotypic variation 
of fitness-related traits and heat stress resilience (Jueterbock et al., 
2020). Moreover, a recent study has pointed to a relationship between 
gene body DNA methylation and the transcriptomic responsiveness of 
Mediterranean seagrasses to warming conditions, together with 
warming-induced changes in the level of global DNA methylation 
(Entrambasaguas et al., 2021). These evidences revealed the flexibility 
of the methylome in response to heat stress and the possibility of marine 
plants for memorizing heat responses. Only very recently in seagrasses, 
thermo-priming has been successfully tested in adult plants of two 
species (P. australis and Z. muelleri) and the activation of key epigenetic- 
related genes seems to be involved in the process (Nguyen et al., 2020). 
Nevertheless, more studies are necessary to assess the potential role of 
epigenetic mechanisms in seagrass responses and stress-memory. 

Here we applied, for the first time in seagrass seedlings, a thermo- 
priming stimulus to P. oceanica through the exposure of seedlings to 
an anomalous warming event (priming treatment: 30.5 ◦C). The induc-
tion of the priming status was subsequently assessed after two weeks 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 (triggering 
treatment: 32 ◦C). The hypothesis is that young P. oceanica seedlings 
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experiencing a seawater warming event during their first summer 
(thermo-primed seedlings) are better equipped to respond and resist to a 
subsequent more intense and longer-lasting warming event than seed-
lings grown under normal/average summer temperatures (non-primed 
seedlings). 

2. Methods 

2.1. Seedlings collection and experimental design 

Beach-casted P. oceanica seeds were collected in June 2019 along the 
coasts of Marsala (West Sicily), where one of the largest P. oceanica 
meadow of the western Mediterranean Sea is located. Seeds were 
germinated and grown at Torretta Granitola/C.N.R. laboratory (N/W 
Sicily), during early- and mid-summer, in two circular outdoor tanks 
(2.5 m diameter; 4000 l) with flow-through natural seawater (ca. 22 l 
min− 1) drawn from a well. During this period, seedlings were exposed to 
irradiance levels ranging from 50 to 80 (μmol m− 2 s− 1) by shading tanks 
with neutral screens to mimic the irradiance levels existing inside nat-
ural P. oceanica meadows in the region at 8–10 m depth. 

In late summer (mid-September), seedlings were shipped by plane in 
thermos flasks with clean moist paper to the Oceanographic Center of 
Murcia (Spain) within about 12 hour time. Upon arrival, seedlings were 
immediately transplanted in individual small seed pots (5 × 5 × 6 cm) 
filled with coarse gravel (2.5 cm) (Fig. 1). Subsequently, they were 
allocated randomly into nine tanks of an indoor mesocosms facility, 
where temperature was adjusted to 24.5 ◦C according to the natural 
summer temperature present in the sampling region (SST was on 
average 24 ◦C and 26 ◦C in July and August, respectively). Tanks were 
filled with natural seawater from an oligotrophic, unpolluted area. Each 
tank was equipped with its own circuit of seawater, temperature and 
irradiance (see Marín-Guirao et al., 2018; Marín-Guirao et al., 2013 for a 
complete description of the system). The system allows for an accurate 
control of the water temperature in tanks (±0.2 ◦C) which was checked 
daily during the experiment by using a handheld mercury thermometer. 

Salinity was also checked daily and maintained constant at 37.5 (±0.2) 
by adding purified fresh water to compensate for evaporation. Seawater 
quality was maintained throughout the experiment by continuous 
physical and chemical filtration and weekly partial (30–40%) water 
renewal. Irradiance in tanks was adjusted to 70 μmol quanta m− 2 s− 1 

with a 12 h:12 h light:dark photoperiod according to the daily photo-
synthetic photon flux density measured within natural P. oceanica 
meadows (Marín-Guirao et al., 2015). Temperature in all tanks was 
progressively increased (0.3 ◦C/day) from 24.5 ◦C to 26 ◦C, and seed-
lings were allowed to acclimate for ten days. After the acclimation 
period, temperature in three tanks (n = 3) was progressively increased 
(0.5 ◦C/day) up to 30.5 ◦C to induce a priming stimulus, while the 
remaining of tanks were kept under control temperature. Previous 
studies have shown that this temperature level caused heat stress to 3–5 
months old P. oceanica seedlings from different locations of the western 
Mediterranean Sea (Guerrero-Meseguer et al., 2017; Hernán et al., 2017; 
Pereda-Briones et al., 2019). According to previous experiments con-
ducted on seedlings (Guerrero-Meseguer et al., 2020, 2017), this prim-
ing treatment lasted a total of 11 days, after which the temperature was 
progressively lowered to the control level of 26 ◦C (1 ◦C/day). Seedlings 
were kept at control temperature (26 ◦C) for two weeks. After this 
period, seedlings from the three priming tanks and from three non- 
priming tanks were exposed to triggering treatment (i.e. extreme 
warming event), while the other three non-primed tanks continued 
growing under control temperature. The triggering treatment was 
applied by increasing temperature up to 32 ◦C (0.5 ◦C/day) and lasted a 
total of 2 weeks since the beginning of temperature ramping. The 
response of primed (P), non-primed (NP) and control (C) seedlings, and 
thus all results showed below, was studied at the end of the triggering 
treatment, before returning temperature to control conditions (Fig. 1). 
Measurements performed on seedlings from the same tank (i.e. ‘pseudo 
replicates’) were averaged to obtain an independent replicated value 
since the experimental tank is the true experimental unit in our exper-
iment. Therefore, the number of replicates used in statistical tests was n 
= 3. 

Fig. 1. Experimental design. Seawater temperature during the course of the experiment (above panel). Black line refers to control (C), dashed red line refers to 
primed seedlings (P), and dashed yellow line refers to non-primed seedlings (NP), while red star refer to sampling point. Pictures of 4-month old P. oceanica seedlings 
upon arriving to the IEO mesocosm facility (lower-left panel) and after their transplantation and allocation in an experimental tank (lower-right panel). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.2. Chlorophyll a fluorescence 

Measurements of chlorophyll-fluorescence emissions were per-
formed on four seedlings per tank using a pulse amplitude modulation 
portable fluorometer (diving-PAM; Walz, Germany). The PAM mea-
surements were performed at the beginning of the experimental treat-
ments and at the end of the triggering stimulus to determine the 
physiological status of seedlings. The light saturation pulse method was 
used to characterize the performance of the photosynthetic apparatus at 
the level of photosystem II (PSII). Measurements of basal (F0) and 

maximum (Fm) fluorescence were conducted on whole-night dark- 
adapted seedlings to calculate the maximum photochemical efficiency of 
PSII (Fv/Fm = Fm − F0 / Fm). The method was applied again in the same 
seedlings after 5 h of illumination in aquaria to determine the basal (F) 
and maximum (Fm

′) fluorescence of light-adapted leaves in order to 
calculate the effective photochemical efficiency of PSII (ΔF/Fm

′ = Fm
′ −

F / Fm
′). 

2.3. Photosynthetic and respiratory rates 

Determination of the maximum photosynthetic and respiratory rates 
was carried out on two seedlings from each tank using an incubation 
chamber with a Clark-type O2 electrode (Hansatech, UK) connected to a 
controlled temperature-circulating bath. From each seedling, a 2 cm 
long leaf segment, taken from the middle part of the first mature leaf, 
was used in incubations. Leaf segments were first incubated in darkness 
for 10 min to determine dark respiration rates (Rd) and then exposed to 
six increasing irradiances (from 10 to 500 μmol quanta m− 2 s− 1) to 
determine maximum photosynthetic rates (net-Pmax). Gross photosyn-
thesis (gross-Pmax) was then calculated as the sum of net-Pmax and Rd, 
and the ratio of gross-Pmax:Rd was used as a proxy of the leaf metabolic 
carbon balance. The gross photosynthetic rates were also calculated 
using the irradiance in the tanks (70 μmol quanta m− 2 s− 1; results are 
provided in Supplementary Fig. S1). 

2.4. Leaf pigments content 

Leaf pigment content (chlorophyll a, chlorophyll b and total carot-
enoids) was analyzed in the same leaf segments used in photosynthetic 

Table 1 
List of housekeeping genes and genes of interest analyzed in this study.  

Gene category Gene Protein Forward sequence (5 → 3) Reverse sequence (3 → 5) S E (%) R2 Reference 

Housekeeping 
genes 

GADPH Glyceraldehyde-3- 
phosphate dehydrogenase 

AGGTTCTTCCTGCTTTGAATG CTTCCTTGATTGCTGCCTTG  138  93  0.99 Serra et al., 
2012 

18S Ribosomal RNA 18S AACGAGACCTCAGCCTGCTA AAGATTACCCAAGCCTGTCG  200  100  0.99 Serra et al., 
2012 

elF4A Eukaryotic initiation 
factor 4A 

TTCTGCAAGGGTCTTGACGT TCACACCCAAGTAGTCACCAAG  192  85  0.99 Lauritano 
et al., 2015 

Stress-related 
genes 

HSP90 Heat shock protein 90 CTCCATCTTGCTTCCCTCAG TCAGTTTGGAGGAACCGAAC  146  100  0.99 Lauritano 
et al., 2015 

SHSP Small heat shock protein ACCGGAGGATGTGAAGATTG AGCTTGCTGGACAAGGTGAT  125  99  0.99 Lauritano 
et al., 2015 

AOX Alternative oxidase 1a TGCTGCATTGCAAGTCTCTAC GTTGTGACACCTCCATGAAGGTC  116  100  0.99 Procaccini 
et., 2017 

MSD Manganese superoxide 
dismutase 

GGCGGAGGTCATATAAACCA ATAAGCAAGCCACACCCATC  192  0.93  0.99 Lauritano 
et al., 2015 

DDB Damaged DNA binding 
protein 

TCTCAGGTCCGGCACTAATC GAAAGGCTTGCTCGTATTGC  224  100  0.99 Lauritano 
et al., 2015 

Photosynthesys- 
related genes 

CAB- 
151 

Chlorophyll a-b binding 
protein 151, chloroplastic 

AAGCCCATTAGCACAACCTG GGGCAATGCTTGGTACTCTC  199  93  0.99 Dattolo 
et al., 2014 

POR Protochlorophyllide 
reductase 

AGTTCCACAGACGGTTCCAC AATCACCACCTGAGCGAGTC  194  98  0.99 Ruocco 
et al., 2018 

FD Ferredoxin-1, 
chloroplastic 

TCAGACTGGGGGTAAGCAAC TCTACATCCTCGACCACTGC  187  100  0.98 Dattolo 
et al., 2014 

psbA Photosystem II protein D1 GACTGCAATTTTAGAGAGACGC CAGAAGTTGCAGTCAATAAGGTAG  137  92  0.99 Dattolo 
et al., 2014 

PSBS Photosystem II 22 kDa 
protein, chloroplastic 

CCGCTCCTGTTGTTCTTCAT GGACCTCCTTCCTTGAGACC  158  100  0.99 Dattolo 
et al., 2014 

Epigenetic- 
related genes 

ATX2 Histone-lysine N- 
methyltransferase ATX2 

CCAGATACAAAGCTGCACCA GCATTGTCATCCCCTTGAGT  170  94  0.99 This study 

ATRX7 Histone-lysine N- 
methyltransferase ATXR7 
isoform X1 

CGAGTAGGGTCGAATGTGGT ATCCATCCAGTCACACACGA  149  95  0.98 This study 

ASH2L Ash2 histone methyl 
transferase complex 
subunit ash-2 

CTATCCTGCTGCCTCCATGT TCAACTGCACCTTCAACTCG  170  94  0.99 This study 

SETD3 Histone-lysine N- 
methyltransferase setd3 

TGGGCTTGRGAACTGTGGTA CGAATGATTGAGTCGTCCAG  200  99  0.99 This study 

DME Transcriptional activator 
DEMETER 

CAACTGTTCCCCTCACTGGT CCACAGGTTCAGGTTCTGGT  162  94  0.99 This study  

Table 2 
Output of the PERMANOVA analysis carried out on photo-physiological and 
gene expression data obtained from different treatments (C = control, P =
primed, NP = non-primed). Df = degrees of freedom; MS = mean square; 
Pseudo-F=F statistic; P (MC) = probability levels obtained from Monte Carlo 
asymptotic distributions.  

PERMANOVA 

Source of variation Df MS Pseudo-F P (MC) 

Treatment  2  202,550 13.351 0.005 
Residuals  6  15,171   
Total  8      

Pairwise test T P (MC) 

C, P  2.6887  0.048 
C, NP  4.7513  0.008 
P, NP  2.9555  0.040 

Values in bold indicate significant differences (P (MC) < 0.05). 
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and respiratory measurements. Leaf pigments were extracted from each 
leaf segment in 10 ml of 80% acetone and examined spectrophotomet-
rically at 470, 646, and 663 nm. The concentration of chlorophyll a and 
b along with total carotenoids was calculated from the readings using 
the equations of Lichtenthaler and Wellburn (1983). 

2.5. Seedlings growth and morphology 

Seedlings growth was determined by using the punch-hole technique 
(Zieman, 1974). The leaves of three seedlings from each tank were 
marked with a needle at the height of the ligule before the beginning of 
the triggering treatment. Marked seedlings were collected two weeks 
later at the end of the warming period (triggering treatment) and the 
surface area of newly formed leaf tissues (i.e. those below the mark) was 
measured to estimate leaf growth (cm2 day− 1). Seedlings size (i.e. leaf 
surface area; cm2) was also characterized by measuring the length and 
width of all leaves form each marked seedling. 

2.6. Gene expression analysis 

Total leaf tissue of seedlings was collected per each condition in 
triplicates to perform gene expression analysis. Samples were cleaned 
from epiphytes and entirely submerged in RNAlater© (Ambion, life 
technologies), stored overnight at 4 ◦C to let the solution penetrate into 
the tissue and finally stowed at − 20 ◦C until RNA extraction. Total RNA 
was extracted with Aurum™ Total RNA Mini Kit (BIO-RAD) following 
manufacturer’s protocol. Purity and concentration of RNA (absence of 
DNA and protein contaminations) were checked using the NanoDrop® 
ND-1000 Spectrophotometer (Thermo Fisher Scientific) and 1.5% 
agarose gel electrophoresis. RNA concentration used in this experiment 
ranged from 100 to 250 ng/μl with a ratio of the absorbance at 260 and 
280 nm (A260/280) ~ 2. Subsequently, 500 ng of RNA from each 
sample and condition was retro-transcribed into cDNA with the iScript™ 
cDNA synthesis kit (BIO-RAD), according to manufacturer’s 
instructions. 

2.7. Quantitative real-time PCR (RT-qPCR) on genes of interest (GOIs) 

Primers for 15 genes of interest (GOIs) were selected from previous 
studies or designed based on P. oceanica transcriptomes (D’Esposito 
et al., 2017; Marín-Guirao et al., 2017) with the primer analysis software 
Primer3 v. 0.4.0 (Koressaar and Remm, 2007; Untergasser et al., 2012). 
In detail, 10 GOIs were selected from previous studies according to 
specific functional categories including stress-related and 
photosynthesis-related genes. General-stress response was assessed tar-
geting heat shock genes (HSP90 and SHSP), key gene involved in 
mitochondrial energy dissipation mechanisms (AOX), antioxidant 
response (MSD) and DNA repair response (DDB) (Table 1). A number of 
genes involved in light reaction functions of photosynthesis (psbA, PSBS, 
FD), chlorophyll a-b binding proteins (CAB-151), and a key enzyme 
involved in the chlorophyll biosynthetic pathways (POR) were also 
targeted. Epigenetics-related genes with specific methylation activities 
(ATX2, ATRX7, ASHL2, SETD3) and the Transcriptional activator- 
DEMETER, which catalyzes the release of 5-methylcytosine (5-meC) 
from DNA, were designed setting the primer length to 18-20 bp, product 
size to 100–200 bp and Tm = 59–61 ◦C. Three reference genes (18S, 
elf4A and GADPH) were selected and used to normalize gene expression 
of target genes according to previous related works based on plant 
response to thermal stress conditions or abiotic stresses (Serra et al., 
2012; Dattolo et al., 2014; Lauritano et al., 2015). The best reference 
genes showing the higher stability values for our experimental condi-
tions were identify by using the web-based tool RefFinder integrating 
major computational programs (geNorm, Normfinder, BestKeeper, and 
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Fig. 3. Photochemical responses. Maximum (Fv/Fm; a) and effective quantum yield (ΔF/Fm
′; b) of control (C) primed (P) and non-primed (NP) P. oceanica seedlings 

at the end of the triggering treatment. Different letters indicate significant differences obtained in the post hoc Newman-Keuls test (P < 0.05). 

J. Pazzaglia et al.                                                                                                                                                                                                                               



Marine Pollution Bulletin 174 (2022) 113164

6

the comparative Delta-Ct method; Xie et al., 2012). Primers efficiency 
was assessed with different cDNA dilutions and using a linear regression 
model to calculate the percentage of efficiency as follows: E (%) = (10− 1 

/ slope− 1) × 100 (Radonić et al., 2004; Table 1). Primers with effi-
ciencies (E) within the range 90–110% and correlation coefficient >
0.95 were used in the study (Table 1). RT-qPCR reactions were per-
formed in triplicates in a Viia7 Real Time PCR System (Applied Bio-
systems) using Fast SYBR®Green MasterMix (Applied Biosystems) as 
fluorescent detection chemistry and MicroAmp Optical 384-well reac-
tion plates (Applied Biosystems). Reactions were carried out in a 10 μl 
final volume with 5 μl MM SYBR ® Green, 2 μl of 1.4 pmol μl− 1 primers 
and 1 μl of 1:50 cDNA template. The thermal profile of the reactions was 
as follows: 95 ◦C for 20 s, 40 times 95 ◦C for 1 s and 60 ◦C for 20 s. 
Relative quantification of gene expression was obtained using the 
following equations. 

ΔCT = CTreference gene − CTGOIs  

to evaluate the negative differences in cycles to cross the threshold value 
between the reference and the target GOI (-ΔCT). Subsequently, ΔΔCT 
were calculated on ΔCT means for each GOI by comparing ΔCT of 
treatments (2HW and 1HW) with the control (C). The Fold change 
expression was assessed according the following equation: 

Fold expression change = + 2(|(ΔΔCTtreatment) − (ΔΔCTcontrol) |)

2.8. Statistical analysis 

One-way analysis of variance (ANOVA) was conducted to detect 
significant differences in the response to the simulated MHW among 
experimental P. oceanica seedlings (i.e. primed, non-primed and control 
seedlings). Before carrying out ANOVA analyses, Shapiro–Wilk and 
Levene’s tests were applied to assess the normality and homoscedasticity 
of the data and transformed where necessary. Subsequently, Student- 
Newman-Keuls (SNK) post hoc test was used whenever significant dif-
ferences (P < 0.05) among treatments were detected using the statistical 
package STATISTICA (StatSoft, Inc., v. 10). Photo-physiological and 
gene expression results of GOIs were also analyzed using Permutational 
Multivariate Analyses of Variance (PERMANOVA) that were carried out 
on Euclidean distances of data, using 9999 permutations of the residuals 
under a reduced model. Significant differences were investigated using a 
posteriori pair-wise test. P values in the PERMANOVA and pairwise tests 
were obtained from Monte Carlo asymptotic distributions, because of 
the restricted number of unique permutations. The analysis was per-
formed using Primer 6 v.6.1.16 and PERMANOVA + v.1.0.6 software 
package (PRIMER-E Ltd) (Anderson et al., 2008). Data is presented as 
average values ± standard error (n = 3). 

3. Results 

The multivariate analysis (PERMANOVA) showed that the overall 
photo-physiological and gene expression responses of non-primed 
seedlings (NP) significantly differed from the response of control (P 
(MC) = 0.008) and thermo-primed seedlings (P (MC) = 0.040) (Table 2). 
The overall response of the latter was also significantly different from C 
(P (MC) = 0.048), though with the weakest significance value. 

Effects of heat priming on leaf pigment responses and photochemical 
responses to warming. 

The triggering treatment significantly affected chlorophylls (Chl a 
and Chl b) and total carotenoids content of P. oceanica seedlings 
(Table 2). All analyzed pigments showed a generalized reduction after 
the warming exposure, being stronger and more significant in non- 
primed seedlings (NP) with respect to primed (P) seedlings (Fig. 2; 
Table 2). In fact, the percentage of reduction of Chl a, Chl b and total 
carotenoids against controls was respectively of 16.6, 18.6 and 15.5% in 
P seedlings, while the corresponding values for NP seedlings were of 
26.7, 28.9 and 25.1%, respectively. 

The physiological status of plants determined via chlorophyll a 
fluorescence before the priming stimulus revealed that seedlings were 
acclimated to the experimental system (Supplementary Table S1). At the 
end of the triggering treatment, the maximum photochemical efficiency 
of PSII (Fv/Fm) of P and NP seedlings was significantly lower with 
respect to controls (Fig. 3a; Table 2). However, primed seedlings showed 
14% and 20% greater effective photochemical efficiency (light-adapted 
ΔF/Fm

′) than controls (P = 0.019) and non-primed seedlings (P =
0.011), respectively (Fig. 3b). 

3.1. Effect of heat priming on photosynthetic and respiratory responses to 
warming 

Photosynthesis-irradiance curves exhibited by treatments (C, P and 
NP) are showed in the Supplementary Fig. S2. The exposure to an 
extreme warming event, the triggering treatment, did not significantly 
affect the maximum gross-photosynthetic rates of P. oceanica seedlings, 
although the average rates of primed (P) and non-primed (NP) seedlings 
were respectively 27% and 15% lower than controls (gross-Pmax; Fig. 4a; 
Table 3). This triggering treatment significantly increased the respira-
tory rates of NP seedlings by 48% (P < 0.001) while, on the contrary, the 
respiration of P seedlings was reduced by 13%, although not signifi-
cantly different from control (Rd; Fig. 4b; Table 3). As a consequence of 
the above responses, C and P seedlings showed a similar leaf carbon 
balance, whereas the carbon balance of NP seedlings was 43% and 35% 
lower than C and P seedlings, respectively (P:Rd ratio; Fig. 4c; Table 3). 
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3.2. Effect of heat priming on seedlings growth and seedlings size 

The warming exposure significantly affected leaf growth rates of 
P. oceanica seedlings (Fig. 5a; Table 3). Primed seedlings (P) showed 
27% higher growth rates than control seedlings (P = 0.034), whereas the 
rates of non-primed seedlings (NP) were similar to controls (P = 0.545). 
At the end of the simulated MHW the leaf surface area of P seedlings was 
21% and 24% higher than C and NP, although the differences were not 
statistically significant (Fig. 5b; Table 3). 

3.3. Gene expression responses 

Among 15 selected GOIs, nine showed significant fold expression 

changes, especially those included in the stress-related and epigenetics 
categories. Expression level of stress-related genes was significantly 
affected by the triggering treatment. Specifically, heat shock proteins 
(HSP90 and SHSP) were significantly over-expressed in both P and NP 
(Table 4; Fig. 6) in respect to control conditions. Despite no statistical 
differences were observed between P and NP, the former showed twice 
the expression level of the latter. The Alternative oxidase 1a (AOX) 
increased its level of expression up to 10-fold in both P and NP, with 
particular relevance in NP. Photosynthesis-related genes were over- 
expressed in P and NP, but significant differences were observed only 
for Ferredoxin-1 (FD) in P. Interestingly, photosynthetic pigment- 
related genes (CAB-151 and POR) followed an opposite regulation in P 
respect to NP, even if this was not supported by a statistical significance. 

Table 3 
Results of one-way ANOVA analysis for factor “Treatment” (T) for leaf growth rate, leaf surface area, maximum quantum yield (Fv/Fm), effective quantum yield (ΔF/ 
Fm), chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoids, dark respiration rate (Rd), gross maximal photosynthesis (Gross-Pmax) and carbon balance (P:R).  

One-way ANOVA 

Variable Factor df MS F P SNK pairwise tests 

Relative growth (biomass) Treatment (T)  2  0.00  3.87  0.083  
Error  6  0.00    

Leaf surface area Treatment (T)  2  15.33  2.83  0.137  
Error  6  5.42    

F0 Treatment (T)  2  2211.47  9.96  0.012 P, NP ≠ C (P < 0.05) 
Error  6  222.06   P = NP (P > 0.05) 

Fm Treatment (T)  2  4400.06  3.81  0.086  
Error  6  1155.00    

Fv/Fm Treatment (T)  2  0.00  10.65  0.011 P, NP ≠ C (P < 0.05) 
Error  6  0.00   P = NP (P > 0.05) 

DF/Fm′ Treatment (T)  2  0.01  9800.00  0.013 P ≠ C, NP (P < 0.05) 
Error  6  0.00    

ETRmax Treatment (T)  2  4.45  3.65  0.092  
Error  6  1.22    

NPQ Treatment (T)  2  0.21  4.47  0.065  
Error  6  0.05    

Chl a Treatment (T)  2  140,159.62  15.41  0.004 P, NP ≠ C (P < 0.05) 
Error  6  9094.68   P = NP (P > 0.05) 

Chl b Treatment (T)  2  50,991.87  10.27  0.012 P, NP ≠ C (P < 0.05) 
Error  6  4963.11   P = NP (P > 0.05) 

Carotenoids Treatment (T)  2  10,915.02  11.43  0.009 P, NP ≠ C (P < 0.05) 
Error  6  954.93   P = NP (P > 0.05) 

Rd Treatment (T)  2  25.48  15.62  0.004 NP ≠ C, P (P < 0.01) 
Error  6  1.63    

Gross-Pmax Treatment (T)  2  374.42  2.64  0.151  
Error  6  141.93    

P:R Treatment (T)  2  12.05  11.25  0.009 P, NP ≠ C (P < 0.05) 
Error  6  1.07   P = NP (P > 0.05) 

Values in bold indicate significant differences (P < 0.05). 
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Epigenetics-related genes were all up-regulated in both P and NP, where 
ASHL2 and SETD3 genes were commonly over expressed among treat-
ments, contrary to ATRX7 and DME genes that showed significantly 
expression levels only for P seedlings. Overall, epigenetics-related genes 
showed a higher activation in P seedlings without significant differences 
among treatments. 

4. Discussion 

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 

Table 4 
Results of one-way ANOVA analysis conducted on − ΔCT values for primed (P) and not-primed (NP) seedlings. Significant factors and values are in bold.  

One-way ANOVA 

Gene category Variable Factor df MS F P SNK pairwise tests 

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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FD, psbA, PSBS) and epigenetic category (ATX2, ATRX7, ASHL2, SETD3, DME) in primed (P) and not-primed (NP) seedlings vs. control conditions (x-axis) at the end 
of the triggering treatment. Asterisks indicate post hoc significant differences of the treatment respect to the control. 
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re-occurring heat stress event than non-primed seedlings and offered 
some insights into the molecular basis of thermo-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 un-
altered 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 ac-
quired 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 con-
firming that 32 ◦C 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 
(ΔF/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); although it can alternatively increase ROS production by 
transferring electrons to oxygen through the Mehler reaction or the 
Water-Water cycle (Foyer and Noctor, 2000; Asada, 2006). In P. oceanica 
adult plants, thermal stress affects the regulation of ROS scavengers as a 
response to protect cells from the potential oxidative damage caused by 
heat-induced ROS production (Traboni et al., 2018; Tutar et al., 2017). 

Here, despite the enhanced photochemistry, P seedlings showed 
lower photosynthetic capacity (O2 production), although not signifi-
cantly, suggesting the lack of acclimation in photosynthetic carbon fix-
ation 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/deacti-
vation of alternative electron transport pathways (e.g., photorespira-
tion, 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 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 ther-
mally 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 activa-
tion of the related gene (Degen et al., 2021). 

The contrasting ability to regulate respiration under increased tem-
peratures between thermo-primed and unprimed seedlings pointed to a 
lower heat-sensitivity in the former (Marín-Guirao et al. 2016, 2018). 
This evidence was also supported by the complete respiratory homeo-
stasis 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., 2016, 2018). 
Through this metabolic acclimative response P seedlings were able to 
maintain the carbon balance unaltered (i.e. photosynthetic to respira-
tory 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 evi-
dence 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 activa-
tion 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 and Marín, 2011), it would be interesting to 
also study seed responses when exploring thermo-priming strategies in 
seagrass seedlings. 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 alle-
viating 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); 
although it can also reduce ATP production due to electrons flowing to 
AOX bypass the proton pumping complexes (Millar et al., 2011). The 
induction of AOX under heat stress supports their pivotal role in medi-
ating seagrass stress acclimation as previously suggested in P. oceanica 
adult plants (Marín-Guirao et al., 2017; Ruocco et al., 2019; 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 antiox-
idant defense when subjected to increased temperatures and induced a 
stronger 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 pro-
vide 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 geno-
types 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 
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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 tran-
scriptional 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, over-
expressing 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 thermo-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 mo-
lecular 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 photo-
chemical 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 depends 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. Therefore, 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 stress event. Since the priming 
approaches have been utilized in terrestrial systems to reinforce plants 
against different kinds of abiotic stresses (Kerchev et al., 2020), further 
studies are necessary to better explore tolerance-enhancing strategies in 
seagrasses through the induction of a priming stimulus under controlled 
conditions and the analysis of plants performance in natural environ-
ments. Indeed, seagrasses are exposed to multiple environmental 
changes in their natural environments along coastal areas where 

multiple anthropogenic pressures can co-occur (e.g. Pazzaglia et al., 
2020). Thus, exploring metabolic and molecular mechanisms at the 
basis of the acquisition of the priming status are needed to optimize this 
approach, for improving conservation and restoration management of 
these highly valuable marine ecosystems. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2021.113164. 
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Esteller, J., Pérez, M., Sanmartí, N., Ontoria, Y., Romero, J., Arthur, R., Alcoverro, T., 
Procaccini, G., 2018. Experimental evidence of warming-induced flowering in the 
Mediterranean seagrass Posidonia oceanica. Mar. Pollut. Bull. 134, 49–54. https:// 
doi.org/10.1016/j.marpolbul.2017.10.037. 

Ruocco, M., Marín-Guirao, L., Ravaglioli, C., Bulleri, F., Procaccini, G., 2018. Molecular 
level responses to chronic versus pulse nutrient loading in the seagrass Posidonia 
oceanica undergoing herbivore pressure. Oecologia 188, 23–39. https://doi.org/ 
10.1007/s00442-018-4172-9. 

Ruocco, M., De Luca, P., Marín-Guirao, L., Procaccini, G., 2019. Differential leaf age- 
dependent thermal plasticity in the keystone seagrass Posidonia oceanica. Front. 
Plant Sci. 10, 1556. https://doi.org/10.3389/fpls.2019.01556. 

Saha, B., Borovskii, G., Panda, S.K., 2016. Alternative oxidase and plant stress tolerance. 
Plant Signal. Behav. 11 https://doi.org/10.1080/15592324.2016.1256530. 

Salo, T., Pedersen, M.F., 2014. Synergistic effects of altered salinity and temperature on 
estuarine eelgrass (Zostera marina) seedlings and clonal shoots. J. Exp. Mar. Biol. 
Ecol. 457, 143–150. https://doi.org/10.1016/j.jembe.2014.04.008. 

Serra, I.A., Lauritano, C., Dattolo, E., Puoti, A., Nicastro, S., Innocenti, A.M., 
Procaccini, G., 2012. Reference genes assessment for the seagrass Posidonia oceanica 
in different salinity, pH and light conditions. Mar. Biol. 159, 1269–1282. https://doi. 
org/10.1007/s00227-012-1907-8. 

Scafaro, A.P., Fan, Y., Posch, B.C., Garcia, A., Coast, O., Atkin, O.K., 2021. Responses of 
leaf respiration to heatwaves. Plant Cell Environ. https://doi.org/10.1111/ 
PCE.14018. 

Silva, J., Barrote, I., Costa, M.M., Albano, S., Santos, R., 2013. Physiological responses of 
Zostera marina and Cymodocea nodosa to light-limitation stress. PLoS One 8, 
e81058. https://doi.org/10.1371/journal.pone.0081058. 

Somero, G., 1995. Proteins and temperature. Annu. Rev. Physiol. 57, 43–68. https://doi. 
org/10.1146/ANNUREV.PH.57.030195.000355. 

Sun, W., Van Montagu, M., Verbruggen, N., 2002. Small heat shock proteins and stress 
tolerance in plants. https://doi.org/10.1016/S0167-4781(02)00417-7. 

Traboni, C., Mammola, S.D., Ruocco, M., Ontoria, Y., Ruiz, J.M., Procaccini, G., Marín- 
Guirao, L., 2018. Investigating cellular stress response to heat stress in the seagrass 
Posidonia oceanica in a global change scenario. Mar. Environ. Res. 141, 12–23. 
https://doi.org/10.1016/j.marenvres.2018.07.007. 

Tutar, O., Marín-Guirao, L., Ruiz, J.M., Procaccini, G., 2017. Antioxidant response to 
heat stress in seagrasses. A gene expression study. Mar. Environ. Res. https://doi. 
org/10.1016/j.marenvres.2017.10.011. 

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen, S. 
G., 2012. Primer3-new capabilities and interfaces. Nucleic Acids Res. 40, e115. 
https://doi.org/10.1093/nar/gks596. 

Walter, J., Jentsch, A., Beierkuhnlein, C., Kreyling, J., 2013. Ecological stress memory 
and cross stress tolerance in plants in the face of climate extremes. Environ. Exp. Bot. 
94, 3–8. https://doi.org/10.1016/j.envexpbot.2012.02.009. 

Wang, W., Vinocur, B., Shoseyov, O., Altman, A., 2004. Role of plant heat-shock proteins 
and molecular chaperones in the abiotic stress response. Trends Plant Sci. 9, 
244–252. https://doi.org/10.1016/J.TPLANTS.2004.03.006. 

Wang, X., Cai, J., Liu, F., Dai, T., Cao, W., Wollenweber, B., Jiang, D., 2014. Multiple heat 
priming enhances thermo-tolerance to a later high temperature stress via improving 
subcellular antioxidant activities inwheat seedlings. Plant Physiol. Biochem. 74, 
185–192. https://doi.org/10.1016/j.plaphy.2013.11.014. 

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S., 
Calladine, A., Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A., 
Kenworthy, W.J., Short, F.T., Williams, S.L., 2009. Accelerating loss of seagrasses 
across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. 106, 12377 
LP–12381. https://doi.org/10.1073/pnas.0905620106. 

Xie, F., Xiao, P., Chen, D., Xu, L., Zhang, B., 2012. miRDeepFinder: a miRNA analysis tool 
for deep sequencing of plant small RNAs. Plant Mol. Biol. 80, 75–84. https://doi.org/ 
10.1007/s11103-012-9885-2. 

Xu, S., Zhou, Y., Wang, P., Wang, F., Zhang, X., Gu, R., 2016. Salinity and temperature 
significantly influence seed germination, seedling establishment, and seedling 
growth of eelgrass Zostera marina L. PeerJ 2016. https://doi.org/10.7717/ 
peerj.2697. 

Zhang, X., Bernatavichute, Y.V., Cokus, S., Pellegrini, M., Jacobsen, S.E., 2009. Genome- 
wide analysis of mono-, di- and trimethylation of histone H3 lysine 4 in Arabidopsis 
thaliana. Genome Biol. 10, 1–14. https://doi.org/10.1186/gb-2009-10-6-r62. 

Zieman, J.C., 1974. Methods for the study of the growth and production of turtle grass, 
Thalassia testudinum konig. Aquaculture 139–143. 

J. Pazzaglia et al.                                                                                                                                                                                                                               

https://doi.org/10.1093/mp/ssu001
https://doi.org/10.1098/rspb.2014.0878
https://doi.org/10.1098/rspb.2014.0878
https://doi.org/10.1016/j.marenvres.2012.12.001
https://doi.org/10.1016/j.marenvres.2012.12.001
http://refhub.elsevier.com/S0025-326X(21)01198-X/rf202111180539297900
http://refhub.elsevier.com/S0025-326X(21)01198-X/rf202111180539297900
https://doi.org/10.1038/srep28615
https://doi.org/10.3389/fpls.2017.01142
https://doi.org/10.3389/fpls.2017.01142
https://doi.org/10.1016/j.marpolbul.2018.07.050
https://doi.org/10.1111/mec.15089
https://doi.org/10.1111/mec.15089
https://doi.org/10.1111/eva.12137
https://doi.org/10.1111/eva.12137
https://doi.org/10.1371/journal.pone.0079889
https://doi.org/10.1146/ANNUREV-ARPLANT-042110-103857
https://doi.org/10.1146/ANNUREV-ARPLANT-042110-103857
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1038/nature02598
https://doi.org/10.1038/nature02598
https://doi.org/10.3389/FPLS.2020.00494
https://doi.org/10.3389/FPLS.2020.00494
https://doi.org/10.1111/brv.12736
https://doi.org/10.1111/brv.12736
https://doi.org/10.1016/S1369-5266(00)00113-8
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1007/s12237-012-9521-z
https://doi.org/10.1016/j.envexpbot.2012.02.013
https://doi.org/10.3389/fmars.2020.564805
https://doi.org/10.3389/fmars.2020.564805
https://doi.org/10.3390/w13060829
https://doi.org/10.3390/w13060829
https://doi.org/10.1111/eva.13212
https://doi.org/10.1016/j.marpolbul.2019.01.049
https://doi.org/10.1016/s0065-2296(10)53001-5
https://doi.org/10.1016/s0065-2296(10)53001-5
https://doi.org/10.1038/srep42890
https://doi.org/10.1038/srep42890
https://doi.org/10.1016/j.bbrc.2003.11.177
https://doi.org/10.1007/978-981-13-0032-5
https://doi.org/10.1104/pp.006791
https://doi.org/10.1104/pp.006791
https://doi.org/10.1016/j.marpolbul.2017.10.037
https://doi.org/10.1016/j.marpolbul.2017.10.037
https://doi.org/10.1007/s00442-018-4172-9
https://doi.org/10.1007/s00442-018-4172-9
https://doi.org/10.3389/fpls.2019.01556
https://doi.org/10.1080/15592324.2016.1256530
https://doi.org/10.1016/j.jembe.2014.04.008
https://doi.org/10.1007/s00227-012-1907-8
https://doi.org/10.1007/s00227-012-1907-8
https://doi.org/10.1111/PCE.14018
https://doi.org/10.1111/PCE.14018
https://doi.org/10.1371/journal.pone.0081058
https://doi.org/10.1146/ANNUREV.PH.57.030195.000355
https://doi.org/10.1146/ANNUREV.PH.57.030195.000355
https://doi.org/10.1016/S0167-4781(02)00417-7
https://doi.org/10.1016/j.marenvres.2018.07.007
https://doi.org/10.1016/j.marenvres.2017.10.011
https://doi.org/10.1016/j.marenvres.2017.10.011
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1016/j.envexpbot.2012.02.009
https://doi.org/10.1016/J.TPLANTS.2004.03.006
https://doi.org/10.1016/j.plaphy.2013.11.014
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1007/s11103-012-9885-2
https://doi.org/10.1007/s11103-012-9885-2
https://doi.org/10.7717/peerj.2697
https://doi.org/10.7717/peerj.2697
https://doi.org/10.1186/gb-2009-10-6-r62
http://refhub.elsevier.com/S0025-326X(21)01198-X/rf202111180553481722
http://refhub.elsevier.com/S0025-326X(21)01198-X/rf202111180553481722

	Thermo-priming increases heat-stress tolerance in seedlings of the Mediterranean seagrass P. oceanica
	1 Introduction
	2 Methods
	2.1 Seedlings collection and experimental design
	2.2 Chlorophyll a fluorescence
	2.3 Photosynthetic and respiratory rates
	2.4 Leaf pigments content
	2.5 Seedlings growth and morphology
	2.6 Gene expression analysis
	2.7 Quantitative real-time PCR (RT-qPCR) on genes of interest (GOIs)
	2.8 Statistical analysis

	3 Results
	3.1 Effect of heat priming on photosynthetic and respiratory responses to warming
	3.2 Effect of heat priming on seedlings growth and seedlings size
	3.3 Gene expression responses

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


