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A B S T R A C T

The invasive green algae Caulerpa taxifolia (M. Vahl) C. Agardh, 1817 and Caulerpa cylindracea Sonder, 1845 are 
widely diffused in the Mediterranean Sea, where they compete for space with the endemic seagrass Posidonia 
oceanica (Linnaeus) Delile, 1813, a keystone species in Mediterranean marine biodiversity. The present study 
aims to explore the possible effects of bioactive metabolites from the invasive algae on the seagrass, which may 
imply an allelopathic action. In particular, the study focuses on the effects of the algal alkaloid caulerpin and the 
sesquiterpene caulerpenyne. Changes in leaf growth, chlorophyll content, and leaf protein expression of 
P. oceanica genets under treatments were evaluated after 28 days of cultivation in mesocosms. Caulerpenyne 
strongly inhibited the growth of adult leaves and the formation of new ones, while inducing the elongation of the 
intermediate leaves and increased total chlorophyll content; on the contrary, caulerpin did not significantly 
influence leaf growth and the formation of new ones. A total of 107 differentially accumulated proteins common 
to the two treatments were also identified using the proteomic approach. Both molecules induced cells to 
maintain homeostasis, enhancing the amino acid metabolism or fatty acid biosynthesis. Despite these disrup
tions, P. oceanica demonstrated a more efficient response to stress induced by caulerpin, stimulating the 
biosynthesis of essential amino acids to maintain cellular homeostasis and mitigate damage caused by reactive 
oxygen species (ROS). Overall, obtained results supports the possible role of caulerpenyne, and not caulerpin, as 
an effector in allelopathic interactions among invasive Caulerpa species and P. oceanica in the Mediterranean.

1. Introduction

The introduction of allochthonous species, whether intentional or 
accidental, poses a significant risk to ecosystems worldwide (Kolar and 
Lodge, 2001). These non-native species, when they become invasive, 
can disrupt the balance of ecosystems, leading to adverse impacts on 
biodiversity and ecosystem services (Streftaris, N. & Zenetos, et al., 
2006). Current climate change and the rise in water temperatures had 
influenced the biology and survival of species, aiding their spread into 
new habitats. From bad to worse, invasive species lack natural predators 
or pathogens in their new environment and can proliferate rapidly, 
outcompeting native species and altering the ecosystem dynamics. 
These changes can have far-reaching consequences, affecting not only 
biodiversity but also ecosystem functions and services. Additionally, 

some introduced species may be toxic or harmful, posing risks not only 
to the environment but also to human health if they enter the food chain 
or directly affect human activities. In this context, the invasive success of 
the exotic green algae Caulerpa taxifolia and Caulerpa cylindracea in the 
Mediterranean can be attributed to their peculiar adaptability and 
invasiveness, including their high tolerance to nutrient and light stress 
(Meinesz et al., 1996; Chisholm et al., 1996; Delgado et al., 1996; Cec
cherelli and Cinelli, 1999; Williams & Grosholsz, 2002; Ceccherelli et al, 
2002). This adaptability allows them to establish and proliferate in new 
environments where native species may struggle, leading to their 
dominance and altering ecological dynamics. The mechanisms by which 
C. taxifolia and C. cylindracea influence native vegetation, particularly 
seagrasses, are not entirely understood; A previous study by Holmer 
et al. (2009) demonstrated that species from the Caulerpa genus modify 
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sediment conditions by increasing organic matter, microbial activity, 
and sulfide levels, likely contributing to the decline of Posidonia oceanica 
as Caulerpa appears to thrive more effectively than the seagrasses in the 
altered environment (Zubia et al., 2020).

Two bioactive compounds belonging to the Caulerpa genus, well 
acknowledged in the literature, are excellent repellents for herbivores, 
the bisindole alkaloid Caulerpin, whose structure was first proposed in 
1970 (Liu et al., 2012) and the sesquiterpene Caulerpenyne. Caulerpin is 
mostly biosynthesized by C. cylindracea and Caulerpenyne is the most 
abundant metabolites in C. taxifolia. These molecules, claimed as "alien 
metabolites" (Defranoux and Mollo, 2020; Mollo et al., 2015; 2023) have 
been demonstrated to possess a series of antibacterial properties and to 
be bioactive against human diseases (Sfecci et al., 2017). Therefore, 
environmental monitoring for the presence of Caulerpa species must 
consider the possibility of allelopathic interactions affecting native 
communities (Shea and Chesson, 2002; Simberloff et al., 2013).

Posidonia oceanica, the distinctive seagrass native to the Mediterra
nean, exhibits significant vulnerability to Caulerpa sp. However, the 
specific strategies employed for competition when in contact with either 
C. cylindracea or C. taxifolia are not thoroughly understood (Holmer 
et al., 2009). Over a decade of long-term monitoring has revealed that 
prolonged interaction with C. taxifolia has had a detrimental impact on 
the structure of P. oceanica meadows (Molenaar et al., 2009; Pergent 
et al., 2008). Conversely, C. cylindracea has demonstrated limited ability 
to penetrate healthy P. oceanica meadows (Bernardeau-Esteller et al., 
2020).

The persistent inquiry surrounding the interaction between plants 
and algae remains unanswered, prompting various theories to emerge. 
One such hypothesis posits that algae might release allelopathic mole
cules, causing cytotoxic effects on the plant (Motmainna et al., 2023). 
Another theory suggests that the fragmentation of algal thalli results in 
sediment deposition, leading to the accumulation of bioactive metabo
lites. This, in turn, alters the microenvironment, creating unfavorable 
conditions for plant growth (Piazzi et al., 2005). It is essential to delve 
into this question to gain a comprehensive understanding.

Investigating the mechanism of competition is vital for unraveling 
the true invasive potential of algal species and comprehending the 
extent of disruption they can cause. This impact is not limited to native 
species alone but extends to the entire ecosystem they inhabit. In this 
study, we conducted a manipulative laboratory experiment where pu
rified caulerpin and caulerpenyne were introduced to the rhizomes of 
P. oceanica cuttings within mesocosms over a 28-day period. The pri
mary objectives were to confirm the translocation of these molecules 
within the tissue, reaching the leaf blades, and to assess their potential 
effects in that region. Leaf growth, chlorophyll content, and differential 
protein expression were assessed to evaluate the impact of these delib
erate treatments on plant growth and metabolism.

2. Materials and methods

2.1. Extraction and purification of the algal metabolites

To obtain the necessary quantity of caulerpenyne (CYN) for the 
subsequent treatment of P. oceanica in mesocosm conditions, 450 g (wet 
weight) of Caulerpa prolifera (Forsskål) J.V.Lamouroux, 1809, the native 
Mediterranean alga from which CYN was originally isolated (Amico 
et al., 1978), was exhaustively extracted with acetone (Sigma-Aldrich; 
500 ml × 3 times) through homogenization and sonication in a ultra
sonic bath (FALC ultrasonic bath, KHz 50), following the method 
described in Carbone et al. (2008). The acetone extract was then evap
orated under reduced pressure by using a rotary evaporator (Büchi 
R-210), and the aqueous residual was further extracted with diethyl 
ether (Sigma-Aldrich; 500 ml × 4 times in a separation funnel) to obtain 
4 g of crude diethyl ether extract. Subsequently, a portion (1 g) of the 
diethyl ether extract was subjected to gel filtration column chromatog
raphy by using Sephadex LH-20 (GE Healthcare) to give a 

caulerpenyne-containing fraction (320.0 mg), which was further puri
fied by silica gel column chromatography (Merck Kieselgel 60 powder) 
using a petroleum ether/diethyl ether gradient. Pure CYN (100 mg), 
identified by comparing 1H NMR data with literature values (Amico 
et al., 1978) was eluted with petroleum ether/diethyl 8:2. The NMR 
spectrum of CYN (Fig. 1a) was recorded using a 400 MHz Bruker Avance 
III HD spectrometer equipped with a CryoProbe Prodigy.

Similarly, to obtain pure caulerpin (CAU), a sample of C. cylindracea 
(1200 g wet weight) was exhaustively extracted with acetone (Sigma- 
Aldrich; 650 ml × 6 times), employing homogenization and sonication 
as described above for the extraction of C. prolifera. The subsequent 
extraction of the aqueous residual with diethyl ether (Sigma-Aldrich; 
500 ml × 4 times in a separation funnel) afforded 3 g of crude diethyl 
ether extract, a portion of which (1.6 g) was then subjected to gel 
filtration column chromatography by using Sephadex LH-20 (GE 
Healthcare), resulting in the isolation of a fraction that was determined 
to contain only the alkaloid CAU (70 mg, red/orange prisms), identified 
by comparing its 1H NMR data (Fig. 1b) with literature values 
(Anjaneyulu et al., 1991; Chay et al., 2014). The NMR spectrum of CAU 
was recorded using a 400 MHz Bruker Avance III HD spectrometer 
equipped with a CryoProbe Prodigy.

2.2. Collection of plants, mesocosm cultivation and treatments

The plants were sampled in November 2022 along the Calabria 
Thyrrenian coast (South Italy) from the site at Fondali Capo Vaticano 
(38◦39’47" N; 15◦50’38" E) where there have been no reports of 
C. cylindracea or C. taxifolia occurrence (Cantasano et al., 2017); this was 
essential to ensure the selection of P. oceanica genotypes that had not 
encountered the invasive algae before. Plants were collected at the same 
depth by scuba diving; each sample (genet), consisted of a plagiotropic 
rhizome with four ramets (Fig. 2a). Upon returning to the laboratory, to 
prevent infections, each rhizome’s cut zone was safeguarded with a 
silicon cup filled with sterile seawater (Mazzuca et al. 2009). This 
approach allowed us to supply the molecules directly into the cut zone of 
rhizomes, facilitating systemic treatment (Fig. 2a). Each shoot consisted 
in adult, intermediate, and juvenile leaves (Fig. 2b). For the experi
mental trial, two solutions were prepared, (i) 25 μM CAU and (ii) 25 μM 
CYN, each dissolved in the seawater added with 1 % of dimethyl sulf
oxide as vehicle (DMSO) to facilitate solubilization of both hydrophobic 
molecule; genets treated with seawater added with 1 % of DMSO were 
used as reference. A total of 18 genets, with six for each treatment, were 
utilized. Genets were placed in mesocosms each of 130 liter capacity, 21 
± 0.1 ◦C (thermal controller TECO TK 500 H, 4.0 SCUBLA S.r.l), pH 8.1, 
and 36 ± 0.5 ppm salinity, recirculation pump equipped with Backpack 
mechanical/biological filter (Internal skimmer), 12/12 h light/dark 
cycle under white/blue light LED lighting system. After a 28-day period, 
dead leaves and freshly emerged ones were tallied in all genets. Leaf 
growth rate was assessed by measuring the increase in leaf length 
relative to the reference (Fig. 2c), cleaned from epiphytes, swiftly 
washed in distilled water, frozen in liquid nitrogen, and subsequently 
stored at − 80 ◦C for biochemical and molecular analyses.

2.3. Chlorophyll extraction

Chlorophyll was extracted from leaves of five biological replicates 
for the reference and each treatment. Leaf tissues (1.0 g) were finely 
ground into powder using a mortar and pestle with liquid nitrogen. 
Subsequently, 5 ml of 80 % cold acetone was added to the tissue powder 
and incubated at 4 ◦C for 3 hours-. After incubation, the mixture was 
centrifuged at 6000 g for 15 min. Following centrifugation, 1 ml of the 
supernatant was transferred to a quartz cuvette, and the absorbances at 
663 nm and 645 nm were measured using the Jenway 7310 Advanced 
Visible Spectrophotometer (Cole-Parmer Instrument Co. Europe, UK). 
The concentrations of chlorophylls a and b, as well as total chlorophyll, 
were determined using the equations provided by Hiscox et al. (1979).
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2.4. Leaf protein extraction and purification

Protein extraction from leaves of six biological replicates for the 
reference and treatments followed a modified methodology as described 
in Piro et al. (2020). Frozen leaves (1 g) were ground into a fine tissue 
powder using a mortar. The powder was then divided into 2 ml vials for 
protein extraction and precipitation. Approximately five volumes of 
20 % trichloroacetic acid (TCA) in water were added to each vial, fol
lowed by centrifugation at 14,000 g for 5 min at 4 ◦C. The resulting 
pellet, containing the precipitated proteins, was washed in 80 % acetone 
and air dried in a vacuum centrifuge at room temperature for 1 hour. For 
protein purification, 0.1 g of the pellet was dissolved in 0.8 ml of phenol 
(buffered with Tris-HCl, pH 8.0, Sigma, St. Louis, MO, USA) and 0.8 ml 
of SDS buffer (30 % sucrose, 2 % SDS, 0.1 M Tris-HCl, pH 8.0, 5 % 
2-mercaptoethanol) in 2 ml vials. After centrifugation at 14,000 g, five 
volumes of 0.1 M ammonium acetate in cold methanol were added to 
the phenolic phase, and the mixture was stored at − 20 ◦C for 30 min. 
Proteins were then collected by centrifugation at 14,000 g for 5 minutes 
and washed in 0.1 M ammonium acetate/methanol and 80 % acetone. 
The final pellet, containing purified proteins, was air dried at room 
temperature and dissolved to a final concentration using Laemmli 1D 

electrophoresis buffer (Laemli, 1970). Protein quantification was per
formed by measuring absorbance at 595 nm using the Bradford assay 
(Bradford, 1976). Protein yield was calculated as mg of protein per g 
fresh tissue weight in three biological replicates for each sample. The 
relative abundances of proteins were calculated as the mean value ±
standard error (n = 3). Pairwise comparisons between samples were 
conducted using a student t-test, with p-levels of 0.05 used as the 
threshold for statistical significance unless otherwise noted.

2.5. SDS-PAGE electrophoresis of proteins, in gel digestion and mass 
spectrometry

Leaf protein separation was accomplished using a modified short- 
term electrophoresis protocol, optimizing the process by concentrating 
each replicate into a shorter lane compared to conventional electro
phoresis methods (Oliva et al., 2023). In this procedure, protein samples 
(20 µg) were loaded onto 12 % acrylamide/bisacrylamide gels and 
electrophoresed for 30 minutes under a constant power of 200 V at 
120 mA. Subsequently, the gels were stained overnight in Coomassie 
Blue solution. Digitized SDS-PAGE images were analyzed using 1-D 
Quantitative Analysis Software (Bio-Rad, Berkeley, USA) to measure 

Fig. 1. a) 1H NMR spectrum of caulerpin (CAU); b) 1H NMR spectrum of caleurpenyne (CYN).

Fig. 2. a) Genet of Posidonia oceanica with four ramets and roots distributed along a rhizome; b) Shoot exhibiting leaves at different developmental stages, 
comprising of adult, intermediate (in differentiation stage) and juvenile (<5 cm in length); c) reference point marked up to its leaf base; following a 28-day interval, 
the distance between the marked reference point and the leaf base was quantified (Zieman, 1974; Buia et al, 1992).
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the band density in each lane across all biological replicates. The stained 
bands were then manually excised from the gels, destained in a solution 
of 50 mM ammonium bicarbonate and acetonitrile (ACN) (1:1 v/v), and 
subjected to reduction/alkylation steps using 55 mM iodacetamide at 
room temperature for 30 min in the dark, and DTT at 56 ◦C for 20 min, 
following the protocol by Shevchenko et al. (2006). The reduced and 
alkylated gel slices were further processed for protein digestion in the 
gel using 0.02 μg/μl trypsin dissolved in 25 mM AmBic (Promega, 
Madison WI, USA) overnight at 37 ◦C, with additional ammonium bi
carbonate buffer to cover the gel matrix. The resulting tryptic peptides 
were extracted with 5 % formic acid (FA) in water, washed in acetoni
trile and ammonium bicarbonate (50 mM), and dried. Subsequently, the 
tryptic peptides were dissolved in 20 µL of 8 % formic acid in water and 
immediately prepared for mass spectrometry analysis.

2.6. Mass spectrometric analysis

LC− MS/MS analysis was performed using an EASY-LC 1000 system 
(Thermo Fisher Scientific, Denmark) coupled to a hybrid quadrupole/ 
Orbitrap Q-Exactive mass spectrometer (Thermo Fisher Scientific, Ger
many). An in-house-made analytical column (14 cm long, with an inner 
diameter of 75 μm) packed with 3 μm C18 silica particles (Dr. Maisch, 
Entringen, Germany) was utilized. Prior to analysis, samples were 
diluted 5-fold in 0.1 % formic acid, and 2 μL of the resulting peptide mix 
was injected for LC-MS/MS analysis. The mobile phase composition for 
liquid chromatography (LC) consisted of 2 % acetonitrile, 0.1 % formic 
acid for mobile phase A, and 80 % acetonitrile, 0.1 % formic acid for 
mobile phase B. The LC gradient initiated with 0 % mobile phase B, 
reaching 3 % B within 1 second, increasing to 40 % B over 120 min, 
followed by a 100 % B phase for an additional 8 min. After 5 min at 
100 % B, the mobile phase composition returned to 0 % B in 2 minutes, 
resulting in a total run time of 135 minutes at a flow rate of 230 nL/min. 
The column effluent underwent nano-electrospray ionization (1600 V of 
nESI potential), and charged species were detected by the Q-Exactive 
hybrid mass spectrometer operating in positive ion mode. A full MS scan 
was acquired in the Orbitrap analyzer with a resolution of 70,000, 
covering a mass-to-charge ratio (m/z) range of 350− 1800, and a target 
AGC value of 1.00 × 106. Data-dependent MS/MS acquisition (DDA) 
was performed by selecting the 12 most abundant peaks with more than 
two charges after each full scan analysis using the top 12 method. Pre
cursor ions were fragmented by high-energy collisional dissociation 
(HCD) with a normalized collision energy of 25 %. MS/MS analysis was 
carried out in the Orbitrap analyzer at a resolution of 35,000, with a 
target AGC value of 1.0 × 105, an intensity threshold of 5.0 × 10 4, and 
an isolation window of 1.6 m/z. A maximum injection time of 50 ms was 
set for the full MS scan event, while tandem MS/MS scans had a 
maximum injection time of 120 ms. The dynamic exclusion time was set 
to 30 seconds.

2.7. Bioinformatic analysis and proteins identification

From the MS/MS spectra, protein inference and validation were 
performed with the Peaks Studio software (Bioinformatic Solution Inc, 
Waterloo, Canada). MS/MS spectra were extracted from raw data by 
accepting one minimum sequence of eight amino acids and fusion scans 
with the same precursor within one mass window of ± 0.4 m/z, over a 
time interval of ± 30 s. The key parameters of research are Scored Peak 
Intensity, (SPI) ≥ 50 %, precursor mass tolerance of ± 10 ppm and mass 
tolerance of product ions of ± 20 ppm. The carbamidomethylation of 
cysteine was fixed as a modification and trypsin was selected as the 
enzyme for the digestion, accepting two missing cleavages per peptide. 
The Automatic thresholds were used for peptide identification in the 
software Peaks. Generally, peptide probabilities are evaluated using a 
Bayesian approach for the estimation of the local FDR (LFDR) up to a 
value of 1 %. The peptide sequences using Peaks Studio software, were 
interfaced with both the database of proteins deduced from generalist 

protein sequences of Zostera marina deposited in the NCBI database 
(downloaded in November 2023) and in the bank UniProt data (down
loaded in November 2023).The statistical gene enrichment test was 
carried out by using KEGG BlastKOALA (https://www.kegg.jp/blastkoal 
a/; Kanehisa et al., 2016) the relative fold change of each GO term has 
been represented for “Biological process” categories Detailed 
peptide-to-protein assignments, along with relevant statistical parame
ters, are provided in Supplementary Tables 1.

2.8. Statistics analysis

Comparison of differences among groups of values for phenology and 
photosynthetic pigment, were analyzed using t-test with p <0.05 
threshold for statistical significance. All the statistical analyses were 
performed using Excel XLSTAT (©Addinsoft, Paris, France, released at 
2022.6.1.1187). Significance was defined as p ≤ 0.05. For the prote
omics results, comparison of differences among the groups was carried 
out using the Differentially Expression and Heat map tools available at 
Excel XLSTAT. Bonferroni test was used to test the assumption of ho
mogeneity of variances. Threshold for significance was p ≤ 0.05.

3. Results

3.1. Leaf renewal, leaf growth rate and chlorophyll content after CAU e 
CYN treatments

Ramets treated with CYN exhibited a moderate leaf mortality of 
adult leaves and a hindrance in new leaf emergence (42 %). However, it 
stimulated the growth and number of intermediate leaves (38 %), sur
passing the reference. Consequently, the ramets experienced a sub
stantial increase in the percentage of intermediate leaves compared to 
the reference samples. In contrast, CAU did not significantly alter the 
leaf composition in the ramets compared to the reference counterparts, 
although a modest decrease in juvenile leaves was observed. Therefore, 
following CAU treatment, the ramets exhibited an equal distribution of 
adult and intermediate leaves (Fig. 3).

In Fig. 4, the leaf growth rate after 28 days of cultivation is depicted. 
Both CAU and CYN significantly decreased the growth rate of surviving 
adult leaves, particularly in the CYN treatment. Moreover, the growth 
rate of intermediate leaves was also negatively affected with major ef
fects under CAU treatment. Regarding adult leaves, in the reference box 
plot, the interquartile range (IQR), which encompasses the middle 50 % 
of the data, are comprised in a short range from 1.2 to 1.7 cm with few 
outliers values. CYN treatment lowered the tendency and the IQR 
settling the values below 0.5 cm with many values around zero; few 
outliers were also displayed. Box plot related to CAU treatment indi
cated a IQR range slightly higher than that recorded in the CYN treat
ment, with a comparable mean value (Fig. 4).

Intermediate leaves grew faster than adult ones, as expected. In the 
reference samples, the IQR spanned from 4 to 5.5 cm, while it notably 
lowered ranged from 3 to 4.5 cm in CYN-treated ramets. The presence of 
numerous outliers suggested a heterogeneous growth rate among these 
types of leaves under CYN treatment. CAU treatment further reduced the 
minimum value of IQR to 2 cm with an individual outliners around 
1.0 cm.

Chlorophyll a and b displayed notable variations in leaves exclu
sively following CAU treatment. The interquartile range (IQR) value 
groups spanned from minimum to maximum values, which were lower 
than those in the reference group, and the mean value was at its lowest 
in the CAU treatment (Fig. 5). It is crucial to highlight that the Chla/Chlb 
ratio remained unchanged in the treated samples compared to the 
reference samples.
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3.2. Quantitative analysis of leaf proteins of Posidonia oceanica treated 
with CAU and CYN

Quantitative proteomic analysis revealed the differential expression 
of 107 unique proteins varied in leaves following the CAU and CYN 
treatments (Supplementary Tables 1). To explore the metabolic path
ways associated with these differentially accumulated proteins (DAPs), 
an enrichment analysis using KEGG BlastKOALA was performed, which 
identified functional categories detailed in Fig. 6. In the CAU treatment, 
ramets exhibited 52 DAPs, with 48 (93 %) mapped to 13 pathways in the 
KEGG database. Most of these proteins were involved in carbohydrate 
metabolism (30 %), followed by genetic information (20 %), energy 
metabolism (10 %), environmental information processing (10 %), and 
genetic information processing (10 %). In the CYN, treatment, 55 
(DAPs) were detected, with 52 of them categorized into 14 pathways. 
Carbohydrate metabolism (40 %), genetic information (18 %), energy 
metabolism (10 %), and environmental information processing (10 %) 

were among the most prevalent pathways.

3.3. Differentially accumulated proteins (DAPs) identified in ramets 
treated with CAU and CYN

Heat maps depicting unsupervised clustering of samples and proteins 
based on their abundance and similarities in CAU and CYN treated 
genets, in comparison with reference samples, are illustrated in Fig. 7(a, 
b). Samples and proteins were clustered using correlation distance and 
hierarchical agglomerative clustering, with colors scaled per row. 
Interestingly, the patterns of accumulated and depleted proteins among 
the biological replicates showed significant inversion following the CAU 
and CYN treatments.

DAPs were categorized into various classes according to their mo
lecular functions, biological processes, and cellular components. Protein 
classes that were overrepresented during CAU and CYN treatments are 
depicted in Fig. 7. As evident from the data, treatments resulted in the 

Fig. 3. Percentages of adult, intermediate and juvenile leaves in the ramets assessed after a 28-day period among reference genets, CYN and CAU treated 
P. oceanica genets.

Fig. 4. Leaf growth rate of adult and intermediate leaves along the rhizome of P. oceanica after 28-days cultivation in reference genets and in those treated with 25 
μM CAU and 25 μM CYN. Data represented as standard deviation (SD) and significance at **p<0.001; ***p<0.0001 (student t test). n=18 genets each treatment; n=6 
leaves each genet.
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enrichment of six protein class categories. In both treatments, the most 
prominent category was metabolites interconversion enzymes, followed 
by transferases (17 %) in CAU and oxidoreductases (17,5 %) in CYN. 
Additional classes enriched by treatments were lyases, kinases, dehy
drogenase, actin and actin related proteins (Fig. 8).

After deciphering the biological processes (evaluated by their GO 
terms) of accumulated or depleted proteins in shoots treated with CAU, 
it was observed that the main depleted protein was involved in the 
transcription process (Table 1).

Remarkably, the level of TFIIS central domain-containing protein 
was quite hundred-fold lower compared to the reference samples. 
Additionally, CAU exerted a strong repressive effect on glycolytic pro
cess by the depletion of key enzyme Glyceraldehyde-3-phosphate de
hydrogenase; malate dehydrogenase, phosphoenolpyruvate 
carboxylase, phosphopyruvate hydratase were also affected, suggesting 
an overall depletion of carbon metabolism. T-complex protein 1 subunit 
eta acting in protein folding, proteolysis with the RHOMBOID-like 
protein, three enzymes involved in protein translation were depleted. 
Several proteins associated with the stress response pathway underwent 
depletion under CAU treatment. Specifically, Serine 

hydroxymethyltransferase, Naringenin-chalcone synthase, and Phenyl
alanine ammonia-lyase reduced under the treatment. Moreover, CAU 
significantly depleted two Actin proteins, a Calcium lipid binding pro
tein, Ras-related protein RABB1c and Coatomer subunit alpha linked to 
the intracellular vesicle transport. Histones H4 and H2B were depleted 
as also the nucleoside-diphosphate kinase, indicating chromatin struc
tural rearrangements. Finally, photosynthesis was also affected with the 
Photosystem I reaction center and 7-hydroxymethyl chlorophyll a 
reductase 4-fold decreased in respect to the references. (Table1).

CAU treatment strongly induced the accumulation of proteins 
involve in aminoacid metabolism such as glutamine, methionine, 
cysteine, glycine and serine biosynthesis. Notably, Phosphoserine 
aminotransferase belong to the serine biosynthesis accumulated to xy 
fold by the CAU treatment. Further, Glycolytic enzymes (including 
Fructose-bisphosphate aldolase, Phosphoglycerate kinase) and tricar
boxylic acid cycle enzymes namely Succinate dehydrogenase, ATP cit
rate synthase together with Phosphoribulokinase belonging the pentose- 
phosphate cycle accumulated were accumulated. Regarding cell or
ganelles, vacuolar metabolism seemed to be affected most; the H 
(+)-exporting diphosphatase involved in the tonoplast membrane 

Fig. 5. Chl a and Chl b content in leaves from P. oceanica ramets after 28-days cultivation in reference, 25 µM CAU and 25 µ M CYN treated genets. Data represented 
as standard deviation (SD) and t-test student (***p<0.0001). n= -18 genets each treatment; n = -6 measurements each genet.

Fig. 6. Graphical view of metabolic pathways enriched following the treatment with a) 25 μМ CAU and b) 25 μМ CYN. Analyses performed with KEGG BlastKOALA 
on proteomic data from genets of Posidonia oceanica after 28-days cultivation.
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transport and vacuolar acidification was induced. Increased expression 
of Actin-depolymerizing factor 4 and enzymes associated with endo
plasmic reticulum network organization suggest a restructuring of the 
cytoskeleton-dependent cellular trafficking pathways. Chlorophyll a-b 
binding protein and NmrA family protein involved in the photosystem II 
assembly were 4-fold accumulated.

CYN treatment affected the nuclear activities with a significant 
reduction in the levels of the TFIIS central domain-containing protein, 
which plays a crucial role in the transcriptional activity at the nuclear 
level of DNA templates, and of the Histone H2B. Carbohydrate meta
bolism strongly depleted; many enzymes belonging glycolysis such as 
Glyceraldehyde-3-phosphate dehydrogenase, Fructose-bisphosphate 
aldolase, Pyruvate kinase, Fructose-bisphosphate aldolase, trans
ketolase, and Pantothenate kinase 2 depleted from 8- to 4-fold changes. 
Photosynthesis was negatively impacted with depletion in proteins 

including Chlorophyll a-b binding protein, Ferredoxin–NADP reductase, 
and DUF642 domain-containing protein, involved in photosynthetic 
light reactions. Additionally, glucose biosynthesis diminished due to the 
depletion of the RuBisCO large subunit-binding protein, responsible for 
assembling subunits (Table 2).

CYN resulted in the accumulation of proteins included Uridine ki
nase, an enzyme involved in the pyrimidine biosynthetic pathway, the 
Pleiotropic drug resistance protein responsible for abscissic acid trans
port, and the DCD domain-containing protein associated with the stress 
response of the endoplasmic reticulum. Further, ER to Golgi vesicle- 
mediated transport was promoted by CYN. CYN significantly affected 
the cytoskeleton by upregulating diverse actin proteins including actin- 
11 and actin-85 (accumulated to 4–8 folds). In addition to the cyto
skeleton rearrangement, vacuolar V-type proton ATPase, linked to 
vacuole enlargement and cell growth were found upregulated. Stress 

Fig. 7. Heat maps of proteins differentially accumulates after 28-days cultivation in leaves treated with CAU (a) and CYN (b). Protein expression values normalized 
to Log2, and cluster analysis performed using fold change levels of proteins. The color code panels on the right indicate the described preferential expression of a 
protein. (XLSTAT 2022.6.1.1187 - Differential expression tool). The details of the analysis shown in the Supplementary Tables 1.

a) b)

Fig. 8. Protein class enrichment in a) CAU and b) CYN treatments. Analyses were made by Panther™ (v. 14.0) Classification System tool (Mi et al., 2019). The 
reference protein class of Zostera marina (red boxes), and enriched protein class in P. oceanica (blue boxes) have been reported.
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responsive protein namely thioredoxin-dependent peroxiredoxin and 
CBS domain-containing protein CBSX3, involved in cellular redox ho
meostasis together with mitochondrial phosphorylation and membrane 
electron transport were stimulated. Enrichment of proline, glycine, and 
fatty acids aligned with a signature indicative of stress response 
(Table 2). CYN treatment resulted in the inhibition of fatty acid, alka
loids biosynthesis and down regulation of the UDP-N-acetylmuramate 
dehydrogenase, and lipid calcium-mediated transport proteins 
belonging to the lignin metabolism. Plasma membrane ATPase depleted 
as also nitrogen compounds transport within mitochondrial membranes. 
CYN negatively affected the arginine and serine biosynthesis, led to 
alteration in protein translation. The semantic representation of the 
main GO biological processes affected by CAU or by CYN treatments are 
reported in the Fig. 9.

4. Discussion

The CAU and CYN treatments resulted in a significant reduction in 

leaf growth among P. oceanica genets. CYN exhibited the most pro
nounced impact on the mortality of adult leaves and the growth of 
surviving ones. It also seemed to impede the generation of new leaves, 
potentially by influencing cell division in the apical meristem of shoots. 
Although intermediate leaves managed to survive the treatment, their 
growth rate decreased, leading to an overall reduction in leaf longevity.

These findings are consistent with observations in natural habitats 
where P. oceanica meadows competed with C. taxifolia (Pergent et al., 
2008) and C. cylindracea (Bernardeau-Esteller et al., 2020). In response 
to competitive interactions with C. taxifolia, P. oceanica experienced 
reduced shoot density and leaf length, accompanied by decreased leaf 
longevity and an increase in leaf growth rate per year (Molenaar et al., 
2009; Pergent et al., 2008). Conversely, C. taxifolia was found to in
crease frond length while decreasing the content of CYN (Pergent et al., 
2008). In meadows invaded by C. cylindracea, P. oceanica populations 
displayed stable or progressive trends, with no discernible structural 
differences between invaded and non-invaded meadows 
(Bernardeau-Esteller et al., 2020). This suggests the presence of limiting 

Table 1 
Proteins that showed high variations in expression in leaves after the caulerpin (CAU) treatment are reported. The accession number, protein name, associated GO 
biological process, fold change (FC) expressed as Log2 compared to reference, and statistical significance are provided.

Accession Protein names Biological Process FC (Log2)y T-test pvalue*

A0A0K9NWS1 Phosphoserine aminotransferase L-serine biosynthetic process 24.00 0.038
A0A0K9PUR8 Fructose-bisphosphate aldolase glycolysis/gluconeogenesis 5.80 0.013
A0A0K9NZ17 Phosphoribulokinase reductive pentose-phosphate cycle 2.90 0.049
A0A0K9NU31 Succinate dehydrogenase tricarboxylic acid cycle 2.50 0.044
A0A0K9PU80 Glutamine synthetase glutamine biosynthetic process 2.10 0.034
A0A0K9P513 Phosphoglycerate kinase glycolysis/gluconeogenesis 2.00 0.012
A0A0K9P8U9 Chlorophyll a-b binding protein photosynthesis 1.80 0.025
A0A0K9Q3W6 Actin-depolymerizing factor 4 actin filament depolymerization 1.70 0.004
A0A0K9NXT1 NmrA family protein photosystem II assembly 1.60 0.042
A0A0K9NSU9 V-type proton ATPase proteolipid subunit vacuolar acidification 1.50 0.003
A0A0K9P0X4 26S protease regulatory subunit ubiquitin-dependent ERAD pathway 1.30 0.04
A0A0K9NMF8 Alcohol dehydrogenase-like protein cellular response to hypoxia 1.30 0.02
A0A0K9PL77 Polyadenylate-binding protein regulation of translation 1.30 0.035
A0A0K9P0A3 ATP citrate synthase tricarboxylic acid cycle 1.20 0.008
A0A0K9Q5Y8 homocysteine S-methyltransferase methionine biosynthetic process 1.20 0.019
A0A0K9P660 peptidylprolyl isomerase cysteine biosynthetic process 1.20 0.038
A0A0K9NUP3 Serine hydroxymethyltransferase glycine biosynthetic process from serine 1.10 0.017
A0A0K9P513 Phosphoglycerate kinase glycolytic process 1.10 0.043
A0A0K9Q5S7 RNA helicase translational 1.10 0.009
A0A0K9PRU0 H(+)-exporting diphosphatase vacuolar acidification 1.10 0.035
A0A0K9P9B7 Protein lunapark ER tubular network organization − 1.00 0.027
A0A0K9PCX9 Putative Cytochrome C1 mitochondrial electron transport − 1.00 0.006
A0A0K9Q4D0 Phenylalanine ammonia-lyase cinnamic acid biosynthetic process − 1.00 0.038
A0A0K9NRA2 Histone H4 nucleosome assembly − 1.00 0.012
A0A0K9P3Z2 ATP-dependent 6-phosphofructokinase fructose 6-phosphate metabolic process − 1.00 0.011
A0A0K9P1N6 Histone H2B nucleosome assembly − 1.10 0.026
A0A0K9NJK7 phosphopyruvate hydratase glycolytic process − 1.10 0.017
A0A0K9NRA2 Histone H4 nucleosome assembly − 1.10 0.023
A0A0K9NZB6 RHOMBOID-like protein proteolysis − 1.10 0.038
A0A0K9Q3S1 nucleoside-diphosphate kinase UTP biosynthetic process − 1.20 0.019
A0A0K9Q587 Ras-related protein RABB1c vesicle-mediated transport − 1.20 0.044
A0A0K9PTC2 Coatomer subunit alpha ER to Golgi vesicle-mediated transport − 1.20 0.045
A0A0K9Q4S5 Naringenin-chalcone synthase flavonoid biosynthetic process − 1.30 0.035
A0A0K9Q3C3 Photosystem I reaction center subunit III photosynthesis − 1.40 0
A0A0K9PLN1 Eukaryotic translation initiation factor 3 translation − 1.40 0.023
A0A0K9PMD0 50S ribosomal protein L14 translation − 1.60 0.014
A0A0K9P1R8 Serine hydroxymethyltransferase glycine biosynthetic process from serine − 1.60 0.035
A0A0K9P0D4 Putative 60S ribosomal protein L3 translation − 1.60 0.023
A0A0K9PCA3 7-hydroxymethyl chlorophyll a reductase chlorophyll cycle − 1.60 0.019
A0A0K9Q607 T-complex protein 1 subunit eta protein folding − 1.70 0.024
A0A0K9P7E4 Putative Calcium lipid binding protein lipid transport − 1.80 0.009
A0A0K9PHQ1 Actin− 97 actin cytoskeleton organization − 2.10 0.022
A0A0K9Q5N4 Actin actin cytoskeleton organization − 2.20 0.019
A0A0K9Q607 T-complex protein 1 subunit eta protein folding − 2.30 0.002
A0A0K9Q3I3 phosphoenolpyruvate carboxylase carbon fixation − 2.50 0.01
A0A0K9PSH1 Mitochondrial phosphate carrier protein mitochondrial phosphate ion transport − 2.80 0.019
A0A0K9P894 Malate dehydrogenase tricarboxylic acid cycle − 4.30 0.023
A0A0K9NYC2 Glyceraldehyde− 3-phosphate dehydrogenase glycolytic process − 27.80 0
A0A0K9PLX2 TFIIS central domain-containing protein DNA-templated transcription − 29.70 0.02

† negative value indicates depletion, positive value indicates accumulation of a protein; *p ≤ 0,05 as threshold for statistical significance.
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factors for algae growth and survival within intact canopies of the 
seagrass.

Similarly, the genet treated with CAU exhibited no impact on shoot 
meristem activity, leaf renewal, or leaf longevity compared to untreated 
counterparts. Despite the absence of evidence indicating the release of 
these chemical compounds toward neighboring seagrass (Marbà et al., 
2005), the results underscore the potential allelopathic role of CAU and 
caulerpenye in the competition between Caulerpa spp and P. oceanica 
(Defranoux and Mollo, 2020; Mollo et al., 2015; 2023). The question of 
whether these molecules could be actively released or accumulate in 
sediments remains unanswered. Regardless of the mechanism, our 

manipulative trial demonstrated the capacity of exogenous molecules to 
translocate along the rhizome, reaching the leaf blades where they exert 
their effects.

Taking a similar route, CYN might mediate the adverse phytotoxicity 
exerted by C. taxifolia, while CAU could contribute to the molecular 
inter-specific competition that leads to resilient plants in areas invaded 
by C. cylindracea within P. oceanica. This ultimately influences the 
distinctive invasive capabilities of the two algal species in their natural 
habitat. However, proposed mechanisms of CYN toxicity towards 
P. oceanica encompass oxidative stress, cytogenetic toxicity, and inter
ference with the photosynthetic process by disrupting chloroplast 

Table 2 
Proteins that showed high variations in expression in leaves after the caulerpenyne (CYN) treatment are reported. The accession number, protein name, associated GO 
biological process, fold change (FC) expressed as Log2 compared to reference, and statistical significance are provided.

Accession Protein names Biological Process FC (Log2)y T-test pvalue*

A0A0K9P0Y6 Uridine kinase de novo’ pyrimidine biosynthetic process 3.7 0.019
​ ​ ​ ​

A0A0K9PNE7 Pleiotropic drug resistance protein 3 abscisic acid transport 3.5 0.029
A0A0K9NRH5 DCD domain-containing protein response to endoplasmic reticulum stress 2.9 0.034
A0A0K9PPR2 geranylgeranyl diphosphate reductase chlorophyll biosynthetic process 2.4 0.032
A0A0K9PWX4 Actin− 11 cell expansion 2.4 0.05
A0A0K9Q5N4 Actin actin cytoskeleton organization 2.4 0.003
A0A0K9PDJ3 CBS domain-containing protein CBSX3, mitochondrial cell redox homeostasis 2.3 0.047
A0A0K9Q3H5 V-type proton ATPase catalytic subunit A proton transmembrane transport 2.2 0.017
A0A0K9P513 Phosphoglycerate kinase glycolytic process 2.1 0.004
A0A0K9P0W0 ATP synthase subunit beta H+ motive force-driven mitochondrial ATP synthesis 2 0.042
A0A0K9PYJ1 Actin-85C actin cytoskeleton organization 1.8 0.003
A0A0K9NXB5 aldo-keto reductase 2 monoatomic ion transmembrane transport 1.7 0.002
A0A0K9Q5N4 Actin actin cytoskeleton organization 1.6 0.001
A0A0K9PDL5 ADP-ribosylation factor family protein ER to Golgi vesicle-mediated transport 1.5 0.006
A0A0K9Q477 proline–tRNA ligase prolyl-tRNA aminoacylation 1.3 0.008
A0A0K9NWF9 Biotin carboxylase fatty acid biosynthetic process 1.3 0.038
A0A0K9PK03 30S ribosomal protein S9 translation 1.2 0.031
A0A0K9PXF2 26S proteasome non-ATPase regulatory subunit 1 homolog proteolysis 1.1 0.011
A0A0K9NTT8 Adenosine kinase (AK) AMP salvage 1.1 0.007
A0A0K9NU31 Succinate dehydrogenase [ubiquinone] flavoprotein subunit mitochondrial electron transport 1.1 0.017
A0A0K9P1N1 malate dehydrogenase (NADP(+)) tricarboxylic acid cycle 1.1 0.035
A0A0K9PMD0 50S ribosomal protein L14 translation 1.1 0.03
A0A0K9PLF0 Serine hydroxymethyltransferase glycine biosynthetic process from serine 1.1 0.013
A0A0K9PDL7 thioredoxin-dependent peroxiredoxin cell redox homeostasis 1 0.004
A0A0K9Q3I9 Citrate synthase tricarboxylic acid cycle 1 0.026
A0A0K9Q2H9 phosphoglucomutase glucose metabolic process 1 0.007
A0A0K9NJ48 fumarate hydratase tricarboxylic acid cycle 1 0.023
A0A0K9P316 DUF642 domain-containing protein photosynthetic electron transport chain − 1 0.024
A0A0K9NN51 Glyceraldehyde− 3-phosphate dehydrogenase glycolytic process − 1 0.037
A0A0K9P1G7 Pantothenate kinase 2 coenzyme A biosynthetic process − 1.1 0.029
A0A0K9PFE3 Plasma membrane ATPase regulation of intracellular pH − 1.1 0.008
A0A0K9PPL3 40S ribosomal protein S19–3 translation − 1.1 0.04
A0A0K9NZM1 trans-cinnamate 4-monooxygenase lignin metabolic process − 1.1 0.017
A0A0K9P7E4 Putative Calcium lipid binding protein lipid transport − 1.2 0.049
A0A0K9PTC5 ATP-dependent 6-phosphofructokinase (ATP-PFK) fructose 6-phosphate metabolic process − 1.3 0.041
A0A0K9PXE8 Fructose-bisphosphate aldolase glycolytic process − 1.3 0.038
A0A0K9PW16 Chlorophyll a-b binding protein, chloroplastic photosynthesis − 1.5 0.033
A0A0K9P0D4 Putative 60S ribosomal protein L3 translation − 1.6 0.022
A0A0K9PQ40 Ferredoxin–NADP reductase, chloroplastic photosynthesis − 1.6 0.04
A0A0K9PW16 Chlorophyll a-b binding protein, chloroplastic photosynthesis − 1.7 0.048
A0A0K9PC51 RuBisCO large subunit-binding protein subunit beta Protein refolding − 1.7 0.018
A0A0K9Q2E4 D− 3-phosphoglycerate dehydrogenase L-serine biosynthetic process − 1.8 0.027
A0A0K9Q369 transketolase pentose-phosphate shunt − 1.8 0.037
A0A0K9Q411 UDP-N-acetylmuramate dehydrogenase alkaloid metabolic process − 1.8 0.036
A0A0K9P3Z2 ATP-dependent 6-phosphofructokinase (ATP-PFK) fructose 6-phosphate metabolism − 1.8 0.008
A0A0K9NW74 Pyruvate kinase glycolytic process − 1.9 0.021
A0A0K9PSH1 Mitochondrial phosphate carrier protein nitrogen compound transport − 2 0.015
A0A0K9PW97 Elongation factor 1-gamma 2 response to chemical/glytation transferase − 2 0.002
A0A0K9PAG1 Lipoxygenase fatty acid biosynthetic process − 2.1 0.003
A0A0K9PXE8 Fructose-bisphosphate aldolase glycolytic process − 2.2 0.042
A0A0K9P988 Acetylglutamate kinase arginine biosynthetic process − 2.3 0.015
A0A0K9NQM5 ATP-dependent zinc metalloprotease FtsH 4 proteolysis − 2.3 0.023
A0A0K9P1N6 Histone H2B nucleosome assembly − 2.3 0.009
A0A0K9P4Z1 Glyceraldehyde− 3-phosphate dehydrogenase glycolytic process − 2.5 0.001
A0A0K9Q3M9 beta-ketoacyl-[acyl-carrier-protein] synthase I fatty acid biosynthetic process − 3 0.029
A0A0K9P6L8 Aminotransferase biosynthetic process − 3.2 0.041
A0A0K9PLX2 TFIIS central domain-containing protein DNA-templated transcription − 27.1 0.02

† negative value indicates depletion, positive value indicates accumulation of a protein; *p ≤ 0,05 as threshold for statistical significance.
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Fig. 9. Semantic representation sorted by Fold changes (Log2FC) of -DAPs belonging to the main GO biological processes in caulerpenyne (a) or in caulerpin (b) 
treatments from Posidonia oceanica genets. The details of the analysis are reported in the Supplementary Tables 1.
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function or inhibiting the biosynthesis of photosynthetic pigments. This 
disruption ultimately leads to reduced energy production and impaired 
growth; in algae, this chemical compound is extensively accumulated 
and serves various functions, including defense mechanisms and 
participation in signaling pathways (Dumay et al., 2002a, 2002b). Pre
vious experiment using metabolites from C. cylindracea applied onto leaf 
fragments of the Cymodocea nodosa, demonstrated that, only CYN had 
toxicity toward the photosynthetic apparatus of plant, even at exceed
ingly low concentrations (Raniello et al., 2007). At nuclear level, we 
found that CYN disrupted chromatin structures and altered the effi
ciency of mRNA synthesis. The RNA polymerase II elongation cofactor 
TFIIS (transcription factor IIS) enables transcriptional synthesis within 
the chromatin context; nucleosomes, indeed, are the main obstacles to 
efficient elongation (Antosz et al., 2020). The drastic reduction of this 
enzyme associated with that of histone H2B and accumulation of Uridine 
kinase, suggests that CYN disrupted the correct transcriptional output 
and altered the nucleotide biosynthesis, influencing proper leaf growth 
and development. At cytoplasm level, reorganization of the cytoskeleton 
and increasing vacuole acidification aligned with promotion of cell 
elongation instead cell division by the treatment. Several actin proteins 
were accumulated and particularly the actin 11 that is related to cell 
expansion during cell cycle as in response to stress (Huang et al., 1997). 
The induction of vesicular trafficking within the endoplasmic reticulum, 
the modulation of transporter proteins on organelle membranes, and the 
inhibition of lipid transport indicated that CYN interacts with trafficking 
pathways, thereby altering the dynamic interactions between organelles 
at the membrane level. At mitochondrial level, CYN impacted redox 
homeostasis by stimulating the CBS domain-containing protein CBSX3 
and thioredoxin-dependent peroxiredoxin. CBSXn are a class of proteins 
that modulate lignin deposition by controlling H2O2 levels and trigger 
the activation of thioredoxins, thereby bolstering their enzymatic ac
tivity to sustain cellular homeostasis during stressful conditions (Yoo 
et al., 2011). Finally, CYN highly impacted the key enzymes belonging 
the energy metabolism related to glucose, inhibiting cellular growth. 
Fatty acid biosynthesis and glycine betaine biosynthesis were induced to 
cope with energy deficiencies and maintain cellular homeostasis (Salam 
et al., 2023).

P. oceanica responded efficiently to stress imposed by CAU; L-serine 
biosynthesis was hugely promoted leading to plants displaying better 
resilience. Enhanced serine triggered the synthesis of amino acids like 
glycine, methionine, cysteine, and glutamine, concurring to maintain 
cellular homeostasis; glycine and glutamine are involved in the nitrogen 
metabolism, while cysteine can accumulate in response to sulfur avail
ability (Tzin and Galili, 2010; Ros et al., 2014). L-methionine accumu
lation regulate the ethylene pathway in tomato, and reduced ROS by 
activating genes encoding ROS scavengers (Feng et al., 2024). CAU also 
affected carbohydrate metabolism; the significant reduction in 
glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) levels may be 
linked to oxidative stress, characterized by an imbalance between 
reactive oxygen species (ROS) production and antioxidant defense 
mechanisms. This oxidative stress causes modifications to cGAPDH, 
leading to its degradation and a substantial decrease in enzyme levels 
(Purev al., 2008; Zeng et al., 2015). Photosystems I and II and chloro
phyll biosynthesis depletion indicated that CAU affected the stability of 
photosynthetic proteins in chloroplasts, also positively regulated the 
chlorophyl degradation (Liu et al., 2021).

At cytoplasm level, CAU exerted opposite effects than CYN; it hin
dered intracellular protein and lipid transport, reduced organization of 
the tubular network of the endoplasmic reticulum and inhibited mito
chondrial phosphate ion transmembrane transport via the mitochon
drial phosphate transporter. Transmembrane transport and vesicle- 
mediated transport represented by the Ras-related protein RABB1c 
was depleted. RAB GTPases are pivotal proteins that regulate multiple 
facets of membrane traffic, thus exerting a significant influence on 
diverse cellular functions and responses. Recent studies suggest that 
RAB proteins play crucial roles in intracellular trafficking and in 

mitigate biotic and abiotic stress damages (Tripathy et al., 2021). All 
these metabolic responses were accompanied by changes in membrane 
potential and disrupted osmoregulation, highlighting the need for pre
cise coordination of ion transport across both the plasma membrane and 
the vacuolar membrane, which are equipped with distinct sets of 
transporter proteins (Li et al., 2024). This coincided with decreased 
levels of actins due to its accelerated turnover and depolymerization 
process (Sun et al., 2023).

CAU, similar to CYN, exerted a significant impact on nuclear meta
bolism, leading to a notable decrease in the levels of TFIIS and histones, 
with the former experiencing a particularly dramatic reduction. The 
absence of TFSII has been linked to cell death or associated with seed 
dormancy in Arabidopsis thaliana (Mortensen and Grasser, 2014), 
whereas its overexpression has been found to confer cells with enhanced 
tolerance to heat stress (Szádeczky-Kardoss et al., 2022; Obermeyer 
et al., 2023). Interestingly, even in A. thaliana, the destabilization of 
transcript elongation has been associated with the phenomenon of rapid 
recovery gene down-regulation (RRGD) following stress (Smith et al., 
2024; Yeung et al., 2018).

If such a phenomenon were to occur, it could suggest an adaptive 
response to stress induced by CAU, aligning with the observed pheno
logical parameters in resilient P. oceanica genets.

In this context, it should be of great interest to investigate whether 
the response toward two molecules differs between the apical and ver
tical shoot types along the rhizome. In fact, recent studies have 
demonstrated that there is a functional hierarchy between apical and 
vertical shoots in response to environmental stress (Ruocco et al., 2021). 
The authors suggest that the response of vertical shoots supports the 
survival of apical shoots, which are crucial for propagation, population 
maintenance, and the colonization of new environments. The cytotoxic 
effects observed in apical meristems, especially after treatment with 
CYN, could have implications for spatial propagation of clone, while 
those in vertical meristems might impact the photosynthetic 
metabolism.

5. Conclusion

The exogenous application of CAU and CYN, metabolites from 
C. cylindracea and C. taxifolia, respectively, resulted in suppressed leaf 
growth among P. oceanica genets. CYN exhibited marked phytotoxicity, 
hindering new leaf formation and causing mortality in adult leaves. In 
contrast, CAU showed no noticeable impact on the normal regeneration 
or lifespan of leaves. Proteomic analysis revealed substantial disruptions 
at the nuclear level, including transcriptional interference and changes 
in chromatin organization. Despite the significant disturbance, 
P. oceanica displayed a more efficient response to stress induced by CAU. 
This response stimulated the biosynthesis of essential amino acids, 
ensuring cellular homeostasis and mitigating damage associated with 
reactive oxygen species (ROS). Conversely, plants experienced notable 
stress in response to CYN, which specifically targeted the apical meri
stems responsible for clone growth and propagation.

Further investigation is needed to ascertain whether the response to 
CYN varies based on the type of ramets along the rhizome. Overall, these 
findings closely align with observations in natural habitats where 
P. oceanica meadows were invaded by either C. taxifolia or 
C. cylindracea, emphasizing the significant role of these metabolites in 
specific allelopathic interactions.
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Holmer, M., Marbà, N., Lamote, M., Duarte, C.M., 2009. Deterioration of sediment 
quality in seagrass meadows (Posidonia oceanica) invaded by macroalgae (Caulerpa 
sp.). Estuar. Coasts 32, 456–466.

Huang, S., An, Y.Q., McDowell, J.M., McKinney, E.C., Meagher, R.B., 1997. The 
Arabidopsis ACT11 actin gene is strongly expressed in tissues of the emerging 
inflorescence, pollen, and developing ovules. Plant Mol. Biol. 33 (1), 125–139. 
https://doi.org/10.1023/a:1005741514764. PMID: 9037165. 

Kanehisa, M., Sato, Y., Morishima, K., 2016. BlastKOALA and GhostKOALA: KEGG tools 
for functional characterization of genome and metagenome sequences. J. Mol. Biol. 
428, 726–731. https://doi.org/10.1016/j.jmb.2015.11.006.

Kolar, C.S., Lodge, D.M., 2001. Progress in invasion biology: predicting invaders. Trends 
Ecol. Evol. 16 (4), 199–204. https://doi.org/10.1016/s0169-5347(01)02101-2. 
PMID: 11245943. 

Laemli, U.K., 1970. Cleavage of Structural Proteins during the Assembly of the Head of 
Bacteriophage T4. Nat. 227, 680–685. https://doi.org/10.1038/227680a0.

Li, K., Grauschopf, C., Hedrich, R., Dreyer, I., Konrad, K.R., 2024. K+ and pH homeostasis 
in plant cells is controlled by a synchronized K+/H+ antiport at the plasma and 
vacuolar membrane. New Phytol. 241, 1525–1542. https://doi.org/10.1111/ 
nph.19436.

Liu, W., Chen, G., Chen, J., Jahan, M.S., Guo, S., Wang, Y., et al., 2021. Overexpression of 
7-hydroxymethyl chlorophyll a reductase from cucumber in tobacco accelerates 
dark-induced chlorophyll degradation. Plants 10 (9), 1820. https://doi.org/ 
10.3390/plants10091820.

Liu, D., Mao, S., Yu, X., Feng, L., Lai, X., 2012. Caulerchlorin, a novel chlorinated bisindole 
alkaloid with antifungal activity from the Chinese green alga Caulerpa racemosa. 
Heterocycles 85 (3), 661–666. https://doi.org/10.3987/COM-11-12408.
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