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Abstract: Developing early warning indicators to accurately detect ecosystem disturbances is vital
for enhancing ecosystem management. The seasonal and interannual variability of the phenolic
content of Nanozostera noltei from Arcachon Bay, France, was explored over 47 consecutive months to
identify suitable early indicators of the state of seagrass beds. Five phenolic acid derivatives and eight
flavonoids were fully characterized using chromatographic and spectroscopic techniques; a caffeic
tetramer was described for the first time as a metabolite of N. noltei and of the genus Nanozostera.
The individual phenolic concentrations in each of the 47 collections were determined by quantitative
HPLC and analyzed as a function of year and season. The variability of the phenolic content in the
rhizomes of N. noltei from Arcachon Bay was also determined over one year, as well as rhizomes of
N. noltei from three other locations in the Atlantic and Mediterranean for comparison purposes. In
addition, the phenolic fingerprints of Z. marina rhizomes were also characterized for the first time.
The results show that leaf phenolic chemistry could be used to signify changes in the ecological health
of N. noltei. In particular, it appears that diosmetin 7-sulfate, rosmarinic acid and zosteranoic acid
could be reliable and easy-to-use indicators for monitoring N. noltei meadows. From a phytochemical
point of view, this work is the first report of zosteranoic acid in the leaves and the rhizomes of N.
noltei and in the rhizomes of Z. marina.

Keywords: Nanozostera noltei; Zosteraceae; phenolic content; seasonal and interannual variability;
time–series analysis; phenolic indicators; HPLC; MS; NMR; UV

1. Introduction

Seagrasses comprise a group of 73 species of rooted vascular plants which evolved
three to four times from terrestrial ancestors and successfully returned to the sea. They
belong to five families, including Cymodoceae, Hydrocharitaceae, Posidoniaceae, Zoster-
aceae and Ruppiaceae [1]. Seagrasses grow in vast marine meadows, providing valuable
habitats. Their contribution to ocean biodiversity has become increasingly recognized in
recent decades, and seagrass meadows are considered the world’s most widespread and
productive coastal zones, offering numerous ecosystem services [2–4]. Seagrass beds are
biodiversity hotspots recognized as important socio-ecological systems worldwide and
of particular importance to local communities and fisheries. In addition, they constitute
important blue carbon ecosystems [5–7]. Seagrass meadows are also among the most
rapidly declining coastal habitats worldwide, as a result of either natural or anthropogenic
disturbances.

The key factor for seagrass growth is the availability of light, while poor water quality
(particularly high levels of nutrients) caused by pollution is the biggest threat to seagrasses
around the world [8]. In many coastal areas, human and/or natural deterioration of
underwater light availability often results in the large-scale loss of seagrasses [9–11]. It is
estimated that up to 50% of all seagrass habitats has been lost along the developed east
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coast of the USA during the past century [1]. In Europe, about one third of the area of
seagrasses was lost between 1869 and 2016 [12,13].

Seagrass monitoring has become essential to inform adaptive management and remedy
the widespread decline of seagrass ecosystems. Positive changes resulting from regulation
and management are beginning to be observed in a few places, although gains in seagrass
areas and biomass are not yet reversing the general trend of decline [13]. Monitoring
programs use a variety of indicators to assess the ecological quality of European coastal
waters and the conservation status of European seagrass meadows. These indicators
may vary across species and regions, depending on the type and location of seagrass
meadows [14,15]. Stress needs to be identified as early as possible to avoid the permanent
loss of seagrass beds, but response times vary considerably from one indicator to another.
Physiological and biochemical indicators have proved to be better candidates for the early
warning of changes than structural and morphological parameters (see [16,17] as examples).

Most of the biochemical indicators are primary metabolites. In contrast, the special-
ized metabolites of seagrasses have rarely been used as indicators to detect environmental
degradation or improvement. Of the 73 species of seagrass, only a few have their spe-
cialized metabolite fingerprints described, and their absence as biochemical indicators is
probably due to this lack of data. This is especially true in the case of phenolic compounds,
which form the basis of defensive mechanisms in plants, in which they have various func-
tions. They play a major role in growth and reproduction and provide protection against
pathogens and predators [18]. They are common in marine ecosystems where competition
is intense, and their role in the chemical ecology of marine angiosperms has been reviewed
(see [19–21] as examples). Many are antimicrobial agents, presumed to protect marine
macrophytes against pathogen attacks [22], to reduce plant palatability toward grazers [23]
or to inhibit microbial settlement or growth [24–27].

The specialized metabolites of many seagrasses remain understudied and numerous
reports of phenolic-mediated interactions involving seagrasses suffer from the lack of reli-
able phytochemical data in the literature. Often, total phenolic compounds are measured
using colorimetric methods, which cannot distinguish among constituents and have serious
limitations. This could explain, at least in part, the absence of phenolic compounds in
panels of biochemical indicators of seagrass health, in spite of their high potential. Phe-
nolic fingerprinting of seagrass beds could enable the early detection of environmental
degradation before the decline begins. Documenting the presence of those compounds
in living tissues, and how they seasonally vary in abundance, is crucial to understanding
the large-scale response of the plant to potential pathogens, herbivore outbreaks or other
ecological processes. Efforts to explore the phenolic chemistry of seagrasses appear to
be essential and would help those engaged in chemical ecology and the monitoring of
seagrass beds.

Of the five species of strictly marine Magnoliophytes found in Europe, one is endemic
to the Mediterranean (Posidonia oceanica), three are found in the Atlantic and Mediterranean
(Cymodocea nodosa, Zostera marina and Nanozostera noltei) and one is a Lessepsian immigrant
(Halophila stipulacea). Nanozostera noltei (Hornem.) Toml. and Posl. (basionym: Zostera
noltei Hornem., common name dwarf eelgrass, Zosteraceae family) belong to the genus
Nanozostera, which also comprises three other species, namely N. japonica, N. mucronata, and
N. muelleri [28] (see Supplementary Materials for details about Zosteraceae). N. noltei is
found in shallow coastal waters in northwestern Europe, the Mediterranean Sea, the Black
Sea, the Caspian Sea, the Aral Sea, and on islands in the Atlantic off the coast of northwest
Africa [29,30]. These species often co-occur with Zostera marina. Both have been included
in the IUCN Red List of Threatened Species [31].

N. noltei has been shown to contain both flavonoids and phenolic acids. Concerning
the former, diosmetin- and luteolin 7-sulfates have been reported for specimens from the
Isles of Wight (GB) and Algeciras (ES) [32,33]. Diosmetin, diosmetin 7-O-glucoside and
luteolin-7-O-glucoside have been mentioned, but not unambiguously characterized, for
specimens from the Black Sea and the Adriatic Sea [34,35]. The 7-sulphates of apigenin,
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luteolin and diosmetin and the 7-glucosides of apigenin and luteolin have been reported in
variable amounts for specimens collected in the coastal waters of France [25,36,37], western
Norway [38] and Spain [39]. Analysis of the flavonoid content of fifteen populations of
N. noltei over a broad spatial scale covering the Mediterranean Sea and the north-eastern
Atlantic coast has enabled us to identify three geographically distinct flavonoid chemotypes
on the basis of their respective major compounds [36,37]. One is characterized by apigenin
7-sulfate (the eastern part of the Gulf of Cadiz), one by diosmetin 7-sulfate (the French
Atlantic coast and Mediterranean Sea), and the third contains similar quantities of the
above two compounds (Mauritania and South Portugal) (Figures 1 and S2).
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Figure 1. Map showing the location of sampling sites. (A) Arcachon Bay; (B) other sites in the Atlantic
and Mediterranean (see Table 1 for GPS coordinates).

Rosmarinic acid and zosteric acid were seasonally quantified from fresh detrital leaves
collected monthly over the course of one year [40,41]. The presence and abundance of
rosmarinic, caffeic and zosteric acids were also quantified in N. noltei from four different
meadows located across the Atlantic and the Mediterranean coast, namely the Bay of
Cadiz, Sa Menorca, Alfacs Bay and Arcachon Bay [42]. Interestingly, the concentration of
phenolic acid was found to be 2 to 13 times lower in the meadow of Alfacs Bay, which was
exposed to high levels of nutrient discharge at the time of the study (May–July 2004). We
observed similar effects with Z. marina, whose phenolic content in the Baltic Sea, which
is heavily affected by human pressures, was found to be significantly lower than that in
the Atlantic, Pacific and Mediterranean, falling to values 10 to 20 times lower in Puck Bay,
which underwent large-scale degradation in the latter part of the 20th century [43]. Analysis
of the variability in the phenolic chemistry of Z. marina along environmental gradients in
Norway has identified the flavonoid/rosmarinic acid ratio as a possible molecular index of
seagrass ecosystem health [44].

Arcachon Bay is home to one of Europe’s largest N. noltei beds. Mapping of the area
colonized by N. noltei in 2019 was compared with those from 1989 and 2012. The results
show that, after a period of strong regression from the 2000s onwards, the surface area of
these intertidal meadows was relatively stable between 2012 and 2019, and the regression
process now seems to be slowing down or even reversing [45]. Similar results were also
observed in the Bay of Santander, an estuary located in the north of Spain [46]. The relative
stability of N. noltei meadows in Arcachon Bay and our previous work on this species led
us to select Arcachon Bay as a suitable site for analyzing the seasonal and interannual
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variability of the seagrasses’ phenolic content. Our aim was to provide a picture of the
variability of polyphenol production in a seagrass bed that has not been subjected to major
environmental disturbance, in order to establish a baseline reference for the state of the
meadow, and to identify suitable early warning indicators that can be routinely used by
managers responsible for seagrass monitoring.

Long-term monitoring, which involves repeated observations, provides valuable infor-
mation, notably by generating reference data. They are necessary to establish trends and
dynamics, allowing a clear understanding of the seasonal variations in seagrasses’ phenolic
chemistry. In the present work, living tissue of N. noltei from Arcachon Bay was collected
monthly over a four-year period. Extracts were prepared from the fresh leaf material and
analyzed to determine similarities or differences among collections. Individual phenolics
were isolated, structurally identified and quantified to analyze how these compounds vary
between seasons and years. Rhizomes were also analyzed over one year, as well as specimens
from other Atlantic and Mediterranean sites, for comparative purposes.

2. Materials and Methods
2.1. Chemicals

Analytical-grade water was obtained from Sodipro Company (Echirolles, France).
Trifluoroacetic acid (TFA) and all the solvents used (HPLC-grade) were purchased from
Aldrich Chemical Company (St. Louis, MO, USA). Standards were purchased from Ex-
trasynthèse (Genay, France). C18 reverse-phase silica gel, HPLC columns and TLC alu-
minum sheets (silica gel layer) were purchased from Macherey-Nagel (Düren, Germany).

2.2. General Experimental Procedures

Ultrasound-assisted extraction experiments were performed with a Sonorex Digitec
H 512 sonicator, 35 kHz (Bandelin, Berlin, Germany), centrifugation was performed with
a Jouan B4i centrifuge (Thermo electron, Waltham, MA, USA), and lyophilization was
performed using a manifold freeze-dryer (Christ Alpha 1–2/LD, Gefriertrocknungsanlagen,
Osterode am Harz, Germany). 1H, 13C NMR and 2D NMR spectra were recorded on
Bruker Avance 300 and 600 MHz instruments in DMSO-d6 or aceton-d6 (Euriso-Top, Gif-
Sur-Yvette, France). Chemical shifts are expressed in δ (ppm) values relative to the residual
undeuterated solvent signal as the internal reference. The following abbreviations were
used to describe the multiplicities: s = singlet, d = doublet, dd = doublet of doublet.
Coupling constants are reported in hertz (Hz). 13C NMR assignments were made by
2D HSQC and HMBC for Dept and JMod experiments. Ultraviolet (UV) spectra were
recorded on a V-630 UV-VIS Jasco spectrophotometer (Easton, Los Angeles, CA, USA) in
HPLC-grade methanol. High performance liquid chromatography (HPLC) combined with
diode array detection (DAD) was performed on a Thermo Electron liquid chromatography
system. High-resolution mass spectrometry (HRMS) and low-resolution mass spectrometry
(LRMS) were performed using electro spray ionization (ESI). HRMS was performed using
an AccuTOF™ LC-plus (Jeol, Peabody, MA, USA). LC/MS was performed using a HP1100
(Hewlett-Packard, Palo Alto, CA, USA) equipped with an Agilent MSD 1946B simple quad
mass spectrometer and HP Chemstation software (B.04.2.3.).

2.3. Study Sites

Arcachon Bay (Figures 1 and S4–S6) is a 155 km2 mesotidal system on the Atlantic
coast of southwest France (44.58 N–1.24 W). The bay is connected to the Atlantic Ocean by
two channels (2–3 km wide and 12 km length) that allow for significant water exchange.
The inner bay is mainly composed of tidal flats, while the Arguin sandbank is bordered by
a wide inlet and faces the wave-dominated Bay of Biscay plateau.

The semi-diurnal tidal range varies from 1.1 to 4.9 m, with the large tidal mudflats
(115 km2) drained at low tide by the shallow tidal creeks of the inner bay (156 km2). At
high tide, the surface water temperature and salinity fluctuate annually from 1 to 30 ◦C and
from 22 to 32 psu, respectively. N. noltei meadows are found on intertidal mudflats between
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−0.3 m and +3.1 m above the lowest tide. The most obvious feature of the back-barrier
lagoon landscape is the surface variability linked to ebb and flood tides and resulting
from the emergence of extensive intertidal features during low tide phases [47]. Around
two-thirds of the lagoon’s total volume flows in and out with each tidal cycle. The tidal
prism (384 million cubic meters) is directly linked to a mesotidal range (varying from 2.1 to
4.8 m), and the water surface increases by over 200% between low spring tides (40 km2) and
high tides (172 km2). Annual freshwater inflows come from the Leyre in the southeastern
part of the bay, the Canal du Porge and many little streams. At low tide, the surface of
the lagoon presents a complex network of anastomosing channels (57 km2) isolating vast
expanses of permeable muddy sand (117 km2), home to N. noltei meadows [48].

2.4. Collection

Above-ground biomass was collected monthly from January 2017 to December 2020
from an intertidal N. noltei meadow in the intertidal zone of Taussat (Figures 1A and S4–
S6, and Table 1). A total of 47 sampling campaigns were conducted in triplicate along a
permanent transect within a homogeneous section of the meadow. The GPS coordinates
were recorded. Rhizomes were also required to compare their phenolic content with that
of leaves. However, to reduce the number of destructive samplings, whole plants (i.e.,
with above- and belowground tissues) were sampled only 6 times between May 2019 and
October 2020. In addition, samples of N. noltei leaves and Z. marina rhizomes from other
sites throughout the Mediterranean and Atlantic were considered (Table 1). Identification
of the species was based on morphology, plant anatomy and comparison with identification
keys reported in the literature [49] (see Section S2 and Figure S7).

All samples taken were cleaned on site in tide pools or channels, and then with lightly
salted water from one of the many small streams flowing into the lagoon. Then, collected
material was hand-picked to remove associated debris when present. Plant material was
air-dried at room temperature to a constant weight in a ventilated room at a constant
temperature of 25 ◦C for around 20 h. The plant material was then subjected to two rounds
of microwaving (two minutes each at 360 W) in a domestic rotary-heat microwave oven.
After drying, unused plant material was kept at−80 ◦C until further studied. Dried material
was cut into small pieces (0.2–0.5 cm) prior to extraction. Specimens of N. noltei collected in
Arcachon Bay are representative of the Dios-7-S chemotype, found in the Mediterranean
and the entire Atlantic coast of Europe, with the exception of the Ria Formosa and the Gulf
of Cadiz (Figures 1B, S2 and S3) [37].

Table 1. Nanozostera noltei study sites and collection data.

Bioregion Country Sampling Site Coordinates Sampling Date

A
tl

an
ti

c
O

ce
an

France Arcachon Bay,
Taussat 44◦42′ N, 1◦4′ W

monthly from January
2017 to December

2020
other sites

France Arcachon Bay,
Arguin Bank

44◦34′ N,
1◦14′ W 20 November 2019

France Hossegor Lake 43◦66′ N,
1◦40′ W 10 September 2011

Spain Cadiz Bay 36◦23′ N,
6◦10′ W 24 June 2010

Morocco Merja Zerga 34◦84′ N,
6◦27′ W 15 November 2011

Portugal Ria Formosa 37◦01′ N,
7◦51′ W 27 June 2010

Mauritania Pointe de l’Etoile 21◦01′ N,
17◦00′ W 29 April 2014
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Table 1. Cont.

Bioregion Country Sampling Site Coordinates Sampling Date

M
ed

it
er

ra
ne

an
Se

a

Slovenia Strunjan 45◦53′ N,
13◦60′ E 30 October 2014

Tunisia Bizerte 37◦13′ N,
9◦55′ E 07 July 2011

France Salses Leucate
Lagoon

42◦50′ N,
3◦37′ E 16 August 2010

France Thau Lagoon 43◦45′ N,
3◦65′ E 30 June 2010

France Berres Lagoon 43◦28′ N,
5◦10′ E 31 August 2010

2.5. Extraction

Air-dried leaves (10 g) were sequentially extracted in a Soxhlet-type apparatus by
refluxing methanol (120 mL, 24 h) and then 50% aqueous methanol (120 mL, 24 h). Then,
the extracts were pooled together and thoroughly homogenized under sonication, and
fifteen ml of the extract were set aside for HPLC. The remaining material was evaporated
under vacuum until the methanol was completely eliminated, and then the aqueous solution
was freeze-dried. The chemical content of the extracts was analyzed by NMR and HPLC.
Phenolic compounds were identified based on NMR spectra, UV-visible (UV-vis) spectra,
HPLC retention time, online DAD spectra and MS molecular ions in comparison with
authentic standards and synthetic samples.

2.6. Purification of Phenolic Compounds for Structural Assignment

Thirty-five grams of a crude MeOH/MeOH-H2O extract of the air-dried plant (150 g)
were diluted with water, adjusted to pH 3 and serially extracted in a separating funnel
with methylene chloride, ethyl acetate, and then n-butanol. The process was monitored
by TLC (SiO2) and HPLC. Only the butanolic fraction was found to contain significant
amounts of phenolics. Analysis of the final aqueous phase showed the presence of salt and
sugars and the absence of flavonoids. Individual phenolic compounds were isolated from
the butanolic fraction by repeated column chromatography on C18 reverse-phase silica
gel. Gradient elution was performed with H2O-MeOH as the mobile phase proceeding
from 99:1 to 20:80 (v/v). Fractionation was monitored by HPLC and NMR. Structure
elucidation of the isolated compounds was based on UV, NMR and MS spectroscopies
and confirmed by co-injection and comparison to authentic standards when available.
They were unambiguously assigned as compounds 1–13 (Figure 2). Their spectral data are
reported in the supplementary materials (see Section S5).
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Figure 2. Structures of the phenolic compounds found in Nanozostera noltei and Zostera marina.
1: zosteric acid; 2: caffeic acid; 3: coumaric acid; 4: rosmarinic acid; 5: zosteranoic acid; 6: luteolin 7-
glucoside; 7: luteolin 7-sulfate; 8: apigenin 7-glucoside; 9: apigenin 7-sulfate; 10: diosmetin 7-sulfate;
11: luteolin; 12: apigenin; 13: diosmetin; 14: luteolin 3′-disulfate; 15: chrysoeriol 7-sulfate; 16: luteolin
3′,4′-dimethyl ether 7-sulfate.

2.7. Acid Hydrolysis of the Crude Extracts

One hundred milligram samples of crude extract were separately dissolved in 100 mL
of methanol and stirred with 5 mL of TFA at room temperature until total disappearance of
the sulfated flavonoids as monitored by HPLC. After the evaporation of methanol under
vacuum, the reaction mixture was partitioned between n-butanol and water. Addition
of BaCl2 to the aqueous layer gave a white precipitate of BaSO4. The hydrolysate was
also controlled for sugars against a standard mixture (HPTLC; toluene-n-BuOH-pyridine-
H20, 2:5:3:3). Analysis of the reaction mixture (HPLC, LC/MS, UV, and comparison to
standard) shows the complete disappearance of zosteric acid (peak 1), while the other
phenolic acids were recovered unchanged. Five peaks assigned as flavonoid derivatives
(6–10) disappeared, while the peak intensity of the aglycones (11–13) increased. The results
showed the large dominance of diosmetin (13) along with luteolin (11) and apigenin (12) in
variable amounts.
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2.8. Purification of the Aglycone Mixtures

Ten grams of crude extract from the Arcachon Bay were hydrolyzed as described
above. After the evaporation of MeOH under reduced pressure, the aglycone mixture was
extracted with ethyl acetate. The ethyl acetate residue was chromatographed on C18 silica
gel to give pure samples of luteolin (11), apigenin (12) and diosmetin (13). Their identity
was unambiguously confirmed by NMR and comparison to standards.

2.9. Synthesis of the Sulfated Flavonoid Standards

We used the dicyclohexylcarbodiimide-mediated sulfation of flavones with tetrabuty-
lammonium hydrogen sulfate as described by Barron and Ibrahim for luteolin, apigenin
and diosmetin [50]. Spectral data for the resulting sulfated products were identical to those
described in the literature (Table S2) [32,50].

2.10. Qualitative and Quantitative HPLC Analyses

The separation and quantification of phenolic compounds in each of the crude extracts
of N. noltei (three biological samples for each of the 47 collections) were performed using
a liquid chromatography system (Thermo electron, Waltham, MA, USA) equipped with
a SCM 1000 solvent degasser, a thermostatically controlled column compartment, an AS
3000 autosampler with a 100 µL loop, a PDA UV6000LP detector and a Chromquest
Chromatography Workstation. A Nucleodur C18 sphinx RP column (110 Å pore size,
5-µm particle size, 250 × 4.6 mm i.d.) was used for all the HPLC analysis. Separations
were carried out at 40 ◦C and the analytes were eluted at a flow rate of 1 mL/min using
the binary gradient 0.1% (v/v) TFA in water (A) and methanol (B). The following linear
gradient was used: 0 min, 80% A; 60 min, 80% B; run time, 50 min; stop time, 50 min;
post time, 10 min. UV spectra were collected over the range of 220–380 nm. The injection
volume was 20 µL. Data were integrated using Chromquest software 5.0. In addition, they
were processed to create a chromatogram, in which each peak represents the absorbance of
the eluting substance at its λ max (max-plot chromatogram). Stock solutions of the crude
extracts were prepared in HPLC-grade dmso/water (4:1, v/v). All solutions were filtered
prior to analysis through a 0.20 µm syringe filter. They were injected three times into the
HPLC, and the results were averaged. Chromatograms were systematically recorded at 270,
328 and 350 nm, which allowed a clear distinction between benzoate, hydroxycinnamate,
and flavonoid derivatives. The chromatographic peaks of the crude extracts were checked
for peak purity and identification. Quantitative determinations of flavonoids were carried
out by peak area measurements at 350 nm (diosmetin and luteolin derivatives) or 338 nm
(apigenin derivatives) using an external calibration of their respective authentic aglycon
dissolved in DMSO. The curve was established over seven data points, covering the
concentration range of 0.0619–0.00619 mg/mL. Linear regressions on the HPLC analyses
gave R2 values of 0.9996 (luteolin), 0.9995 (apigenin) and 0.9997 (diosmetin). Quantitative
determinations of caffeic (2), coumaric (3), and rosmarinic acids (4) were carried out by peak
area measurements at 328 nm, using a calibration curve of their respective authentic sample
at the same wavelength (caffeic acid: R2 0.9995, 6 points; coumaric acid, R2 0.9995, 7 points;
rosmarinic acid 0.9995, 7 points). Quantitative determinations of zosteric acid (1) were
carried out by peak area measurements at 280 nm, using a calibration curve of coumaric
acid [41] and those of compound 5 used the calibration curve of rosmarinic acid. Data are
expressed in mg per gram of dry matter of plant tissue (mg/g plant DW; mean ± standard
deviation (SD) of three determinations). The HPLC analysis of standards was performed
using exactly the same conditions as for the extracts. The concentration of each individual
compound was calculated using the following equation:

%W = Windividual phenol compound = (C × 100)/Cs
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where C is the concentration of the tested phenolic compound (mg/mL) in the analyzed
crude extract, calculated from peak areas and linear regression and Cs is the concentration
of the sample (mg/mL) diluted in dmso/deionized water 4:1 (v/v).

The results are summarized in Tables 2–5, which show the average concentrations of
the harvest replicates for each of the collection dates considered.

2.11. LC/MS Analysis

LC/MS was performed using an HP1100 (Hewlett-Packard) equipped with an Agilent
MSD 1946B single quad mass spectrometer and HP Chemstation software. Positive mode
ESI spectra of the column eluate were recorded in the range of m/z 120–1000 a.m.u. Ab-
sorbance was measured at 280 nm. Compounds were separated using a Zorbax poroshell
C18 column (Agilent, Santa Clara, CA, USA): 100 mm × 3 mm i.d., 2.7 µm particle sizes.
The analytes were eluted at a flow rate of 0.2 mL/min using the binary gradient (v/v)
formic acid in water (pH = 2.55, A) and methanol (B). The following linear gradient was
used: 5% B to 100% B (15 min). Separation of the analytes was carried out at 50 ◦C. The in-
jection volume was 2 µL. For mass spectrometric analysis, compounds were detected using
the following conditions: nebulizing gas pressure, 60 psi; drying gas flow rate, 12 l/min;
drying gas temperature, 350 ◦C; capillary voltage, 4000 V; temperature source, 350 ◦C. Data
were acquired in full scan mode (m/z 100–1000) at a fragmentor voltage of 70 V.

2.12. Statistical Analyses

Significant differences in phenolic compound compositions (p < 0.05) between seasons
were assessed with one-way analysis of variance (ANOVA) followed by a post-hoc Tukey’s
test. Principal component analyses (PCA) based on correlation matrices were conducted with
the mean phenolic concentration values to analyze the relationships between the collection
dates (observations) and the phenolic compositions (variables). Agglomerative hierarchical
clustering (AHC) was automatically run after the PCA using the Ward algorithm [51] and the
Euclidean distance. The variables were also subjected to cluster analysis. Statistical analyses
were computed using XLSTAT 2022.5.1 software (Addinsoft Corp., Paris, France).

3. Results
3.1. Determination of the Phenolic Content of N. noltei from Arcachon Bay

Eleven individual compounds (four phenolic acid derivatives and seven flavonoids)
were detected with variable intensity in all collections of leaves. The phenolic acids were
identified as zosteric (1), caffeic (2) and rosmarinic acids (4) and a caffeic tetramer (5),
of which rosmarinic acid was always predominant in all collections (Figures 2 and 3).
This is the first report of compound 5 in N. noltei. The eight flavonoids were identified
as luteolin 7-O-glucoside (6), luteolin 7-sulfate (7), apigenin 7-O-glucoside (8), apigenin
7-sulfate (9), diosmetin 7-sulfate (10), luteolin (11) and diosmetin (13), of which diosmetin
7-sulfate was largely predominant in all collections. Two minor products, identified as
coumaric acid (3) and apigenin (12), were also found in some samples. Unlike in the leaves,
the rhizomes were found to contain mainly phenolic acids 1–5, along with flavonoids in
relatively small variable amounts (Figures 2 and 3). The structure assignment was based
on LC/MS analyses, online UV spectra, NMR data and comparison to standards (Tables S1
and S2; Figures S2 and S8–S10). Total acid hydrolysis of the crude extracts also confirmed
the structure assignments. The process resulted in the complete disappearance of zosteric
acid (peak 1), while the other phenolic acids (2–5) were recovered unchanged. The five
peaks assigned as hydrolysable flavonoids (6–10) disappeared, while the peak intensity of
the aglycones (11–13) increased.
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Figure 3. Top: HPLC profile of Nanozostera noltei crude extract (recorded at 280 nm) from leaves (left)
and rhizomes (right). Bottom: HPLC profile of Zostera marina crude extract (recorded at 280 nm)
from leaves (left) and rhizomes (right). Peak number assignments—1: zosteric acid; 2: caffeic
acid; 3: coumaric acid; 4: rosmarinic acid; 5: zosteranoic acid; 6: luteolin 7-glucoside; 7: luteolin
7-sulfate; 10: diosmetin 7-sulfate; 13: diosmetin; 14: luteolin 7,3′-disulfate; 15: chrysoeriol 7-sulfate;
16: dimethoxyluteolin 7-sulfate. Compounds are coded as in Tables 2–5 and Figure 2.

3.2. Seasonal and Interannual Dynamics of the Individual Phenolic Concentrations in N. Noltei

Quantitative amounts of compounds 1–4 are expressed in mg per g of N. noltei plant
DW, and those of compounds 5 to 10 in mg of standard equivalents per g of N. noltei plant
DW, with the standards used being, respectively, 5: rosmarinic acid, 6–7: luteolin, 8–9:
apigenin and 10: diosmetin.

3.2.1. Phenolic Concentrations in N. noltei Leaves

The quantitative HPLC dataset of the leaf tissues is displayed in Table 2 and Figures 4
and S11 (average of the three collection replicates expressed as mg per g of plant dry
weight (mg/g plant DW). The total amounts of phenolic acids (evaluated as the sum of
all individuals quantified by HPLC) vary respectively in the range of 3.46–18.51 (2017),
8.80–34.26 (2018), 1.47–15.63 (2019) and 5.58–25.55 mg/g plant DW (2020) (Table 2). Ros-
marinic acid (4) was by far the most abundant whatever the season and year, and compound
5 was second in abundance (Figure 4). Only four exceptions were observed, in which the
respective values of these two compounds were either inversed (July 2017 and August 2019)
or about the same (September 2018 and August 2019). The production of rosmarinic acid
(4) shows a marked seasonality, as shown by the year-to-year range variations (1.61–16.51
(2017), 4.51–19.82 (2018), 1.47–15.63 (2019) and 3.52–21.63 (2020) mg/g plant DW), with the
highest concentration always observed during the cold season.
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Table 2. Quantitative amounts (mg/g plant DW, mean values ± SD) of individual phenolic compounds in leaves of N. noltei collected monthly over four years. TPA:
total phenolic acids; TF: total flavonoids; TP: total phenolic compounds. For each class of compound (phenolic acid or flavonoid), individual substances are given in
order of elution. Compounds are coded as in Figure 2. The quantitative amounts of compounds 1 to 4 are expressed in mg per g of N. noltei DW, and those of
compounds 5 to 10 in mg of standard equivalents per g of N. noltei DW, with the standards used being, respectively, 5: rosmarinic acid, 6–7: luteolin, 8–9: apigenin
and 10: diosmetin.

2017 Compounds January February March April May June July August September October November December Concentration
Ranges

Ph
en

ol
ic

ac
id

s

1 0.26 ± 0.04 0.36 ± 0.02 0.29 ± 0.01 0.31 ± 0.01 0.30 ± 0.01 0.27 ± 0.01 0.33 ± 0.01 0.29 ± 0.01 0.32 ± 0.01 0.27 ± 0.01 0.23 ± 0.01 0.34 ± 0.02 0.23–0.36
2 0.19 ± 0.01 0.13 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 0.07 ± 0.01 0.13 ± 0.01 0.22 ± 0.01 0.19 ± 0.01 0.20 ± 0.02 0.22 ± 0.01 0.22 ± 0.02 0.07–0.22
3 0 0 0 0.03 ± 0.01 0 0 0.02 ± 0.01 0 0 0 0 0 0–0.03
4 6.42 ± 0.09 8.72 ± 0.02 8.18 ± 0.01 16.51 ± 0.01 7.59 ± 0.12 1.61 ± 0.01 1.98 ± 0.02 8.76 ± 0.01 9.35 ± 0.02 5.90 ± 0.01 3.97 ± 0.01 13.82 ± 0.03 1.61–16.51
5 2.33 ± 0.03 3.58 ± 0.02 2.28 ± 0.02 4.78 ± 0.01 3.41 ± 0.14 1.51 ± 0.01 2.34 ± 0.01 7.56 ± 0.01 6.52 ± 0.01 3.90 ± 0.01 2.53 ± 0.15 4.13 ± 0.01 1.51–7.56

TPA 9.20 12.79 10.82 21.72 11.38 3.46 4.80 16.83 16.38 10.27 6.95 18.51 3.46–18.51
% of TP 32% 42% 31% 50% 33% 16% 18% 42% 43% 38% 28% 46% 16–50%

Fl
av

on
oi

ds

6 1.31 ± 0.01 1.73 ± 0.05 1.88 ± 0.01 2.46 ± 0.02 1.61 ± 0.01 0.63 ± 0.01 0.73 ± 0.01 0.79 ± 0.01 1.01 ± 0.01 0.70 ± 0.01 0.86 ± 0.01 0.96 ± 0.01 0.7–2.46
7 0.85 ± 0.03 0.86 ± 0.02 1.56 ± 0.01 1.86 ± 0.02 2.21 ± 0.01 1.60 ± 0.01 1.90 ± 0.01 3.75 ± 0.01 4.40 ± 0.01 2.34 ± 0.01 2.0 ± 0.02 2.10 ± 0.01 0.85–4.40
8 0.16 ± 0.01 0.20 ± 0.01 0.27 ± 0.01 0.32 ± 0.01 0.28 ± 0.01 0.19 ± 0.01 0.30 ± 0.01 0.27 ± 0.01 0.21 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.14–0.32
9 0.06 ± 0.01 0.09 ± 0.01 0.16 ± 0.01 0.10 ± 0.01 0.08 ± 0.02 0.51 ± 0.01 0.28 ± 0.02 0.48 ± 0.01 0.24 ± 0.01 0.10 ± 0.01 0 0.17 ± 0.01 0–0.51
10 14.65 ± 0.04 13.25 ± 0.03 18.31 ± 0.01 15.21 ± 0.01 16.94 ± 0.03 13.62 ± 0.02 16.80 ± 0.02 16.89 ± 0.02 15.26 ± 0.01 12.63 ± 0.01 13.84 ± 0.01 17.09 ± 0.02 12.63–18.31
11 0.27 ± 0.01 0.22 ± 0.01 0.46 ± 0.01 0.37 ± 0.01 0.58 ± 0.01 0.30 ± 0.01 0.46 ± 0.01 0.34 ± 0.01 0.17 ± 0.01 0.16 ± 0.02 0.40 ± 0.01 0.26 ± 0.01 0.16–0.58
12 0 0 0 0 0 0 0 0 0 0 0 0 0
13 2.04 ± 0.02 1.6 ± 0.02 1.45 ± 0.02 1.27 ± 0.02 1.37 ± 0.01 0.88 ± 0.01 1.54 ± 0.02 0.80 ± 0.01 0.43 ± 0.01 0.68 ± 0.01 0.97 ± 0.01 1.39 ± 0.02 0.43–2.04
TF 19.34 17.95 24.09 21.59 23.07 17.73 22.01 23.32 21.72 16.76 18.21 22.11 18.21–24.09

% of TP 68% 58% 69% 50% 67% 84% 82% 58% 57% 62% 72% 54% 50–84%

TP 28.54 30.74 34.91 43.31 34.45 21.19 26.81 40.15 38.10 27.03 25.16 40.62 21.19–43.31

2018 Compounds January February March April May June July August September October November December Concentration
ranges

Ph
en

ol
ic

ac
id

s

1 0.31 ± 0.01 0.44 ± 0.01 0.31 ± 0.01 0.23 ± 0.01 0.29 ± 0.01 0.26 ± 0.02 0.29 ± 0.02 0.29 ± 0.01 0.30 ± 0.02 0.31 ± 0.02 0.31 ± 0.02 0.26 ± 0.02 0.23–0.44
2 0.21 ± 0.01 0.19 ± 0.01 0.26 ± 0.01 0.16 ± 0.01 0.18 ± 0.02 0.26 ± 0.02 0.11 ± 0.01 0.15 ± 0.02 0.14 ± 0.01 0.20 ± 0.02 0.08 ± 0.02 0.08 ± 0.02 0.08–0.26
3 0 0 0 0 0 0 0 0 0 0 0 0 0
4 19.82 ± 0.02 17.57 ± 0.16 13.26 ± 0.02 11.06 ± 0.02 4.51 ± 0.01 4.63 ± 0.02 5.36 ± 0.01 11.44 ± 0.20 5.30 ± 0.02 15.87 ± 0.02 8.33 ± 0.03 9.86 ± 0.03 4.51–24.74
5 9.0 ± 0.02 6.52 ± 0.01 4.94 ± 0.02 6.03 ± 0.01 3.82 ± 0.03 4.0 ± 0.03 4.63 ± 0.02 9.27 ± 0.03 5.29 ± 0.02 10.05 ± 0.02 4.14 ± 0.01 2.95 ± 0.02 3.82–10.05

TPA 29.34 24.72 18.77 17.48 8.80 9.15 10.39 21.15 11.03 26.43 12.86 13.15 8.80–29.34
% of TP 56% 52% 43% 44% 28% 31% 33% 52% 41% 56% 34% 34% 28–56%

Fl
av

on
oi

ds

6 1.34 ± 0.01 2.11 ± 0.01 3.38 ± 0.01 1.93 ± 0.02 1.35 ± 0.02 1.29 ± 0.02 0.82 ± 0.01 0.63 ± 0.02 0.55 ± 0.02 0.90 ± 0.02 0.71 ± 0.01 0.89 ± 0.02 0.55–3.38
7 2.92 ± 0.02 1.14 ± 0.01 1.01 ± 0.01 3.35 ± 0.02 1.66 ± 0.02 2.82 ± 0.02 3.64 ± 0.02 3.77 ± 0.02 2.10 ± 0.02 2.96 ± 0.02 2.87 ± 0.02 2.06 ± 0.02 1.01–3.77
8 0.17 ± 0.01 0.09 ± 0.01 0.41 ± 0.02 0.32 ± 0.02 0.19 ± 0.01 0.29 ± 0.01 0.21 ± 0.01 0.16 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.09 ± 0.02 0.13 ± 0.02 0.09–0.41
9 0.11 ± 0.01 0.10 ± 0.01 0.12 ± 0.01 0.08 ± 0.01 0.16 ± 0.01 0.25 ± 0.02 0.21 ± 0.01 0.13 ± 0.02 0.21 ± 0.02 0.13 ± 0.02 0.10 ± 0.02 0.13 ± 0.01 0.08–0.25
10 16.84 ± 0.02 18.35 ± 0.02 18.91 ± 0.01 15.73 ± 0.02 17.88 ± 0.02 15.29 ± 0.02 15.08 ± 0.03 14.0 ± 0.02 12.10 ± 0.02 14.07 ± 0.02 19.65 ± 0.17 21.37 ± 0.13 12.10–21.37
11 0.31 ± 0.01 0.12 ± 0.01 0.17 ± 0.01 0.31 ± 0.01 0.22 ± 0.01 0.22 ± 0.02 0.19 ± 0.01 0.41 ± 0.01 0.37 ± 0.01 1.71 ± 0.01 0.72 ± 0.02 0.12 ± 0.01 0.12–1.71
12 0 0 0 0 0 0 0 0 0 0 0 0 0
13 1.40 ± 0.01 1.21 ± 0.01 1.36 ± 0.01 0.70 ± 0.02 0.73 ± 0.01 0.65 ± 0.02 0.51 ± 0.02 0.62 ± 0.02 0.74 ± 0.01 0.51 ± 0.02 0.92 ± 0.02 0.92 ± 0.01 0.51–1.40
TF 23.09 23.12 25.36 22.42 22.19 20.81 20.66 19.72 16.18 20.39 25.06 25.62 16.18–25.62

% of TP 44% 48% 57% 56% 72% 69% 67% 48% 59% 44% 66% 66% 44–72%

TP 52.43 47.84 44.13 39.90 30.99 29.96 31.05 40.87 27.21 46.82 37.92 38.77 27.21–52.43
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Table 2. Cont.

2019 Compounds January February March April May June July August September October November December Concentration
ranges

Ph
en

ol
ic

ac
id

s

1 0.33 ± 0.02 0.28 ± 0.02 0.26 ± 0.02 0.23 ± 0.01 0.29 ± 0.01 0.23 ± 0.02 0.30 ± 0.02 0.32 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 0.27 ± ±0.02 0.23–0.33
2 0.32 ± 0.01 0.18 ± 0.02 0.12 ± 0.02 0.10 ± 0.02 0.29 ± 0.01 0.13 ± 0.02 0.13 ± 0.02 0.18 ± 0.02 0.30 ± 0.02 0.29 ± 0.02 0.38 ± 0.01 0.28 ± 0.02 0.10–0.38
3 0 0 0 0 0 0.04 ± 0.01 0 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0–0.047
4 12.22 ± 0.03 15.63 ± 0.02 13.79 ± 0.03 7.56 ± 0.02 6.63 ± 0.02 3.85 ± 0.03 3.00 ± 0.02 2.86 ± 0.02 2.53 ± 0.02 1.47 ± 0.02 8.73 ± 0.02 14.47 ± 0.01 1.47–15.63
5 1.20 ± 0.02 4.64 ± 0.02 3.49 ± 0.02 1.51 ± 0.01 2.19 ± 0.01 2.45 ± 0.02 2.08 ± 0.02 2.69 ± 0.02 1.96 ± 0.02 0.95 ± 0.02 1.87 ± 0.02 0.87 ± 0.02 0.87–4.64

TPA 14.07 20.73 17.66 9.40 9.40 6.70 5.51 6.09 5.17 3.08 11.36 15.93 3.08–20.73
% of TP 44% 49% 47% 29% 29% 27% 21% 23% 20% 12% 31% 36% 21–49%

Fl
av

on
oi

ds

6 1.64 ± 0.01 2.74 ± 0.02 2.90 ± 0.02 2.48 ± 0.02 1.74 ± 0.01 1.19 ± 0.02 1.24 ± 0.01 1.13 ± 0.01 0.72 ± 0.02 1.18 ± 0.02 1.79 ± 0.02 3.06 ± 0.02 0.72–3.06
7 1.02 ± 0.02 0.91 ± 0.02 1.31 ± 0.01 1.30 ± 0.02 2.43 ± 0.02 2.55 ± 0.03 3.5 ± 0.03 4.11 ± 0.02 3.61 ± 0.02 3.53 ± 0.02 3.67 ± 0.02 3.49 ± 0.02 0.91–4.11
8 0.13 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.28 ± 0.02 0.29 ± 0.02 0.41 ± 0.02 0.29 ± 0.01 0.19 ± 0.02 0.43 ± 0.03 0.22 ± 0.01 0.24 ± 0.02 0.13–0.43
9 0.15 ± 0.02 0.10 ± 0.02 0.20 ± 0.02 0.14 ± 0.01 0.16 ± 0.01 0.35 ± 0.02 0.69 ± 0.01 0.19 ± 0.02 1.05 ± 0.02 1.20 ± 0.02 0.33 ± 0.02 0.29 ± 0.02 0.10–1.20
10 14.16 ± 0.03 16.61 ± 0.03 13.16 ± 0.04 15.47 ± 0.03 15.83 ± 0.02 12.36 ± 0.02 14.52 ± 0.02 14.16 ± 0.02 14.4 ± 0.03 15.71 ± 0.02 17.87 ± 0.02 19.92 ± 0.02 12.36–19.92
11 0.06 ± 0.02 0.09 ± 0.02 0.28 ± 0.01 0.75 ± 0.02 0.65 ± 0.01 0.51 ± 0.02 0.32 ± 0.02 0.28 ± 0.01 0.17 ± 0.02 0.19 ± 0.02 0.18 ± 0.02 0.33 ± 0.01 0.06–0.75
12 0 0 0 0.05 ± 0.01 0 0.18 ± 0.01 0.08 ± 0.010 0 0.04 ± 0.01 0.08 ± 0.01 0.14 ± 0.01 0 0–0.18
13 0.59 ± 0.03 0.83 ± 0.02 1.64 ± 0.02 3.03 ± 0.02 1.76 ± 0.02 0.72 ± 0.02 0.59 ± 0.01 0.53 ± 0.02 0.61 ± 0.01 0.57 ± 0.02 0.68 ± 0.02 0.90 ± 0.01 0.59–3.03
TF 17.75 21.48 19.70 23.43 22.85 18.15 21.35 20.69 20.79 22.89 24.88 28.23 17.75–28.23

% of TP 56% 51% 53% 71% 71% 73% 79% 77% 80% 88% 69% 64% 51–88%

TP 31.82 42.21 37.36 32.83 32.25 24.85 26.86 26.78 25.96 25.97 36.24 44.16 24.85–44.16

2020 Compounds January February March April May June July August September October November December Concentration
ranges

Ph
en

ol
ic

ac
id

s

1 0.11 ± 0.01 0.21 ± 0.02 0.24 ± 0.02 0.14 ± 0.01 0.19 ± 0.01 0.13 ± 0.02 0.15 ± 0.02 0.13 ± 0.02 0.10 ± 0.02 0.15 ± 0.02 0.14 ± 0.02 0.10–0.24
2 0.17 ± 0.01 0.12 ± 0.01 0.17 ± 0.01 0.14 ± 0.01 0.15 ± 0.01 0.12 ± 0.01 0.11 ± 0.02 0.11 ± 0.01 0.22 ± 0.02 0.18 ± 0.01 0.14 ± 0.02 0.11–0.22
3 0 0 0 0 0 0 0 0 0 0 0 0
4 18.78 ± 0.02 15.34 ± 0.02 21.63 ± 0.02 11.08 ± 0.01 11.41 ± 0.01 14.79 ± 0.01 10.82 ± 0.02 3.52 ± 0.02 11.23 ± 0.02 9.04 ± 0.01 13.05 ± 0.03 9.04–21.63
5 3.52 ± 0.01 1.69 ± 0.01 3.51 ± 0.02 3.82 ± 0.02 5.01 ± 0.01 5.73 ± 0.01 7.33 ± 0.02 1.82 ± 0.01 8.44 ± 0.02 2.74 ± 0.01 3.09 ± 0.02 1.69–8.44

TPA 22.58 17.36 25.55 15.18 16.76 20.77 18.41 5.58 19.99 12.11 16.42 5.58–25.55
% of TP 55% 50% 48% 47% 45% 50% 50% 22% 47% 36% 43% 22–55%

Fl
av

on
oi

ds

6 2.06 ± 0.01 1.45 ± 0.01 4.81 ± 0.01 1.41 ± 0.01 1.71 ± 0.02 1.94 ± 0.02 0.98 ± 0.01 1.06 ± 0.02 1.67 ± 0.01 1.20 ± 0.01 0.97 ± 0.02 0.97–4.81
7 1.31 ± 0.02 0.95 ± 0.02 2.12 ± 0.01 0.32 ± 0.01 2.07 ± 0.02 2.86 ± 0.02 1.78 ± 0.02 2.15 ± 0.01 3.63 ± 0.02 1.84 ± 0.02 2.16 ± 0.02 0.32–3.63
8 0.19 ± 0.02 0.10 ± 0.01 0.33 ± 0.01 0.21 ± 0.01 0.24 ± 0.02 0.29 ± 0.01 0.27 ± 0.02 0.25 ± 0.02 0.27 ± 0.01 0.08 ± 0.02 0.06 ± 0.01 0.06–0.33
9 0.16 ± 0.02 0.10 ± 0.02 0.20 ± 0.01 0.19 ± 0.02 0.19 ± 0.01 0.25 ± 0.02 0.20 ± 0.01 0.13 ± 0.01 0.35 ± 0.02 0.29 ± 0.02 0.20 ± 0.02 0.10–0.35
10 14.20 ± 0.02 13.07 ± 0.02 18.02 ± 0.02 14.12 ± 0.02 14.96 ± 0.02 14.52 ± 0.03 14.43 ± 0.02 15.42 ± 0.02 16.16 ± 0.01 18.02 ± 0.02 17.35 ± 0.02 13.07–18.02
11 0.09 ± 0.01 0.28 ± 0.02 0.30 ± 0.01 0.17 ± 0.01 0.27 ± 0.01 0.45 ± 0.02 0.21 ± 0.01 0.15 ± 0.02 0.33 ± 0.02 0.11 ± 0.01 0.19 ± 0.02 0.09–0.45
12 0 0 0 0 0 0 0 0 0 0 0 0
13 0.71 ± 0.01 1.36 ± 0.02 1.68 ± 0.02 0.71 ± 0.02 0.96 ± 0.01 0.73 ± 0.02 0.51 ± 0.02 0.40 ± 0.02 0.45 ± 0.01 0.43 ± 0.03 0.74 ± 0.01 0.40–1.68
TF 18.72 17.31 27.46 17.13 20.40 21.04 18.38 19.56 22.86 21.97 21.67 17.13–27.46

% of TP 45% 50% 52% 53% 55% 50% 50% 78% 53% 64% 57% 45–78%

TP 41.30 34.67 53.01 32.31 37.16 41.81 36.79 25.14 42.85 34.08 38.09 25.14–53.01
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Figure 4. Variation of the quantitative amounts of phenolic compounds in N. noltei leaves over months and years. (Top)—minor compounds. 1: zosteric acid;
2: caffeic acid; 8: apigenin 7-O-glucoside; 9: apigenin 7-sulfate. (Bottom)—major compounds. 4: rosmarinic acid; 5: zosteranoic acid; 6: luteolin 7-O-glucoside;
7: luteolin 7-sulfate; 10: diosmetin 7-sulfate. Compounds are coded as in Tables 2–5 and Figure 2. Quantitative amounts of compounds 1–4 are expressed in mg per g
of N. noltei–plant DW, and those of compounds 5 to 10 in mg of standard equivalents per g of N. noltei DW, with the standards used being, respectively, 5: rosmarinic
acid, 6–7: luteolin, 8–9: apigenin and 10: diosmetin. Compared to rosmarinic acid, the seasonality of the caffeic tetramer 5 is less marked and the production peak
tends to occur regardless of the season (1.51–7.56 (2017), 3.82–10.05 (2018), 0.87–4.64 (2019) and 1.69–8.44 mg/g plant DW (2020)). Zosteric (1) and caffeic (2) acids are
much less abundant than 4 and 5 and show a relatively low variability from season to season and year to year (respectively, 0.10–0.43 and 0.07–0.38 mg/g plant DW
over the four years of monitoring). Coumaric acid (3) was only found in six samples and in very small amounts (0.024–0.048 mg/g plant DW) (Figure 5).
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Seven flavonoids (7–11 and 13; Figures 2 and 3 and Table 2) were detected with
variable intensity in all samples. Diosmetin 7-sulfate (10) was the most abundant regardless
of season and year (12.10–21.37 mg/g plant DW over the four years). Compared to
rosmarinic acid, the variation in its concentrations was three- to seven-fold less. Luteolin
7-O-glucoside (6) and luteolin 7-sulfate (7) were systematically present, ranging from 0.55
to 4.81 and 0.85 to 4.40 mg/g plant DW. Apigenin 7-O-glucoside (8) and apigenin 7-sulfate
(9), when they were present, occurred in considerably lower amounts over the four years
(respectively, 0.04–0.43 and 0.08–1.20 mg/g plant DW) (Figure 4A). Variable amounts of
luteolin (11: 0.06–1.71 mg/g plant DW) and diosmetin (13: 0.40–3.03 mg/g plant DW)
were also detected in all the samples. Although they differ greatly in abundance, sulfated
flavones 7 and 10 showed similar seasonal and year-to-year variability, with a moderate
production maximum observed during November and December.

3.2.2. Phenolic Concentrations in N. noltei Rhizomes

To reduce the number of destructive samplings, whole plants (i.e., with above- and
belowground tissues) were sampled only six times between May 2019 and October 2020.
Crude extracts from rhizomes were prepared under the same conditions as for leaves and
quantitatively compared by HPLC to leaf extracts from the same plant sample (Tables 3 and 4
and Figure 3).

Table 3. Quantitative amounts (mg/g plant DW, mean values ± SD) of individual phenolic com-
pounds in rhizomes of N. noltei collected in Arcachon Bay. TPA: total phenolic acids; TF: total
flavonoids; TP: total phenolic compounds. Concentrations of compounds 1–4 are expressed in mg
per g of N. noltei plant DW, and those of compounds 5 to 10 in mg of standard equivalents per g of N.
noltei DW, with the standards used being, respectively, 5: rosmarinic acid, 6–7: luteolin, 8–9: apigenin
and 10: diosmetin.

Compounds May 2019 June 2019 July 2019 April 2020 August
2020

October
2020

Concentration
Ranges

Ph
en

ol
ic

ac
id

s

1 0.72 ± 0.02 0.26 ± 0.02 0.24 ± 0.01 0.13 ± 0.02 0.62 ± 0.02 0.50 ± 0.02 0.13–0.72
2 0.08 ± 0.02 0.09 ± 0.01 0.05 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.07 ± 0.02 0.02–0.09
3 0.21 ± 0.02 1.14 ± 0.02 0.20 ± 0.01 0.22 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.06–1.14
4 3.28 ± 0.02 1.85 ± 0.01 1.65 ± 0.02 2.35 ± 0.02 1.39 ± 0.01 1.79 ± 0.02 1.39–3.28
5 0.92 ± 0.02 0.74 ± 0.02 1.21 ± 0.02 1.57 ± 0.02 1.47 ± 0.01 1.75 ± 0.01 0.74–1.75

TPA 5.21 4.08 3.35 4.29 3.59 4.18 3.35–5.21

Fl
av

on
oi

ds

6 0.09 ± 0.01 0.07 ± 0.01 0.05 ± 0.02 0.05 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.05–0.09
7 0.11 ± 0.02 0.05 ± 0.02 0 0 0.02 ± 0.01 0.03 ± 0.01 0–0.05
8 0 0 0 0 0.04 ± 0.01 0 0–0.04
9 0.05 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0 0 0 0–0.05

10 0.71 ± 0.02 0.20 ± 0.01 0.17 ± 0.01 0 0.86 ± 0.02 0.26 ± 0.01 0–0.86
11 0.11 ± 0.02 0.11 ± 0.01 0 0.04 ± 0.02 0 0 0–0.11
12 0 0 0 0 0.02 ± 0.01 0.01 ± 0.00 0–0.01
13 1.22 ± 0.02 0.79 ± 0.02 0.59 ± 0.02 0.67 ± 0.01 0.34 ± 0.02 0.15 ± 0.02 0.59–1.221
TF 2.29 1.26 0.83 0.76 1.36 0.51 0.51–2.29

TP 7.50 5.34 4.18 5.05 4.95 4.69 4.18–7.50

Table 4. Relative content (%) of each compound in respect to its compound class (phenolic acid or
flavonoid). TPA: total phenolic acids; TF: total flavonoids.

Compounds May 2019 June 2019 July 2019 April 2020 August 2020 October 2020

Ph
en

ol
ic

ac
id

s

1 14% 6% 7% 3% 17% 12%
2 1% 2% 1% 1% 2% 2%
3 4% 28% 6% 5% 2% 2%
4 63% 45% 49% 55% 39% 43%
5 18% 18% 36% 36% 41% 42%
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Table 4. Cont.

Compounds May 2019 June 2019 July 2019 April 2020 August 2020 October 2020

Fl
av

on
oi

ds

6 4% 6% 6% 6% 6% 12%
7 5% 4% 2% 5%
8 3%
9 2% 3% 3%

10 31% 16% 20% 63% 52%
11 5% 9% 5%
12 1% 1%
13 53% 63% 71% 89% 25% 30%

TPA 69% 76% 80% 85% 72% 89%
TF 31% 24% 20% 15% 28% 11%

Unlike leaves, rhizomes were found to contain mainly the phenolic acids 1–5, along
with flavonoids in relatively small variable amounts (Table 3). Total phenolic compounds
were four- to nine-fold less in rhizomes than in leaves. This is mainly due to the virtual
absence of flavonoid sulfates (ten- to forty-six-fold less in rhizomes than in leaves) and, to a
lesser extent, to the lower amount of phenolic acids (two- to five-fold less in rhizomes than
in leaves). All the samples were dominated by rosmarinic acid (4, 1.39–3.28 mg/g plant
DW, 39–63% of the phenolic acids) and compound 5 (0.74–1.75 mg/g plant DW, 18–42% of
the phenolic acids). The abundance of zosteric acid in rhizomes was higher than in leaves
(1: 0.13–0.72 mg/g plant DW, 3–17%), and coumaric acid (3), virtually absent in the leaves,
was found in significant amounts (0.06–1.14 mg/g plant DW, 2–28%) in the rhizomes.
Given that zosteric acid is the sulfated form of coumaric acid, these results suggest that
the sulfation step may take place in the belowground tissues. Diosmetin 7-sulfate (10),
although only slightly present (0–0.86 mg/g plant DW), remains the dominant flavonoid
of the rhizomes (16–63% of the total flavonoids). Globally, total phenolic acids and total
flavonoids respectively account for 69–89% and 11- 31% of the total phenolics (Table 4).

Compound 5 was previously undescribed in the plant kingdom, until its recent identi-
fication in detrital and fresh leaves of Z. marina [43,52]. Structurally, it is close to salvianolic
acid B, differing only in the absence of the two hydrogen atoms at the 7′′ and 8′′ positions
(Figure 2). Nevertheless, rather than refer to it as 7′′,8′′-didehydrosalvianolic acid B, as
has previously been done [43,52], we propose to adopt zosteranoic acid as its common
name. Indeed, it has only been described in two species of Zosteraceae, which are in no
way related to the genus Salvia from which salvianolic acid B was first isolated and named.

3.2.3. Phenolic Concentrations in Z. marina Rhizomes and N. noltei Samples from Other
Sites in the Atlantic and Mediterranean

The presence of zosteranoic acid (5) in both above- and belowground tissues is of
particular interest. This prompted us to examine the phenolic content of Z. marina rhizome
samples from Arcachon Bay, Hossegor Lake and Thau Lagoon (Figure 1B and Table 1).
In addition, we have reanalyzed crude extracts of N. noltei leaves from seagrass beds
representative of the geographical distribution of the species. The results are summarized
in Tables 5 and S3.

Table 5. Quantitative amounts of zosteranoic acid, 5, from specimens collected at other sites in the
Atlantic and Mediterranean. Values are expressed as mg rosmarinic acid equivalents ± standard
deviation (SD) per gram of plant DW.

Sites N. noltei Leaves N. noltei Rhizomes Z. marina Rhizomes

Arguin 3.48 ± 0.02 3.07 ± 0.02
Hossegor 1.08 ± 0.01 1.37 ± 0.02 7.54 ± 0.02

Thau 2.59 ± 0.02 1.13 ± 0.01 5.47 ± 0.02
Berres 1.86 ± 0.02
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Table 5. Cont.

Sites N. noltei Leaves N. noltei Rhizomes Z. marina Rhizomes

Salses 0.22 ± 0.01
Strunjan 1.80 ± 0.02
Bizerte 1.57 ± 0.02

Ria Formosa 3.16 ± 0.02 0.54 ± 0.01
Pointe de l’Etoile 3.31 ± 0.02

Cadiz bay 2.37 ± 0.02
Merja Zerga 1.03 ± 0.02

Concentration ranges 0.22–3.48 0.54–1.37 3.07–7.54

Regarding N. noltei leaves from other sites, the same individual flavonoids were
present, and their respective concentrations were consistent with the three geographically
distinct chemotypes previously highlighted [37]. As with specimens from Arcachon Bay,
zosteric and caffeic acids were present in moderate and variable amounts, coumaric acid
was absent, and rosmarinic acid was the major phenolic acid. Zosteranoic acid, which was
not detected in the previous work, was found at all locations.

As with the leaves, the results obtained with N. noltei rhizomes from the three localities
(Hossegor, Thau and Ria Formosa) were similar to those from Arcachon Bay. All the
samples were dominated by rosmarinic acid (respectively, 1.38, 2.27 and 3.55 mg/g plant
DW), and zosteranoic acid was found in all samples (respectively, 1.37, 1.13 and 0.54 mg/g
plant DW). Flavonoids were present in relatively low amounts ranging, respectively, from
0.01 to 0.77, 0 to 0.33 and 0.07 to 0.73 mg/g plant DW. Globally, total phenolic acids versus
total flavonoids at Hossegor, Thau and Ria Formosa respectively accounted for 73 vs. 27%,
83 vs. 17% and 74 vs. 26% of the total phenolics.

Similar results following the same tendency were observed with the rhizomes of Z.
marina, for which high concentrations of zosteranoic acid are especially noteworthy (Arguin,
3.07; Hossegor, 7.54; Thau, 5.48 mg/g plant DW). These results show that Z. marina and N.
noltei contain the same phenolic acids, unlike their flavonoids, which clearly distinguish
the two species. This is the first characterization of the phenolic fingerprints of Z. marina
rhizomes and the first report of zosteranoic acid in Z. marina belowground tissues.

3.3. Principal Component Analysis and Hierarchical Cluster Analysis

Principal component analyses (PCAs) were carried out with the five datasets obtained
from N. noltei (leaves and rhizomes) and Z. marina rhizomes (see Sections 3.2.1–3.2.3).
Data were also subjected to a hierarchical cluster analysis (HCA). Sample similarities
were calculated based on the Euclidean distance, and the Ward hierarchical agglomerative
method [51]. Automatic truncation based on entropy parameters was used [53]. The results
are depicted in Figures 5 and S13.

3.3.1. N. noltei Leaves from Arcachon Bay

The relationships among the 47 collection dates (observations) and the phenolic com-
pound concentrations determined by HPLC (variables) were analyzed. The PCAs showed a
cumulative variance of 40.24% up to the second principal component with values of F1 and
F2 equal to 23.53% and 16.71%, respectively (Figure 5(1A)). The first principal component
is strongly correlated with flavonoids 7 and 9 (positive associations) and with flavonoid 13
and rosmarinic acid (4) (negative associations). The second principal component increases
with flavonoids 6 and 8 (positive associations). Rosmarinic acid (4) is positively correlated
with zosteranoic acid (5) and luteolin 7-O-glucoside (6) and negatively correlated with
apigenin 7-sulfate (9). Diosmetin 7-sulfate (10) is only weakly correlated with the other
phenolics. The dendrogram obtained from the cluster analysis of the 47 collections in rela-
tion to the concentrations of chemical constituents is presented in Figure 5(1B). The dotted
line on the chart represents the automatic truncation based on entropy parameters [53]. It
identified two clusters (C1 and C2), which occur at a dissimilarity level of approximately
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300. Cluster C1 comprises 32 collections, with a predominance of late spring, summer and
autumn, while cluster C2 gathers 15 collections, mainly representative of the cold seasons
(especially January, February and March for the years 2018, 2019 and 2020, and December
of 2017, 2019 and 2020). At a dissimilarity level of about 250, cluster C1 consists of four
subclusters (late spring, summer and autumn) and cluster C2 consists of two subclusters
representative of the cold seasons.

The dendrogram obtained from the cluster analysis of the variables identifies two
clusters (Figure 5(1C)). Cluster C1 groups together nine of the twelve phenolic compounds,
while cluster C2 is bifolious, gathering rosmarinic acid (4) and diosmetin 7-sulfate (10),
which are the main products whatever the season or year. At a dissimilarity level around
15, cluster C1 distinguishes zosteranoic acid (5) as a simplicifolius from the minor phenolics
7, 11, 9, 1, 2, 8, 6, and 11.

3.3.2. N. noltei Rhizomes from Arcachon Bay

The relationships among the six collection dates (observations) and the phenolic com-
pound concentrations determined by HPLC (variables) are depicted in Figure 5(2A). It
shows a cumulative variance of 78.44% up to the second principal component with values
of F1 and F2 equal to 52.65% and 25.78%, respectively. The first principal component
is strongly correlated with flavonoids 7, 9, 11, and 13 and rosmarinic acid (4) (positive
associations) and with zosteranoic acid (5) (negative association). The second component
has large positive associations with the other flavonoids 10 and 11 and with zosteric acid
(1). Rosmarinic acid (4) and zosteranoic acid (5), which were moderately and positively cor-
related to each other in the leaves, were found to be negatively correlated in the rhizomes.
This suggests that the formation of zosteranoic acid might take place in the rhizomes via
rosmarinic acid dimerization. A negative correlation was also observed between zosteric
acid (1) and coumaric acid (3), which reinforces the suggestion, based on their concentra-
tions, that zosteric acid biosynthesis may take place in the rhizomes (see Section 3.2.2).
Diosmetin 7-sulfate (10), which was only weakly correlated with the other phenolics in the
leaves, shows strong positive correlations with zosteric acid (1), luteolin 7-O-glucoside (6)
and apigenin (12) in the rhizomes.

The dendrogram obtained from the cluster analysis of the six collections of rhizomes
in relation to the concentrations of chemical constituents is presented in Figure 5(2B). The
automatic truncation identified three clusters (C1–C3), which occur at a dissimilarity level
of approximately 3.2. Cluster C1 identifies the 4 May 2019 collection as a simplicifolius and
and C3 as a bifolious clade with C2 constituted of one collection (20 June 2019) and C3 of
four (the three collections of 2020 and the one on 17 July 2019).

The dendrogram obtained from the cluster analysis of the variables identifies two
clusters (Figure 5(2C)). Cluster C1 groups together nine of the eleven phenolic compounds,
namely three phenolic acids (1–3) and six flavonoids (6–7, 9–11 and 13), while cluster C2
includes rosmarinic acid (4) and zosteranoic acid (5), which are the major products in
the rhizomes.
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Figure 5. Principal component and hierarchical cluster analysis for: (1)-N. noltei leaves from Arcachon
Bay and (2)-N. noltei rhizomes from Arcachon Bay. In each case: (A)-PCA biplot graph based on PC1
and PC2 scores; (B)-dendrogram based on the phenolic composition; and (C)-dendrogram obtained
from the cluster analysis of the variables. Compound numbers and collection dates are the same as in
Tables 2 and 3 and Figures 2 and 3.

4. Discussion

To date, little attention has been paid to seasonal variability in the phenolic content of N.
noltei. The seasonal variation of flavonoids found in the leaves of N. noltei from Norwegian
coastal waters was analyzed bi-monthly over one year [38], and those of rosmarinic and
zosteric acids in detrital leaves of N. noltei from Arcachon Bay were analyzed monthly
over one year [40,41]. Longer-term observations were needed to more accurately assess the
relationship between phenolic profiles and seasons, given that the response of an individual
species could be used to predict how populations may expand or decline in the future.

The present study took place in Arcachon Bay, which is home to one of Europe’s
largest N. noltei beds. For the first time, the variability of the phenolic chemistry of a N.
noltei meadow was analyzed in detail over 47 consecutive months from 2017 to 2020. All
the individual phenolics were identified and quantified over time. The different collections
were found to be quite homogeneous, showing in all cases a similar HPLC profile, with
variability in the concentration of individual compounds according to the seasons. The
quantitative variation of flavonoids and phenolic acids was found to be relatively consistent
from year to year as shown in Figure 4, which illustrates the month-to-month variation in
the concentrations of phenolics over the four years of the study. The phenolic acid pool in
both leaves and rhizomes was always dominated by rosmarinic acid (4), and zosteranoic acid
(5) was the second phenolic acid in abundance (Tables 2 and 3 and Figure S11). The flavonoid
pool in leaves was largely dominated by diosmetin 7-sulfate, followed by luteolin 7-sulfate,
while flavonoids are only present as minor compounds in the rhizomes (Tables 3 and 4).
The values for total flavonoids are usually higher than those for total phenolic acids and
show a lower variability over seasons and from year to year than the total of phenolic acids
(Figure 6, left column). The right column in Figure 6 compares the seasonal and year-to-year
variations of rosmarinic acid (4), zosteranoic acid (5) and diosmetin 7-sulfate (10).
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Figure 6. Variation of the quantitative amounts of phenolic compounds in N. noltei leaves over
months and years—(left column): comparison between total phenolic acids (TPA, black lines) and
total flavonoids (TF, red lines); (right column): comparison between levels of rosmarinic acid (1, blue
lines), zosteranoic acid (5, brown lines) and diosmetin 7-sulfate (10, green lines). Concentrations are
expressed in mg per g of N. noltei plant DW.

Comparison of the summer extracts showed similar HPLC profiles and a weak vari-
ability in the phenolic concentrations. For all leaf samples, the flavonoid pattern was found
to be largely dominated by diosmetin 7-sulfate (10), representing 41–52% of the flavonoid
pool. Luteolin 7-sulfate was the second flavonoid in abundance. Low amounts of caffeic (1)
and coumaric acids (5) were found in all the samples (0.08–0.16 mg/g and 0.03–0.04 mg/g,
respectively). These two phenolic acids are very common in seagrasses [54]. A strong
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seasonality was observed for rosmarinic acid (4), whose concentrations were higher in late
autumn and winter than in late spring and summer (Table 2). In contrast, the variability of
diosmetin 7-sulfate (10) seems to be relatively unaffected by temperature.

Based on the concentration amounts in the 47 collections, the phenolic compounds of
N. noltei leaf tissue rank in the following order, whatever the season and the year:

- Phenolic acids: Rosmarinic > Zosteranoic >>> Zosteric ~ Caffeic >> Coumaric.
- Flavonoids: Diosmetin 7-sulfate >>> Luteolin 7-sulfate ~ Luteolin 7-O-glucoside >

Apigenin 7-O-glucoside ~ Apigenin 7-sulfate.

With the exception of zosteric and coumaric acids, the other phenolic acids present
in N. noltei and Z. marina are exclusively based on the caffeic acid building block, with
the compounds being formed from two or four caffeic acid units. We had previously
isolated rosmarinic acid from Z. marina and Phyllospadix torreyi, which also belongs to
the Zosteraceae family [40,41,55]. The presence of zosteranoic acid (5) in both above-
and belowground tissues is of particular interest. Chemically, compound 5 is a dimer
of rosmarinic acid, which, in turn, is a dimer of caffeic acid and 3,4-dihydroxyphenyl
lactic acid, linked by an ester bond. This is the first report of compound 5 in the leaves
and rhizomes of N. noltei and in the rhizomes of Z. marina. In vivo, rosmarinic acid is
localized in the vacuoles, but it also occurs in the cytoplasm as an anion and cannot pass
any membrane by diffusion [56]. The rosmarinic acid biosynthesis pathway has been
thoroughly explored. It has been shown that it may be further converted into salvianolic
acid B, but the detailed biosynthetic pathway of this conversion has not yet been completely
described [57]. It is therefore plausible that in Zosteraceae, a similar process may convert
rosmarinic acid into zosteranoic acid. The question arises as to why the product of this
conversion differs between marine and terrestrial plants (absence of two hydrogen atoms
at the 7′′ and 8′′ positions, Figure 2). Molecular mechanic calculations of the energies
of formation of these two compounds show that zosteranoic acid is thermodynamically
more stable than salvianolic acid B (84.22 and 86.89 kJ/M, respectively). Nevertheless,
the difference in structure probably reflects the adaptation of the plant metabolism to the
marine environment.

The predominance of rosmarinic and zosteranoic acids in the rhizomes of N. noltei
and Z. marina suggests their possible role as defense compounds. Root exudates play an
important role in induced plant defense mechanisms [18]. The roots of Ocimum basilicum
(Lamiaceae) secrete rosmarinic acid when challenged by the pathogenic fungus Pythium ul-
timum [58]. In the case of Z. marina, lesions caused by Labyrinthula protists were found to be
positively correlated with the rosmarinic acid content of the seagrass [59]. Rosmarinic acid
and sulfated flavonoids have been identified as inhibitors of microfouling on the surface of
Z. marina [24,26]. The algicidal effects of Z. marina and N. noltei extracts on the neurotoxic
bloom-forming dinoflagellate Alexandrium catenella have been demonstrated [25].

Seagrasses and algae may appear superficially similar, but in many ways, they are
very different organisms. The transition of plants from sea to land required adaptation to
a very different physical and chemical environment [60,61]. As a result, species composi-
tion and diversity vary dramatically between marine, freshwater and terrestrial habitats.
Compared to seagrasses, which possess five families and a total of 73 species, terrestrial
angiosperms are approximated to comprise about 416 families and a total of 300,000 con-
firmed species [62]). There is a higher degree of diversity within the latter group, making
it challenging to draw comparisons. However, seagrasses and salt marsh plants are more
similar taxonomically and physiologically to terrestrial plants than to other marine au-
totrophs [19]. Most of the specialized metabolites found in seagrass beds originate from
their ancestral terrestrial life. This is especially the case with phenolic compounds.

Large amounts of rosmarinic acid are found in over 160 species belonging to many
families, especially Lamiaceae [63]. Studies of the seasonal variations are most often limited
to the growing season and/or only measure the total amounts of compound classes and
not the quantities of individually characterized secondary metabolites. The lowest level
of rosmarinic acid in the leaves of Salvia abrotanoides and S. yangii was found during
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flowering [64]. With Thymus longicaulis C. Presl., the lowest amount was found in July
and the highest in October [65]. However, other species of Thymus L. showed the highest
amounts during budding and full flowering, and then their amounts decreased during
fruiting, and they displayed the lowest levels at the end of their vegetation [66].

Sulfated flavonoids are present in angiosperms and have been identified in eudicotyle-
donous and monocotyledonous plants [32,67–69]. A survey of 50 Fluviales species showed
that over 50% have either flavone or caffeic acid sulfates present. Flavone sulfates were
detected in 16% of the samples, and the 7-sulfates of luteolin, apigenin, diosmetin and
chrysoeriol and the 7,3′-disulphate of luteolin were identified variously in Thalassia, Zan-
nichellia and Zostera species [32]. The sulfate component is believed to represent a marine
adaptation [67]. Sulfate is the third highest ion in concentration in seawater, and hydrogen
sulfide is commonly found in anoxic marine sediment. Flavonoids are essential for various
biological processes, principally plant development, growth and maturation. They help
plants to withstand various biotic and abiotic stresses, such as viruses, fungi, bacteria and
herbivores, while acting as chemical messengers in conjunction with mycorrhizae and
bacteria. Flavonoids also contribute to flower color, attract pollinators and have allelopathic
functions. Some studies indicate that sulfated flavonoids are involved in the detoxification
of reactive oxygen species and regulation of plant growth [70].

Over 5000 naturally occurring flavonoids have been characterized from various plants.
It is estimated that 150 sulfated flavonoids of natural occurrence have been identified. A
survey of fourty-three species of seagrass showed that five of the twelve genera, including
some members of the Zosteraceae family, contained flavonoid sulfates, namely Phyllospadix,
Zostera, Enhalus, Thalassia and Halophila [32,33,55]. The flavonoid profile of P. torreyi,
composed exclusively of sulfates, appears to be unique among seagrasses [55].

Very little is known of the accumulation of flavonoid sulfates in seagrass tissues,
and their functional roles remain unclear. Harborne [71] suggested that conjugation with
seagrass flavonoids might be a possible route for the inactivation or storage of inorganic
sulfates. A sulfate conjugate is more water soluble than the unsulfated molecule or even
the corresponding glycoside, thus facilitating transport to various cellular compartments
and exudation in the water column. The possibility of flavonoid sulfates having a dynamic
function in salt uptake and metabolism has also been suggested. Taxonomic and ecological
implications were evoked by McMillan et al. [33]. Luteolin 7-O-D-glucopyranosyl-2-sulfate
has been shown to chemically defend the tropical seagrass Thalassium testidinum against
zoosporic fungi [72] and pathogenic Labyrinthula sp. [73]. The ability of flavonoid sulfate
extracts from Zostera spp. to inhibit the growth of the HAB Alexandrium catenella has been
demonstrated [25].

5. Conclusions

In the present study, we monthly investigated the biochemical changes in the phenolic
content of Nanozostera noltei leaf tissue from Arcachon Bay over 47 consecutive months
(2017–2020). It was especially important to identify all the phenolic compounds likely to
play a specific role in the plants’ response to stressors. It was also crucial to quantify the
relative changes in abundance of different phenolic compounds. This work has enabled the
characterization, identification and quantification of the phenolic content of N. noltei over
time. Seasonal and interannual chemical variability among collections has been analyzed
for each of the individual phenolics characterized in leaf tissue. The results show the same
phenolic composition throughout the study and a relative stability in the concentrations
of individual compounds from year to year. Our results provide a significant dataset for
understanding how a seagrass’ phenolic chemistry functions over time, and for predicting
the variability of its components. Of the thirteen phenolic compounds characterized and
quantified as part of this long-term monitoring, three appear to be good candidates for use
as early warning indicators of changes in seagrass meadows and appear suitable for use
routinely by environmental managers. The selected individuals are diosmetin 7-sulfate
(10), rosmarinic acid (4) and zosteranoic acid (5). All are always present in significant
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quantities, are recognized as defensive compounds and, according to our results, their
identification is simple and reproducible by HPLC alone, using their distinctive online UV
spectra (Figures S2, S10 and S13). Variations in phenolic acids and flavonoids in Z. marina
leaves along environmental gradients has recently been reported [44]. Interestingly, the
flavonoid/rosmarinic acid ratio was detected as a possible molecular index of Z. marina
health. These data are in good agreement with our selection of putative indicators for N.
noltei. Monitoring is essential to establish trends and understand the spatial and temporal
dynamics of seagrass beds. From these results, efforts to explore seagrasses’ phenolic
chemistry appear to be essential and capable of helping those engaged in chemical ecology
and the monitoring of seagrass beds. Further studies focusing solely on the three putative
bioindicators selected on the basis of our results will be needed to refine these conclusions.
Future projects should also include studies of other seagrass species.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d15121210/s1, Figure S1. Distribution map of Nanozostera
noltei Hornem.; Figure S2. Top: HPLC profile (280 nm) of the three flavonoid chemotypes of N. noltei;
middle: on line UV spectra of each flavonoid peak; bottom: mass spectra of flavonoid 7-sulfates 7, 9,
and 10; Figure S3. Map showing the geographic range of the flavonoid variants of N. noltei; Figure
S4. Morpho-bathymetric map of Arcachon Bay showing the underwater relief; Figure S5. Mapping
of Zostera noltei meadows in the Bay of Arcachon by hyperspectral imagery (Rigouin, L., Trut, G.,
Bajjouk, T., Rebeyrol, S., Liabot, P.O., Ganthy, F., Auby, I. (2022); Figure S6. Location of study site off
the Taussat coast: 44◦42′56.02′′ N; 1◦4′44.98′′ W; elevation 0.28 m; Figure S7. Photograph of a N. noltei
sample from the study site (Arcachon Bay); Figure S8. NMR spectra (300 MHz, Aceton-d6); Figure S9.
Mass spectra of compound 5 in positive and negative mode; Figure S10. UV spectra of compound 5;
Figure S11. Histograms showing the variation of the quantitative amounts of phenolic compounds in
N. noltei leaves over months and years; Figure S12. Principal component and hierarchical cluster
analysis; Figure S13. HPLC profile of Nanozostera noltei crude extract from leaf recorded at 280,
330 and 350 nm; Table S1. 1H and 13C NMR data for compound 5 (Aceton-d6); Table S2. 1H and
13C-NMR chemical shifts for flavonoid sulfates 7, 9, and 10 (δ ppm, DMSO-d6); Table S3. Quantitative
amounts (mg/g plant dried weight, mean values ± SD) of individual phenolic compounds from
specimen collected at other sites.
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