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A B S T R A C T   

Heat-priming improves plants’ tolerance to a recurring heat stress event. The underlying molecular mechanisms 
of heat-priming are largely unknown in seagrasses. Here, ad hoc mesocosm experiments were conducted with two 
Mediterranean seagrass species, Posidonia oceanica and Cymodocea nodosa. Plants were first exposed to heat- 
priming, followed by a heat-triggering event. A comprehensive assessment of plant stress response across 
different levels of biological organization was performed at the end of the triggering event. Morphological and 
physiological results showed an improved response of heat-primed P. oceanica plants while in C. nodosa both 
heat- and non-primed plants enhanced their growth rates at the end of the triggering event. As resulting from 
whole transcriptome sequencing, molecular functions related to several cellular compartments and processes 
were involved in the response to warming of non-primed plants, while the response of heat-primed plants 
involved a limited group of processes. Our results suggest that seagrasses acquire a primed state during the 
priming event, that eventually gives plants the ability to induce a more energy-effective response when the 
thermal stress event recurs. Different species may differ in their ability to perform an improved heat stress 
response after priming. This study provides pioneer molecular insights into the emerging topic of seagrass stress 
priming and may benefit future studies in the field.   

1. Introduction 

Organismic response to stress involves the activation of different 
molecular mechanisms that produce phenotypic changes to cope with 
stressful conditions. Cellular stress response (CSR) is a universal mech
anism of cellular response to stress-induced damage (Kültz, 2005). The 
level of CSR depends on the severity and progression of stress (Evans and 
Hofmann, 2012). The first level is associated with protein denaturation 
and is characterized by an increase in the synthesis of molecular 

chaperones [e.g., HSPs, see also Lindquist (1986)], that ultimately 
protect proteins from damage and bring unfolded proteins back to their 
folded and functional conformations. As stress progresses, a second level 
is activated involving the expression of genes related to 
ubiquitin-related proteolysis, a biochemical process that removes irre
versibly damaged proteins, to achieve protein homeostasis (proteo
stasis) [e.g., see also Travers et al. (2000)]. When the stress level is too 
extreme, the third level of CSR is activated, inducing genes that prevent 
the replication of damaged DNA and/or stimulate programmed cell 
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death pathways [e.g., see also Logan and Somero (2011)]. 
Exposure to stress can also enhance tolerance to future stresses. This 

phenomenon is commonly known as priming, preconditioning or ac
quired stress response (Hilker and Schmülling, 2019). An enhanced 
response to stress, as a result of priming, can be earlier, faster, stronger 
and/or more sensitive, and therefore more likely to succeed (Georgoulis 
et al., 2021). Priming is linked to epigenetic, cellular, hormonal and 
phenotypic modifications (D’Urso and Brickner, 2017; Hilker et al., 
2016; Lukić et al., 2020) and consists of two phases, i.e ‘priming’ (the first 
exposure of an organism to stress) and ‘triggering’ (the enhanced 
response of that organism when the stress recurs) (Bäurle, 2016). 
Response can be enhanced also for a stress different from the one acting 
in the priming phase (cross-stress tolerance) and the priming status can 
be acquired also through maternal inheritance in plants (inherited stress 
tolerance) (Hilker et al., 2016). The storage and maintenance of the 
information acquired from the priming event define the ‘stress memory’ 
(Hilker et al., 2016; Hilker and Schmülling, 2019). Stress memory can be 
long- (e.g., months) or short-lasting (e.g., days or hours), also in accor
dance to the energetic cost involved (D’Urso and Brickner, 2017). 

At the molecular level, priming is commonly linked to epigenetic 
modifications (see Iwasaki and Paszkowski, 2014; Bäurle, 2016; D’Urso 
and Brickner, 2017 for some comprehensive reviews and related refer
ences) that alter gene expression without changes in the underlying DNA 
sequence (Bossdorf et al., 2008). Among the epigenetic modifications, 
histone modifications and DNA methylation can be induced by stress 
during the priming phase, potentially enhancing gene expression re
sponses when the stress recurs (i.e., during the triggering phase) (Bäurle, 
2016; D’Urso and Brickner, 2017; Iwasaki and Paszkowski, 2014). 

In plants, several studies have documented the involvement of such 
molecular mechanisms in the formation and activation of priming under 
different stress conditions (Bruce et al., 2007; Hilker et al., 2016; Hilker 
and Schmülling, 2019). For instance, in Arabidopsis, an enhanced 
epigenetic-induced transcriptional response to heat and drought stress 
has been shown, through the acquisition of a so-called ‘transcriptional 
memory’ (Ding et al., 2012; Lämke et al., 2016). Transcription factors, 
such as HSF A2 (heat shock factor A2) or AtERF7, have been suggested 
to play a crucial role in priming in terrestrial plants (Bruce et al., 2007; 
Charng et al., 2007). Heat-priming involves stem cell regulators (Olas 
et al., 2021), Heat Shock Proteins (Olas et al., 2021), and genes involved 
in metabolic pathways such as glycolysis and the plastid metalloprotease 
FtsH6 (Sedaghatmehr et al., 2016). 

Seagrasses are a unique group of marine angiosperms that are living 
all along the shorelines from sub-Artic to tropical regions (Short et al., 
2007). Seagrasses provide a wide range of crucial ecosystem services 
[such as oxygen-production, habitat provision, nutrient recycling, 
among many others (Orth et al., 2006)] and represent one of the most 
significant natural carbon sinks on Earth (Fourqurean et al., 2012). 
Especially, seagrass meadows support the fulfilment of 16 out of 17 
Sustainable Development Goals proposed by the United Nations (Uns
worth et al., 2022). Seagrass restoration and protection have been 
recognized as a nature-based solution to help mediate the impacts of 
global warming (Gattuso et al., 2018). 

Recently, the induction of a heat-primed response has been docu
mented in seagrasses at both adult and seedling stages (Nguyen et al., 
2020; Pazzaglia et al., 2022a). Nguyen et al. (2020) showed that 
heat-primed adult plants of two seagrass species from the Australian 
seas, Posidonia australis and Zostera muelleri, were able to cope better 
with further heat stress in respect to non-primed plants. In addition, 
significant expression of epigenetic-related genes in response to thermal 
stress from heat-primed plants of both species suggested that also in 
seagrasses, as seen in terrestrial plants, epigenetic modifications could 
play an important role in this phenomenon (Nguyen et al., 2020). Paz
zaglia et al. (2022a) also showed enhanced photo-physiology and 
growth rates in heat-primed seedings of the Mediterranean species P. 
oceanica, and suggested the involvement of epigenetic-related genes in 
priming. However, these pioneer studies were only able to investigate 

the expressions of a few target genes by RT-qPCR, while the whole 
molecular mechanism remains largely unexplored. 

In this study, we aimed to deepen our understanding of the molecular 
mechanisms governing heat-priming in seagrasses. To this end, an ad hoc 
mesocosm experiment was conducted using adults of two Mediterranean 
seagrass species, P. oceanica and Cymodocea nodosa. Plant responses, 
including photo-physiology, growth, pigment changes and gene 
expression, were assessed at the end of the triggering event. The analysis 
of gene expression was conducted through high-throughput gene- 
expression profiling (i.e., Tag-Seq approach), while the different levels 
of the CSR were investigated in the comparison of the whole- 
transcriptome response to warming between heat-primed and non- 
primed plants. We hypothesized that (i) heat-primed plants would 
have a better vegetative/morphological/photo-physiological response 
during the triggering event than non-primed plants and (ii) heat-primed 
plants would show, at the transcriptome level, a lower level of CSR than 
non-primed plants. 

2. Methods 

2.1. Sample collection 

Plant fragments bearing several shoots were collected on the 
September 18, 2019 by SCUBA diving at the Island of Ischia, Gulf of 
Naples, Italy (P. oceanica; 40◦44.020′N, 13◦58.039′E; 5 − 6 m depth) and 
at Capo Miseno, North of the Gulf of Pozzuoli, Italy (C. nodosa; 
40◦47.021′N, 14◦04.404′E; 8 − 10 m depth) (Fig. 1C). The sampled 
populations of the two species are spatially very close (about 12 km) 
which means that they experience a similar thermal environment. 
Furthermore, there are no marked differences in relation to the influence 
of anthropogenic pressures on them. This ensures, to some extent, that 
the different responses to experimental treatments between the two 
species are due to interspecific differences (different thermal tolerance 
associated with their evolution) rather than to the development of local 
adaptations promoted by a different environment. To reduce the likeli
hood of collecting the same genotype twice, plants were sampled at a 
minimum distance of 10 m from each other (Jahnke et al., 2017; Nguyen 
et al., 2023; Procaccini et al., 2007; Ruocco et al., 2022; Serra et al., 
2010). After collection, plant fragments were kept in dark coolers filled 
with natural seawater at ambient temperature and transported shortly 
(<2 h) to a benthic mesocosm facility at Stazione Zoologica Anton 
Dohrn (SZN), Napoli, Italy. Environmental conditions (i.e., salinity, 
irradiance, and water temperature) were measured at the sampling time 
to allow mimicking the natural conditions at the experimental setup. 

2.2. Experimental setup 

To standardize experimental results, plant fragments with similar 
rhizome length and shoot number (∼ 10 vertical shoots connected to an 
apical shoot) were carefully chosen. Selected P. oceanica plants were 
transplanted onto plastic net cages (i.e., two fragments in each cage) 
similar to Ruocco et al. (2019), while each C. nodosa plant was indi
vidually mounted in a plastic container (32 × 23 × 10 cm) filled with 
natural sediments from the collection site as described in Cardini et al. 
(2022). After transplantation, 18 plant fragments from each species 
were randomly allocated into nine 500L-aquaria (i.e., each aquarium 
contained two P. oceanica plants and two C. nodosa plants) filled with 
filtered and UV-treated natural seawater from a nearby area. Plants were 
arranged inside each aquarium carefully avoiding species shading each 
other and with a similar light level to that existing at the collection sites 
(i.e., max. noon irradiance of 250 μmol photons m− 2 s− 1 at the middle of 
P. oceanica canopy height) (Fig. 1A and B). Three experimental treat
ments were selected, including control, non-primed and heat-primed. 
Each experimental treatment was randomly assigned to three aquaria. 
Details about the systems for controlling light, water temperature and 
water quality can be found in a previous study (Ruocco et al., 2019). A 
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Fig. 1. (A) Benthic mesocosm system at Stazione Zoologica Anton Dohrn (Naples-Italy). (B) Experimental design. Symbols were taken from the Integration and 
Application Network, Centre for Environmental Science, University of Maryland (https://ian.umces.edu/media-library/symbols/). (C) Collection sites (1-P. oceanica 
and 2-C. nodosa) and (D) Temperature profile of the experiment. 
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12h:12h light:dark photoperiod was applied to start from 7:00, where 
irradiance was progressively increased to a maximum level at 13:00 
before a gradual reduction until dark at 19:00. Water temperature was 
measured automatically every 10 min using HOBO Pendant® Temper
ature/Light 64K Data Logger (Onset, USA) and manually checked twice 
a day with WTW Cond 3310 Set 1 (Xylem Analytics, Germany). 
Throughout the experiment, the salinity level was kept at 37.5 PSU as in 
natural conditions by adding purified water accordingly to compensate 
for evaporation. Furthermore, seawater was partially renewed (20%) 
weekly to sustain water quality. 

2.3. Experimental design 

Before the beginning of the experimental treatments, all plant frag
ments were allowed to acclimatize to the mesocosm conditions for 2 
weeks at 26 ◦C (similar to the natural seawater temperature at the time 
of plant collection). After acclimation, seawater temperature in the three 
heat-primed aquaria was progressively increased up to 29 ◦C at a heating 
rate of 1 ◦C day− 1 and maintained for 7 days (Fig. 1D). This temperature 
was 1 ◦C higher than the maximum year-round temperature the plants 
experienced in the field and was selected to produce a mild-stress con
dition to experimental plants, although the degree of stress is strongly 
dependent on species-specific heat tolerance (Nguyen et al., 2021). 
Subsequently, the temperature in these aquaria was lowered to 26 ◦C at 
the same rate of 1 ◦C day− 1 for a second acclimation period of one week 
(i.e., lag phase). Seawater temperature in both non-primed and 
heat-primed aquaria was then gradually increased to 32 ◦C at the same 
rate (i.e., 1 ◦C day− 1) and maintained constant for 11 days (triggering 
event)(Fig. 1D). This temperature was 4 ◦C higher than the maximum 
year-round temperature the plants experience in the field in the 
collection area, which is considered as an extreme temperature increase 
(Nguyen et al., 2021). Seawater temperature in the three control aquaria 
was maintained at 26 ◦C during the whole experimental period 
(Fig. 1D). All plant responses were measured at the end of the triggering 
event (Fig. 1D). The aquarium was the true experimental replicate for 
each seagrass species and variable, and measurements performed on 
plants from the same aquarium (i.e., ‘pseudo’ replicates) were averaged 
to obtain an independent replicated value. Therefore, the number of 
replicates used in statistical tests was n = 3. 

2.4. Chlorophyll a fluorescence 

A diving-PAM fluorometer (Walz, Germany) was used to assess the 
photo-physiological responses of P. oceanica and C. nodosa following the 
methodology described in Marín-Guirao et al. (2013). Saturation pulses 
were applied with an intensity of 8000 μmol photons m− 2 s− 1 which 
allows all the PSII reaction centers to close, and a duration of 0.8 s, 
which reduces the interference of non-photochemical quenching (i.e., it 
is expected that, with less than 1s duration of the saturation pulse, 
changes in non-photochemical quenching are too slow to become 
effective). To secure the same distance between the leaf surface and the 
fiber optic across measurements, we used an Underwater Adapter 
DIVING-DA (WALZ) coupled with a Dark Leaf Clip DIVING-LC (WALZ). 
Due to the difference in the leaf morphology between the two studied 
species, LIGHT-GAIN was set at 1 and 2 for P. oceanica and C. nodosa, 
respectively, to ensure the Fo values ranged between 130 − 300, thus 
securing the accuracy of the measurements. 

Maximum quantum yield (Fv/Fm) of photosystem II (PSII) was 
measured on whole-night dark-adapted plants (around 6:00 − 7:00 
before the light cycle started), while the effective quantum yield of PSII 
(ΔF/Fm’) was determined on light-adapted plants at noon (around 
12:30 − 13:30). For each tank, one shoot from each plant fragment (i.e., 
two shoots per tank for each species) was selected for the measurements. 
To standardize the procedure, all measurements were performed on the 
same leaf portion (i.e., 10 cm above the ligule for P. oceanica and in the 
middle of the leaf for C. nodosa) of the second youngest leaf from the 

third youngest shoot from the apical one. 

2.5. Plant growth 

Plant growth was assessed through the leaf marking method (Zie
man, 1974). Shoots selection was done similarly to PAM measurements. 
Selected leaves were marked with a needle above the ligule in the 
middle of the second acclimation phase (Fig. 1D). Samples were then 
collected at the end of the triggering event (Fig. 1D). Newly developed 
leaf segments were cleaned of epiphytes, dehydrated (70 ◦C for 24 h), 
and weighted for measuring leaf biomass production (dry weight, mg 
DW). 

2.6. Pigments content 

Leaf segments approx. 5 cm long were harvested from the middle 
portion of the second youngest leaf of P. oceanica or the whole second 
youngest leaf of C. nodosa from the fourth youngest shoot of each plant 
fragment growing in the experimental tanks. Leaf segments were 
immediately cleaned of epiphytes, covered with aluminum foil, and kept 
on ice in darkness until further processing on the same day of collection 
(<4 h). Samples were first weighted before being homogenized in liquid 
nitrogen by using pestles and mortars. Homogenized samples were then 
transferred into 1.5 mL tubes filled with 1 mL of 100% methanol. 
Thenceforward, samples were kept in complete darkness at 4 ◦C for 8 h 
before centrifugation. An aliquot (200 μ L) of the solution was then used 
to measure the absorbance at 4 different wavelengths (i.e., 470, 652, 
665, and 750 nm) in a microplate reader (TECAN Infinite® M1000PRO, 
Switzerland). The leaf content in chlorophyll a, chlorophyll b, and total 
carotenoids was calculated using equations from Wellburn (1994) after 
converting microplate readings into 1-cm cuvette readings following 
Warren (2008). Finally, results were normalized to milligrams of fresh 
weight. 

2.7. Whole transcriptome sequencing and analysis 

2.7.1. Sample collection, RNA isolation and sequencing 
Samples for RNA extraction were obtained from nine randomly 

selected plant fragments (n = 3 per treatment) per species at the end of 
the experiment. For each replicate, a 5 cm leaf segment from the middle 
part of the second youngest leaf or a whole leaf was sampled for 
P. oceanica and C. nodosa, respectively. Samples were taken from the 
second youngest shoot from the apical shoot. Immediately after collec
tion, samples were gently cleaned of epiphytes and preserved in RNA
later® (Thermo Fisher Scientific). Samples were first stored at 4 ◦C 
overnight before being stored at − 20 ◦C until RNA extraction. 

Total RNA was extracted using Aurum™ Total RNA Mini Kit (BIO- 
RAD) following the manufacturer’s instructions. RNA purity was 
assessed with a NanoDrop® ND-1000 spectrophotometer (Thermo 
Fisher Scientific) and its integrity was checked on a 1% agarose gel 
electrophoresis. RNA was used only when (i) Abs260nm/Abs280 nm 
ratios were >1.8, and (ii) 1.8 < Abs260 nm/Abs230 nm ratios <2. RNA 
integrity was double-checked by measuring the RNA integrity number 
(RIN) with a 2100 Bioanalyzer (Agilent Technologies). Only high- 
quality (RIN >6.5) RNA was used for sequencing. RNA quantity was 
determined by Qubit® RNA BR assay kit using the Qubit 2.0 Fluorom
eter (Thermo Fisher Scientific). In total, eighteen cDNA libraries (3 
replicates × 3 treatments × 2 species) were prepared with QuantSeq 3′ 
mRNA-Seq Library Prep Kits (Lexogen) and sequenced using Ion Pro
ton™ sequencer at the SZN Molecular Sequencing & Analysis Center 
(CSAM). The QuantSeq protocol produces one fragment per transcript 
and generates reads towards the poly (A) tail. This approach is different 
from the traditional RNA-Seq when directly reversing transcribed 
cDNAs from the 3′ end of the mRNAs, without a fragmentation step (see 
Pazzaglia et al., 2022b for a previous application in seagrasses). 
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2.7.2. Data filtering and transcriptome analysis 
Raw sequencing reads were quality-checked using FASTQC v.0.11.5 

(Andrews, 2010) and trimmed for quality using Trimmomatic (Bolger 
et al., 2014). To avoid potential artifacts caused by sequencing errors, 
reads with a quality per bases below 15 Phred score and a length <50 bp 
for P. oceanica or below 20 Phred score and a length <25 bp for C. nodosa 
were excluded from the analysis (due to the nature of the sequencing 
data, different Phred scores were chosen in order to obtain both suffi
cient number and quality of reads). Thenceforth, a dataset of unique tags 
was obtained by collapsing all the trimmed reads using Cd-hit [90% 
identity (Li and Godzik, 2006)]. To re-evaluate the quality of the tags 
dataset, all the cleaned reads were mapped independently on the pub
lished transcriptomes from Ruocco et al. (2020) and Ruocco et al. (2017) 
for P. oceanica and C. nodosa, respectively using the Bowtie2 aligner 
with default settings (Langmead and Salzberg, 2012). For each replicate, 
read count was computed by the eXpress software (Roberts et al., 2011). 

2.7.3. Differential expression analysis and functional annotation 
To assess overall similarity across samples and their relationship, a 

Principal Component Analysis (PCA) was conducted on read count data 
for each species using an integrated web application iDEP [available 
online at http://bioinformatics.sdstate.edu/idep/(Ge et al., 2018)]. The 
analysis of differentially expressed genes (DEGs: non-primed vs. control 
and heat-primed vs. control) was performed using the edgeR package 
(Robinson et al., 2010). Transcripts were considered as significantly 
differentially expressed when FDR-corrected p-value ≤0.05. Addition
ally, a cut-off of > |1.5| was also applied for log2 fold change values 
(Log2FC). Finally, DEGs were visualized using DiVenn 2.0 [available 
online at https://divenn.noble.org/index.php (Sun et al., 2019)], while 
Venn diagrams (available online at http://bioinformatics.psb.ugent. 
be/webtools/Venn/) were used to identify DEGs shared between 
non-primed plants and heat-primed plants and DEGs that were unique of 
each experimental group. 

Functional annotation of DEGs was performed through a sequence 
similarity search against UniProtKB/Swiss-Prot database (downloaded 
on April 2020) using the BLASTx software (Camacho et al., 2009) with 
an e-value cutoff of 1e− 3. In addition, DEGs were also annotated against 
previously published transcriptomes [Ruocco et al. (2020) and Ruocco 
et al. (2017) for P. oceanica and C. nodosa, respectively] using the 
BLASTn software (Camacho et al., 2009) with an e-value cutoff of 0.05 
and query cover ≥ 90% (only the best hit was selected for each align
ment) to maximizing the number of functional-annotated DEGs. 

Annotated DEGs were assigned into eight different categories, 
including low-stress-response, medium-stress-response, high-stress- 
response, photosynthesis, growth, transcription factor, epigenetic and 
stress memory. The low-, medium- and high-stress-response categories 
were adopted from the CSR concept (Kültz, 2005) to represent the three 
different levels of gene expression responses based on the severity of the 
stress experienced by plants during the triggering event as previously 
done in another seagrass study (Traboni et al., 2018). 
Low-stress-response refers to genes related to protein denaturation and 
re-folding, medium-stress-response refers to genes related to 
ubiquitin-related proteolysis and high-stress-response refers to genes 
related to the inhibition of damaged DNA replication and/or pro
grammed cell death pathways. The photosynthesis category includes 
genes related to photosynthetic activity overall (Chang et al., 2006). The 
growth category is associated with genes related to plant growth and 
development (Cheng et al., 2012). The transcription factor category 
includes genes related to signal transduction pathways (Kim and Kende, 
2004). The epigenetic category includes epigenetic-related genes (Lee 
et al., 2017). The stress memory category is used for genes that are 
known to be involved in thermal stress memory (Lämke et al., 2016; Olas 
et al., 2021). List of associated genes for each category was collected 
from Google Scholar using the following key words “plant protein pro
tection gene”, “protein re-folding” and “protein assembly” for the 
low-stress-response category; “ubiquitination gene” and “proteolysis 

gene” for the medium-stress-response category; “DNA repair” and 
“apoptosis” for the high-stress-response category; “photosynthesis” for 
the photosynthesis category; “plant growth” and “plant development” 
for the growth category; “transcription factor” for the transcription 
factor category; “epigenetic”, “DNA methylation” and “histone modifi
cation” for the epigenetic category; and “heat stress memory”, “heat-
priming”, “heat preconditioning” for the stress memory category. Each 
associated gene was selected and confirmed from at least three different 
publications. In case an associated gene was related to two or more 
categories, the priority was given to the category with the lowest level (i. 
e., the most specific GO term) of the related GO hierarchy (Biological 
Process) for that associated gene. 

2.7.4. GO enrichment analysis 
Two approaches were applied to maximize the number of Gene 

Ontology (GO) terms retrieved. First, GO terms associated with tags 
were retrieved from the corresponding contigs from previously pub
lished transcriptomes [Ruocco et al. (2020) and Ruocco et al. (2017) for 
P. oceanica and C. nodosa, respectively]. Then all tags were loaded on 
Blast2GO v.5.2.5 to retrieve GO terms (e-value cutoff 1e− 6) for DEGs 
with a positive BLAST hit to improve GO-terms assignment. For each 
species, GO terms retrieved from both methods were combined to build 
a dataset that was subsequently used for GO enrichment analysis. 
Enriched GO terms of the biological process of DEGs were tested by 
Fisher Exact tests using package ‘topGO’ v. 2.42.0 (Alexa and Rahnen
fuhrer, 2010) in R with a threshold FDR of 0.05. We used ‘weight01’ 
method [this is a mixture of ‘elim’ and ‘weight’ method (Alexa et al., 
2006)] that takes the GO hierarchy into account when calculating 
enrichment. In this way, the ‘inheritance problem’ (that can lead to false 
positives) can be avoided (Grossmann et al., 2007). Finally, Venn dia
grams were used to identify shared and unique GO terms among 
different contrasts. 

2.8. Statistical analysis 

A two-way analysis of variance (Two-way ANOVA) with two fixed 
factors: Species (2 levels: P. oceanica and C. nodosa) and Treatment (3 
levels: control, non-primed, and heat-primed) was performed to assess 
significant differences in response to warming at the photo- 
physiological, growth and pigment levels. Before the analysis, homo
geneity of variance was checked by using Levene’s test. Then, the 
Shapiro-Wilk test was used to validate data normality. Finally, a Tukey 
HSD post-hoc test was applied to determine significant differences 
among treatments of each species when applicable. All statistical ana
lyses were conducted using R version 4.1.1 in R-studio v.February 1, 
5033 (R Core Team, 2018). Graphs were plotted with R-studio using the 
package ggplot2 (Wickham, 2009). 

3. Results 

3.1. Heat-priming enhanced photochemical tolerance of Posidonia 
oceanica in response to temperature increase 

The triggering event had no significant effects on the photosynthetic 
performance of heat-primed P. oceanica plants, but it significantly 
affected non-primed P. oceanica plants (Table 1, Fig. 2A). In detail, 
significant differences were detected between non-primed vs. control 
plants and between non-primed vs. heat-primed plants on maximum 
quantum yield (Fv/Fm, Turkey HSD post-hoc test, p < 0.05 & p < 0.01, 
respectively; Fig. 2A). In contrast, in C. nodosa, both heated plants (non- 
primed and heat-primed) maintained their Fv/Fm values unaltered 
during the triggering event (Fig. 2B). As a result, a significant S × T 
interaction was detected for Fv/Fm measurements (Two-way ANOVA, p 
< 0.01, Table 1). 

On the other hand, the effective quantum yield (Δ F/Fm’) of both 
species showed no significant warming-induced alterations (Fig. 2C and 
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D, Table 1). 

3.2. Heat-priming facilitated pigment accumulation in Cymodocea nodosa 
in response to warming 

Warming negatively affected the pigment content of P. oceanica 
plants while it enhanced the accumulation of leaf pigments in C. nodosa 
plants, irrespective of whether or not the plants were primed (Fig. 3). 
Pigment content was significantly higher in C. nodosa than in P. oceanica 
(Two-way ANOVA, Species: p < 0.001, Table 1). 

In P. oceanica, warming reduced pigment content in both non-primed 
and heat-primed plants. However, pigment content in heat-primed 
plants was approximately 33% higher than in non-primed plants (Chl 
a, Chl b and total carotenoids; Fig. 3), although these differences were 
not statistically significant. 

In C. nodosa, the warming exposure increased Chl a (44%), Chl b 

(57%) and total carotenoids (44%) in heat-primed plants with respect to 
control plants. The change was significant for Chl b (Turkey HSD post- 
hoc test, p < 0.05, Fig. 3D). Likewise, the corresponding percentages for 
non-primed plants were 31% (Chl a - n.s.), 23% (Chl b - n.s.) and 29% 
(total carotenoids - n.s.), respectively. 

3.3. Heat-priming slowed leaf growth in P. oceanica and enhanced it in 
C. nodosa 

Warming strongly influenced seagrass growth, as evidenced by the 
significant differences detected for the Treatment factor (Two-way 
ANOVA, p < 0.01, Table 1). In P. oceanica, a substantial decline in 
growth was detected in heat-primed plants with respect to control and 
non-primed plants (Turkey HSD post-hoc test, p < 0.01 and p < 0.001, 
respectively, Fig. 4A). In C. nodosa, even if no significant differences 
were detected among treatments, it is worth to mention that there was a 

Table 1 
Two-way ANOVA results for photo-physiological, plant growth and pigment responses of P. oceanica and C. nodosa at the end of the experiment. Significant codes: ***p 
< 0.001; **p < 0.01; *p < 0.05; ns p > 0.05. df: degrees of freedom; MS: Mean Square; F: F-value.  

Source of variation Fv/Fm ΔF/Fm’ Leaf biomass production 

df MS F p df MS F p df MS F p 

Species (S) 1 2.88E-4 1.855 ns 1 2.57E-4 1.230 ns 1 812.300 192.081 *** 
Treatment (T) 2 1.05E-3 6.772 * 2 2.97E-4 1.421 ns 2 30.800 7.280 ** 
S × T 2 1.08E-3 6.985 ** 2 3.87E-4 1.854 ns 2 72.000 17.044 *** 
Residual 12 1.55E-4   12 2.09E-4   12 4.200    

Source of variation Chlorophyll a Chlorophyll b Total carotenoids 

df MS F p df MS F p df MS F p 

Species (S) 1 11.387 58.918 *** 1 5.274 99.622 *** 1 0.561 22.652 *** 
Treatment (T) 2 0.114 0.588 ns 2 0.138 2.603 ns 2 0.011 0.446 ns 
S × T 2 1.039 5.378 * 2 0.420 7.931 ** 2 0.071 2.864 ns 
Residual 12 0.193   12 0.053   12 0.025    

Fig. 2. Photo-physiological responses of P. oceanica (A,C) and C. nodosa (B,D) at the end of the triggering event. Asterisks indicate significant differences as results of 
Tukey HSD post-hoc test (*p < 0.05 & **p < 0.01), n = 3. 
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tendency for both non-primed and heat-primed plants to increase their 
growth rates with respect to control plants. In particular, heat-primed 
C. nodosa plants produced 27% more biomass during the triggering 

event than non-primed plants (Fig. 4B). 

Fig. 3. Leaf pigment content of P. oceanica (A,C,E) and C. nodosa (B,D,F) at the end of the triggering event. Asterisks indicate significant differences as results of 
Tukey HSD post-hoc test (*p < 0.05), n = 3. 

Fig. 4. Leaf growth responses of P. oceanica (A) and C. nodosa (B) at the end of the triggering event. Asterisks indicate significant differences as results of Tukey HSD 
post-hoc test (**p < 0.01 & ***p < 0.001), n = 3. 
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3.4. Overall transcriptome response of non-primed and heat-primed 
plants 

The Tag sequencing generated 69,267,359 and 64,422,853 single- 
end reads for P. oceanica and C. nodosa, respectively. Raw reads were 
quality-trimmed to obtain 53,421,823 (77%) and 52,436,340 (81%) 
cleaned reads, respectively. The cleaned reads were subsequently used 
for read collapsing to identify tags. As a result, after collapsing all 
cleaned reads using Cd-hit (90% identity), 675,032 and 835,468 tags 
were identified for P. oceanica and C. nodosa, respectively. The overall 
profile of expression across different samples was explored through a 
PCA (Fig. S1). For P. oceanica, controls were separated by heated plants 
(both non-primed and heat-primed) along the PC1 axis (24% of the total 
variance), while the PC2 axis (16% of the total variance) was responsible 
for the separation between non-primed and heat-primed plants. 
Regarding C. nodosa, the separation between control and heated plants 
was driven by both the PC1 (25% of variance) and the PC2 (17% of 
variance), whereas non-primed and heat-primed plants were mainly 
separated along the PC1. It is worthy to note that for both species non- 
primed and heat-primed samples partly overlapped (Fig. S1). 

3.5. Differential gene-expression response revealed differences between 
non-primed and heat-primed plants and between the two seagrass species 

The differential expression analysis identified 2524 and 1796 DEGs 
(FDR-corrected p-value ≤0.05 and log2FC > |1.5|) in P. oceanica and 
C. nodosa, respectively (Fig. 5). 

In P. oceanica, the response to warming involved 1628 and 1700 
DEGs for non-primed and heat-primed plants, respectively, with half of 
them being unique to each treatment and the other half shared between 
non-primed and heat-primed plants (Fig. 5). Among 824 DEGs exclu
sively belonging to non-primed plants, 575 DEGs were up-regulated 
while only 249 DEGs were down-regulated (Fig. 5). In contrast, 
among the 896 DEGs uniquely identified in heat-primed plants, the 
number of down-regulated DEGs was slightly higher than the number of 
up-regulated DEGs (489 vs. 407, Fig. 5). Finally, 804 DEGs were found in 
common between non-primed and heat-primed plants in which 612 
DEGs were up-regulated and 192 DEGs were down-regulated (Fig. 5). 

In C. nodosa, 1669 DEGs were detected in non-primed plants while 
only 321 DEGs were found in heat-primed plants (Fig. 5). Additionally, 
down-regulated DEGs were found extremely dominant in both non- 
primed and heat-primed plants (Fig. 5). 

3.6. Gene functional categories of the DEGs 

Functional annotation identified 903 DEGs with an UniProt ID for 
P. oceanica plants (∼ 36% of the total number of DEGs) and 320 DEGs for 

C. nodosa plants (∼ 25% of the total number of DEGs). Over the total, 
194 annotated DEGs of non-primed and heat-primed P. oceanica plants 
were assigned to the eight functional categories defined in section 2.8 
(Fig. 6A, Table S1). The same was done for 78 annotated DEGs of non- 
primed and heat-primed C. nodosa plants, though none of these DEGs 
belonged to the red, the growth, or the epigenetic categories 
(Fig. 6B–Table S2). 

In P. oceanica, warming induced significant changes in the expression 
of several low/medium/high stress response DEGs for both non-primed 
and heat-primed plants. Interestingly, while non-primed P. oceanica 
plants tended to up-regulate genes in response to stress, heat-primed 
P. oceanica plants did the opposite (Fig. 6A–Table S1). For instance, 
the number of up-regulated low-stress-response-DEGs uniquely found in 
heat-primed plants was only 20% of the corresponding number in non- 
primed plants (5 against 24, Fig. 6A). At the same time, while non- 
primed plants significantly over-expressed a gene from the high-stress- 
response DEG (the ATM gene, Fig. 6A–Table S1), heat-primed plants 
down-regulated a gene from this category (the aifA gene, 
Fig. 6A–Table S1). In both non-primed and heat-primed P. oceanica 
plants, the number of down-regulated photosynthesis DEGs was greater 
than the number of up-regulated ones (Fig. 6A). In heat-primed plants, 
where the leaf biomass production was significantly inhibited (Fig. 3A), 
the number of down-regulated growth DEGs (mostly SAUR50 gene) was 
3-fold greater than that of non-primed plants (Fig. 6A–Table S1). Simi
larly, the number of down-regulated transcription factor DEGs was 4- 
fold higher in heat-primed plants than in non-primed plants (Fig. 6A). 
Furthermore, warming modified the level of expression of epigenetic 
DEGs in P. oceanica with the number of up-regulated DEGs being more 
than double in heat-primed plant than in non-primed plants (Fig. 6A). 
For example, DEGs representing Probable histone-arginine methyl
transferase CARM1 and Protein arginine N-methyltransferase 5 were 
found exclusively in heat-primed plants (Fig. 6A–Table S1). Several 
stress memory-related DEGs (e.g., HSP18.2, HSP22, and FBA6; 
Fig. 6A–Table S1) were found overexpressed in both non-primed and 
heat-primed plants. 

In C. nodosa, high-stress-response DEGs were not detected in either 
non-primed or heat-primed plants while medium-stress-response DEGs 
were exclusively found in non-primed plants (Fig. 6B). It is important to 
note that, among the five medium-stress-response DEGs detected in non- 
primed plants, four of them were up-regulated (Fig. 6B). Regarding low- 
stress-response DEGs, the number of up-regulated and down-regulated 
DEGs was double in non-primed plants in respect to heat-primed 
plants (5 DEGs & 13 DEGs vs. 2 DEGs & 8 DEGs, respectively; 
Fig. 6B). On the other hand, photosynthesis-related DEGs were only 
detected in non-primed plants, being mostly down-regulated (Fig. 6B). 
Both non-primed and heat-primed C. nodosa plants significantly down- 
regulated several transcription factors, however, up-regulated genes 

Fig. 5. Global gene expression responses of P. oceanica and C. nodosa (Red and blue dots/numbers indicate the number of up-regulated and down-regulated DEGs, 
respectively). 
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from this category were only found in non-primed plants (Fig. 6B). 
Lastly, stress memory DEGs were detected only in non-primed C. nodosa 
plants representing the HSP22 gene family (Fig. 6B–Table S2). 

3.7. Gene Ontology (GO) annotation of the DEGs 

A total of 167,504 tags in P. oceanica (25% of the total tags) and 
89,216 tags (11% of the total tags) in C. nodosa were associated with at 
least 1 GO term. These GO-annotated tags were subsequently used for 
GO enrichment analysis. Results of the enrichment analysis (biological 
process, GO-BPs) are summarized in Fig. 7 and Table S3− 7. In 
P. oceanica, the number of enriched GO-BPs was 202 in non-primed 
plants (Fig. 7, Table S3) and 222 in heat-primed plants (Fig. 7, 
Table S4). Approximately 50% of those GO-BPs were shared between 
non-primed and heat-primed plants while the other 50% was unique for 
each group. In contrast, the number of GO-BPs in C. nodosa was three- 
time higher in non-primed plants (Fig. 7, Table S6) than in heat- 
primed plants, which were enriched in only 17 GO-BPs (Fig. 7, 
Table S7). 

For both species, enriched GO-BPs terms included processes that can 
be ascribed to plant thermal stress response, such as heat acclimation, 
response to oxidative stress, regulation of transcription, sucrose star
vation, fatty acid biosynthesis, photosynthesis, protein (re)folding, 
regulation of DNA damage and apoptotic process, signaling pathways 
involving plant hormones (Wahid et al., 2007) (Fig. 7). 

In P. oceanica, non-primed and heat-primed plants shared many GO- 
BPs related to plant heat-stress response (Region 2, 5 and 108, Fig. 7). 
Notably, positive regulation of apoptotic process was only found in non- 
primed plants (Region 85, Fig. 7) while negative regulation of intrinsic 
apoptotic signaling pathway appeared exclusively in heat-primed plants 
(Region 104, Fig. 7). In contrast, enriched GO-BPs related to epigenetic 
modifications were only detected in heat-primed P. oceanica plants and 
included histone H3-R26 methylation and histone H3-R17 methylation 
(Region 104, Fig. 7). 

Protein refolding was found in common across different species and 
treatments (Region 2, Fig. 7). Despite that, only 1 GO-BP related to plant 
heat-stress response was enriched in heat-primed C. nodosa plants (i.e., 
positive regulation of transcription, DNA; Region 8, Fig. 7) while, in 
contrast, 11 GO-BPs related to response to oxidative stress, plant hor
mones, photosynthesis, and transcription were exclusively enriched in 
non-primed C. nodosa plants (Region 5, 3 and 38, Fig. 7). 

4. Discussion 

This study provides new insights into the functioning of heat-priming 
in seagrasses. It shows that pre-exposure to a mild increase in temper
ature makes Posidonia oceanica able to cope with a further more intense 
warming event. Results also indicate clear differences between the two 
studied seagrass species, P. oceanica and Cymodocea nodosa, most likely 
due to the fact that these were subjected to the same priming and trig
gering treatments, despite having different thermal tolerances. In both 
species, the response to the triggering event of non-primed plants 
required a significant activation of many genes while heat-primed plants 
down-regulated more genes. In general, the reaction of heat-primed 
plants appears to be more energetically conservative than that of non- 
heat-primed plants, indicating the activation of a strategy to better 
cope with elevated temperatures. 

4.1. Heat-primed Posidonia oceanica coped better than their non-primed 
counterparts with the temperature increase at the triggering event 

Heat-primed P. oceanica plants maintained their photochemical ca
pacity unaltered, while the photosynthetic performance of non-primed 
plants was negatively affected under the same triggering thermal 
event. This result concurs with recent findings from other seagrass 
species [Posidonia australis and Zostera muelleri (Nguyen et al., 2020)], 
from P. oceanica seedlings (Pazzaglia et al., 2022a)], and from terrestrial 
plants (Wang et al., 2014) on the positive effect of heat-priming for 

Fig. 6. Differentially expressed genes (DEGs) from the different categories selected in this study detected in P. oceanica (A) and C. nodosa (B) plants at the end of the 
triggering event. Each circle represents one DEG. 
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enhancing photo-physiological tolerance of plants to repeated warming 
events. Maintaining photosynthetic performance under stressful condi
tions reflects a more successful response (higher tolerance) as it allows 
the provision of resources to cope with the cost associated with high 
temperatures (Wahid et al., 2007). Additionally, the heat-primed 
P. oceanica down-regulated four times the number of DEGs related to 
photosynthesis (e.g., genes related to Photosystem I & II and 
oxygen-evolving enhancer proteins) than the non-primed plants. 
Though we did not measure respiration in our experiment, we can as
sume that keeping the photosynthetic capacity unaltered together with 
slowing down plant growth, allows the maintenance of a positive carbon 
balance, to overcome the stress events. This ‘energy-saving’ strategy has 
been documented for P. oceanica in response to several abiotic stress 
factors, including heat stress (Marín-Guirao et al., 2018) as well as for 

terrestrial plants (Holcik and Sonenberg, 2005). 
By arresting growth, P. oceanica can satisfy the carbon demand for 

basal metabolism and ensure survival under stressful environmental 
conditions. In this case, P. oceanica can avoid drawing on the carbon 
resources stored in the rhizome what is needed for overwintering 
(Marín-Guirao et al., 2018; Pazzaglia et al., 2022b). This strategy in
creases rates of survival and recovery after the cessation of stress. The 
molecular analysis further supports this hypothesis. Biological processes 
related to carbon resources (GO:0043617, cellular response to sucrose 
starvation) and growth (GO:0060416, response to growth hormone) 
were uniquely enriched in heat-primed plants, with a down-regulation 
of several growth-related genes (e.g., SAUR50). SAUR50 belongs to 
the largest family of early auxin response genes, which have been sug
gested to promote plant growth in response to high temperature in 

Fig. 7. Venn diagram depicting shared and unique enriched GO terms in the different contrasts (non-primed P. oceanica, heat-primed P. oceanica, non-primed 
C. nodosa and heat-primed C. nodosa) at the end of the triggering event. Only the enriched GO terms (i.e., ID and Biological Processes) related to plant “heat- 
stress response” and/or “epigenetics” are listed. 
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Arabidopsis through controlling cell expansion or division, contributing 
to auxin-regulated leaf growth and development (Spartz et al., 2014). 
The downsizing response of heat-primed P. oceanica plants observed in 
this study is different to what reported in P. australis, Z. muelleri (Nguyen 
et al., 2020), and P. oceanica seedlings (Pazzaglia et al., 2022a) which 
could indicate that the effect of heat-priming on growth in seagrasses is 
rather complex and can vary among different species and among 
different life stages of the same species involving different types of 
ecological developmental responses, as well as depending on the level of 
stress experienced by plants. 

It is worth noting that at the end of the triggering event, both non- 
primed and heat-primed P. oceanica plants clearly reduced their 
pigment content (Chl a, Chl b and carotenoids). It is also interesting to 
see many DEGs related to Chlorophyll binding proteins were also down- 
regulated in these samples. This strengthens the link between the 
response of the plants across different levels of organization from mo
lecular to morphology and physiology. 

According to the cellular stress response concept, the triggering 
event induced the highest level of stress response in non-primed 
P. oceanica plants. A clear example is the high expression of the ATM 
gene only in these plants. The ATM gene plays a crucial role in protective 
mechanisms for DNA damage repair in response to adverse environ
mental stress (Su et al., 2017). This is further supported by GO enrich
ment analysis showing a positive regulation of apoptotic processes (i.e., 
an indication of serious DNA damage) in non-primed plants, whereas, in 
contrast, heat-primed plants were enriched in the negative regulation of 
apoptotic processes. Similar evidence was also found at the second level 
of cellular stress response. In detail, gene L-ascorbate peroxidase 1 
(APX1 - involved in the defences against oxidative stress) was more 
up-regulated in non-primed P. oceanica plants than in heat-primed 
plants (Marín-Guirao et al., 2017). In addition, it is important to note 
that non-primed P. oceanica plants showed a more intense activation of 
genes encoding for HSPs when compared to heat-primed plants. HSPs 
are among the most common and rapid responsive mechanisms of plants 
to cope with adverse conditions (Kiang and Tsokos, 1998). Nonetheless, 
the production of HSPs itself is an energy-costly process (Nover et al., 
2001). This HSPs-related response often occurs within minutes/hours of 
the start of stress in terrestrial model plants (Oberkofler et al., 2021). In 
the intertidal seagrass Z. noltii the HSPs response is also very fast and 
tends to stop just few hours after the beginning of a heat shock (Massa 
et al., 2011). In this study, the transcriptomic response was studied 
many days after the onset of the triggering event, so it might have not 
captured the possible early and fleeting HSP response. In any case, the 
fact that the expression level was higher in non-primed plants could 
suggest that non-primed P. oceanica had to ‘pay a higher cost’ to mini
mize the negative impacts of warming than its heat-primed counterpart. 

4.2. Both non-primed and heat-primed Cymodocea nodosa plants grew 
better at the triggering event 

In C. nodosa, the heat triggering event did not induce significant 
changes in physiological performances, growth and pigment contents 
(except for Chlorophyll b content) between non-vs. heat-primed plants. 
Nevertheless, the high temperature of the triggering treatment favoured 
a significant accumulation of chlorophylls in the leaves of heat-primed 
plants. Heat-primed C. nodosa also showed higher photochemical effi
ciency as seen in the effective quantum yield results. They also grew 
faster than the controls and the non-heat-primed plants, although not 
significantly, possibly because of the short duration of the heating 
period and/or the small sample size used for these plant variables (i.e., n 
= 3). 

The elevated capability of the heat-primed C. nodosa to take ad
vantages from the temperature at the triggering event was confirmed at 
the molecular level. Only non-primed C. nodosa plants exhibited the 
second level of cellular stress response (i.e., ubiquitination and prote
olysis) by activating FTSH8 and At1g55760 genes, whose functions are 

related to the removal of irreversibly damaged proteins (Zaltsman et al., 
2005). Possibly, heat-primed C. nodosa may had already modified their 
proteins in the priming event to make them functional under increased 
temperatures and thus more prepared for the second heating event. As a 
result, heat-primed C. nodosa did not need to activate these pathways 
involved in protein homeostasis. Similarly, a lower number of differ
entially expressed genes, belonging to fewer biological processes, were 
found in heat-primed plants as response to the triggering event, in 
comparison with non-primed ones. It is interesting to note that only 
molecular data provided indications of stress in non-primed C. nodosa at 
the triggering event, that would otherwise be hardly detected from other 
measurements (e.g., morphology and physiology). Indeed, plants 
response at molecular and biochemical levels under stressful conditions 
can anticipate signs in physiological and morphological traits (Macrea
die et al., 2014). 

4.3. Interspecific differences in thermal priming performance between the 
two seagrass species 

The priming induction in organisms can be considered as an hor
metic response, characterized by a nonlinear dose-response relationship 
to environmental stressors (Costantini et al., 2010), and depending on 
the dose-response relationship of single organisms. Therefore, the level 
of the stress experienced by plants seems to be determinant for the 
acquisition of a primed status that allows them to activate an improved 
response to subsequently more-severe stress situations. Mild stress can 
induce damage-repair and background-adaptive responses (Villagóme
z-Aranda et al., 2022). The priming treatment applied (29 ◦C) can be 
considered stressful for the temperate species P. oceanica and less so for 
C. nodosa, whose genus is of tropical origin and has a higher tolerance to 
warming (Marín-Guirao et al., 2018; Savva et al., 2018). This thermal 
treatment (29 ◦C) seems to induce a primed state in P. oceanica, as 
evidenced by the lower level of molecular stress experienced by 
heat-primed plants with respect to non-primed plants when exposed to 
the triggering treatment (32 ◦C), as discussed above. In C. nodosa, 
although the priming treatment can be considered rather less stressful, 
or even non-stressful, this pre-heating also seems to induce a certain 
level of priming or preconditioning that allows plants to benefit better 
from the higher temperature of the triggering treatment. In fact, the 
performance of heat-primed C. nodosa plants at the end of the triggering 
treatment was improved in respect to non-primed plants, as pointed out 
by the significant increment of Chl b concentration. 

4.4. Heat-priming induced changes in the expression of epigenetics- and 
thermomemory-related genes 

Epigenetic modifications have been suggested to play an important 
role in the response to warming (Pazzaglia et al., 2023) and in 
heat-priming mechanism of seagrasses (Nguyen et al., 2020; Pazzaglia 
et al., 2022a). In this study, molecular analysis revealed significant 
changes in the expression of some well-known epigenetic-related genes 
[e.g., ATXR2, HTR4 (Lee et al., 2017)] in both non- and heat-primed 
P. oceanica plants, thus confirming the potential role of epigenetic 
modifications not only in thermal response but also in heat-priming in 
seagrasses. 

In Arabidopsis thaliana, HSP18.2 (Shahnejat-Bushehri et al., 2012) 
and HSP22 (Lämke et al., 2016) have been shown to maintain remark
ably high expressions at 28 − 48 h in the re-acclimation phase after the 
priming event (i.e., the first exposure to thermal stress). Also in 
A. thaliana, FRUCTOSE-BISPHOSPHATE ALDOLASE 6 (FBA6) has been 
demonstrated to be an essential component of the establishment of the 
shoot apical meristem’s heat stress transcriptional memory (Olas et al., 
2021). FBA6 was highly expressed in both the priming and the triggering 
phase, though the expression was significantly higher in the second 
(Olas et al., 2021). Here, we also identified significantly higher ex
pressions of HSP18.2, HSP22, and FBA6 for non- and heat-primed 
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P. oceanica plants and HSP22 for non-primed C. nodosa plants. The 
identification of these thermo-memory genes suggests the potential 
involvement of HSP18.2, HSP22, and FBA6 in both the formation 
(during the priming phase) and activation (during the triggering phase) 
of thermal stress memory in seagrasses. 

4.5. Contributions and limitations of the study 

Our study gives new insights into the functioning of stress priming in 
seagrasses (Nguyen et al., 2020; Pazzaglia et al., 2022a), especially at 
the molecular level, and in the differences existing among seagrass 
species with different thermal tolerances. The duration of the so-called 
stress memory still remains to be assessed. A recent study by Provera 
et al. (2024) showed that a long lag phase does not allow an enhanced 
heat and salinity stress response in P. oceanica seedlings undergoing a 
second stress events, suggesting that stress transcriptional memory was 
not maintained over several weeks. This could only be confirmed 
looking at the expression of genes involved in the first stress response 
and in the dynamics of expression potentially underlying a stress 
memory. Our study confirms the need for future research, across 
different approaches, to have a complete understanding of the mecha
nisms. Natural stress priming can ultimately affect the way seagrasses 
interact with their surrounding environments as well as their future 
distribution in an era of ocean changes. This study widens up the 
spectrum of seagrass ecology by opening questions concerning the 
contribution of stress memory in the existence and evolution of sea
grasses [see also Hilker et al. (2016) for evolutionary ecology aspects of 
priming of stress responses]. This is of particular relevance in case of 
mixed seagrass meadows that consist of several seagrass species with 
different stress tolerance or in the interaction among native and intro
duced species (Beca-Carretero et al., 2023). Future changes of seagrass 
landscape can be driven not only by environmental variations or by the 
tolerance level of each seagrass species and populations, but also by 
their capability to acquire stress memory. We acknowledge some limi
tations in this study due to (i) the use of two seagrass species with 
different thermal tolerance and a single level of heat-priming, which was 
insufficient to discriminate whether the differences in priming effects 
observed were simply because the two species had different thermal 
tolerance or different capacity to acquire stress memory, (ii) the use of 
only one population per species, (iii) the relatively small number of 
annotated genes, which prevented us from exploring specific patterns of 
thermal stress memory (such as DNA methylation or histone modifica
tions) and (iv) the small sample size (n = 3) for morpho-physiological 
measurements. 

5. Conclusions 

Our results provide important contributions in the understanding of 
thermal stress memory in seagrasses. This study can represent a starting 
point for future studies to deepening into the molecular mechanism 
underlying the formation and activation of stress priming. Here, we 
worked with two species with different thermal tolerance, and the po
tential different ability to be primed should be further tested in species 
with similar thermal tolerance. In addition, we used only one stress 
temperature and analyzed samples at the end of the triggering event. 
Future studies are strongly encouraged to fill the gap in knowledge 
related to the different variables of the priming induction mechanism, 
including stress level (intensity and duration) needed to induce a primed 
status and its persistence in time (see Provera et al., 2024). Only a deep 
understanding of the whole process can provide a valuable tool for 
assisting seagrass restoration and an additional perspective in the 
interpretation of seagrass evolution in time and seagrass resilience 
against environmental change. 
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