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Abstract: Posidonia oceanica is a common seagrass in the Mediterranean Sea that is able to sequester
large amounts of carbon. The carbon assimilated during photosynthesis can be partitioned into
non-structural sugars and cell-wall polymers. In this study, we investigated the distribution of carbon
in starch, soluble carbohydrates and cell-wall polymers in leaves and rhizomes of P. oceanica. Analyses
were performed during summer and winter in meadows located south of the Frioul archipelago
near Marseille, France. The leaves and rhizomes were isolated from plants collected in shallow (2 m)
and deep water (26 m). Our results showed that P. oceanica stores more carbon as starch, sucrose
and cellulose in summer and that this is more pronounced in rhizomes from deep-water plants. In
winter, the reduction in photoassimilates was correlated with a lower cellulose content, compensated
with a greater lignin content, except in rhizomes from deep-water plants. The syringyl-to-guaiacyl
(S/G) ratio in the lignin was higher in leaves than in rhizomes and decreased in rhizomes in winter,
indicating a change in the distribution or structure of the lignin. These combined data show that
deep-water plants store more carbon during summer, while in winter the shallow- and deep-water
plants displayed a different cell wall composition reflecting their environment.

Keywords: cell wall polysaccharides; leaves; lignin; non-structural sugars; rhizomes; summer; winter

1. Introduction

Posidonia oceanica is an endemic angiosperm seagrass living in the Mediterranean Sea
between the littoral and sublittoral zones up to 40 m deep [1–3]. This monocotyledonous
plant generates large meadows and provides important ecological functions as a habitat for
sea animals [4,5] and epiphytic plants [6]. P. oceanica also contributes to the stability of the
sea floor, removes pollutants from the sea and feeds belowground microbial communities
by excreting sugars into the rhizosphere [7]. One of the remarkable properties of P. oceanica
is its capacity to bury a significant part of its photosynthetic production, thus contributing
to long-term carbon storage [8,9].

In seagrasses such as P. oceanica the main storage carbohydrate is sucrose, which gen-
erally represents more than 90% of the total soluble carbohydrate content [10]. P. oceanica
contains more sucrose than starch in all tissues, and rhizomes are the main storage tissue
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for sucrose [11,12]. The genome of another seagrass, common eelgrass (Zostera marina L.),
has been sequenced and possesses genes encoding proteins involved in starch and su-
crose metabolism. However, there are more sucrose transporter genes and fewer starch
metabolism-related genes [13].

Photoassimilates in plants are mostly incorporated into plant cell-wall polysaccha-
rides [14]. The plant cell walls of seagrass are mostly composed of cellulose, hemicelluloses
and pectins [15]. Cellulose is the most abundant cell-wall polysaccharide in seagrasses.
Its content is around 20% in Posidonia australis but can be higher in some other seagrasses.
Hemicellulose’s composition has been characterized in the Posidonia species from the Indian
ocean, including P. australis and P. sinuosa, and is rich in xylose, indicating the presence
of xylans and/or xyloglucans [16]. Their cell walls also contain galactans and arabinans,
suggesting the presence of arabinogalactan proteins, as was identified in the Z. marina
proteome [17]. Sulfated galactans have been identified in the plant cell walls of the seagrass
Ruppia maritima, where they are mostly found in the rhizomes and roots [18]. Pectins in sea-
grass are enriched in an apiogalacturonan called zosterin and are weakly methyl-esterified
(8–11%) [19,20]. The lower proportion of methyl-esterified pectins has been assigned to
the large number (63) of putative pectin methylesterase genes annotated in the Z. marina
genome [21]. The two Indian ocean Posidonia species contained more apiose in their leaves
compared to the roots and rhizomes, which were instead rich in glucosyl residues [16].
P. australis and P. oceanica are rich in lignin (20–30%) [16,22,23]. The roots, rhizomes and
sheaths from P. oceanica contain more lignin than the leaves [24]. The lignin of P. oceanica
consists predominantly of guaiacyl (G) and syringyl (S) residues, with an S/G ratio of
0.12 in sheaths and 0.37 in rhizomes [23]. The lignin of P. oceanica displays a high degree of
p-hydroxybenzoylation [22,23], whereby both G and S residues are acylated. This feature is
absent in P. australis, indicating variation in lignin structure among Posidonia species [22].

Carbohydrate metabolism-related enzymes such as sucrose synthase and sucrose
phosphate synthase are strongly modulated in the marine angiosperm Z. marina during
environmental events such as elevated temperature and/or nitrate accumulation [25].
Under long exposure to low-irradiance light, P. oceanica reduces its non-structural sugar
content by 42% in vertical leaf tissues, but not in rhizomes [26]. However, low-light
environments are more favorable for P. oceanica growth, due to the deployment of shade
adaptation strategies [27], whereas in Z. marina plants, the concentration of sugars and
starch decreased under shading (2–3 m depth), particularly in the rhizomes [28].

The capacity for carbon storage has been shown to decline with the bathymetric
distribution of the seagrass Thalassia testudinum [29]. In contrast, P. oceanica plants grow
better and store more carbon in deep water [27,30].

The aim of the present study was to evaluate how the carbon assimilated during photo-
synthesis was (i) partitioned into non-structural and structural carbohydrates, (ii) allocated
between leaves and rhizomes and (iii) the influence on two contrasted seasons and water
depths on carbon storage in P. oceanica. Understanding the carbon distribution in P. oceanica
under different seasons and water depths could provide new data to alleviate the influence
of these parameters on carbon storage in seagrass.

2. Results
2.1. Non-Structural Carbohydrates Content
2.1.1. Starch Content and Amylase Activity

The amount of starch was greater (~1.4–2.1-fold) in rhizomes than in leaves in all
seasons and depths of water studied (Figure 1A). Starch was more abundant (~1.3–1.6-fold)
in deep- than shallow-water plants, except in winter leaves when the starch level was
similar between depths of water. In the winter, the amount of starch decreased in all tissues
studied. Starch was reduced in leaves by 1.6- and 1.8-fold in shallow- and deep-water
plants, respectively, when compared to summer. A 1.6-fold reduction was observed in
rhizomes from shallow and deep- water plants, respectively.
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Figure 1. Starch content (A) and amylase activity (B) in leaves and rhizomes from P. oceanica harvested
in summer and winter at water depths of 2 and 26 m. Data are means ± SD (n = 3). The different
letters indicate significant differences (p ≤ 0.05) between the seasons and the depth of sampling
according to Kruskal-Wallis test. DM: dry mass. FM: fresh mass.

As observed with starch content, amylase activity was higher (3.2–4.1-fold) in deep-
water plant tissues than in shallow-water plants. (Figure 1B). The activity was greater
(1.4–1.6-fold) in rhizomes than in leaves. Amylase activity did not vary between summer
and winter in all tissues studied.

2.1.2. Soluble Carbohydrates

The concentrations of the soluble carbohydrates sucrose, glucose and fructose were
determined. In summer, the sucrose content was twice as high in rhizomes than in leaves in
all water depths studied (Figure 2A), indicating a sucrose allocation efficiency. In winter, the
sucrose level observed in leaves was reduced by 55% and 65% in shallow- and deep-water
plants, respectively, as compared to summer plants. In rhizomes, the sucrose content was
also reduced by 68% in both shallow and deep-water plants during winter as compared to
summer, suggesting a reduction in sucrose translocation to sink tissues. As observed for
starch and sucrose, the amount of glucose was more abundant (~1.4–1.5-fold) in rhizomes
than in leaves, except in summer, when the level of glucose was not significantly different
between leaves and rhizomes in shallow-water plants (Figure 2B). In winter, the glucose
level decreased in leaves and that decrease was greater in leaves from shallow-water plants
(31%) than from deep-water plants (16%). The level of glucose was reduced by 16% and
20% in the rhizomes from shallow- and deep-water plants, respectively, as compared to
summer conditions.
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Figure 2. Soluble carbohydrate content in leaves and rhizomes from P. oceanica harvested in summer
and winter at water depths of 2 and 26 m. (A) Sucrose, (B) glucose, (C) fructose. Data are means± SD
(n = 3). Different letters indicate statistically significant differences between samples from different
seasons and/or depths of sampling (p ≤ 0.05) according to Kruskal-Wallis test. DM: dry mass.

As observed with sucrose, the level of fructose was 1.3–3-fold higher in rhizomes than
in leaves (Figure 2C). In winter, the amount of fructose in leaves was reduced by 48% and
22% in shallow- and deep- water plants, respectively, as compared to summer. It remained
unchanged in rhizomes collected from shallow-water plants, while it was reduced by 21%
in deep-water plants.

These data indicate an increase of these soluble carbohydrates from leaves to rhizomes
that was independent of water depth and season.

2.2. Composition of Cell-Wall Polysaccharides
2.2.1. Non-Cellulosic Sugar Content

Since some variation in NSCs occurred under the contrasting water depths and sea-
sonal light exposure, the cell-wall sugars content was determined (Tables 1 and S1). The
compositional analysis of non-cellulosic polysaccharides showed that xylosyl (Xyl) and
apiosyl (Api) residues were predominant in both tissues, irrespective of the water depths
and seasons studied. However, some variations occurred as leaves which contained more
Xyl (39–47 mol%) and Api (25–31 mol%) than rhizomes, which contained 31–33 mol% and
12–19 mol% of Xyl and Api residues, respectively. Furthermore, the arabinose (Ara) content
was approximately 4–5-fold higher in rhizomes (14–16 mol%) than in leaves (3–5 mol%),
except in winter for deep-water plants, when the ratio was lower (3.3-fold). Similarly,
galactose (Gal) and rhamnose (Rha) levels were between 3–6- and 1.7–2.2-fold greater in
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rhizomes than leaves, respectively. In summer, no significant variations were observed in
the non-cellulosic polysaccharide composition between shallow- and deep-water plants,
except there was a slightly higher amount of apiose (13% increase) in leaves of deep-water
plants. In winter, changes in the non-cellulosic components occurred in both organs and
that was more pronounced in deep-water plants. Indeed, a reduction of 13% in Api residues
associated with an increase of Xyl (15%) and Arabinose (36%) was observed in leaves from
deep-water P. oceanica plants. A reduction of 21% in L-galacturonic acid (GalUA) residues
likely also occurred in leaves in winter. In rhizomes, a reduction (30%) in GalUA was
displayed too, while the amount of Api and Gal residues increased by 29% and 34%,
respectively. Minor changes in the non-cellulosic polysaccharide content appeared in
shallow-water plants in winter, albeit the level of Api residues increased by 23% and 20%
in leaves and rhizomes, respectively. A similar trend was observed with GalUA residues.
Additionally, the minor sugar residue GlcUA was reduced by 42% in rhizomes in shallow
water, while it remained steady in other conditions. These data indicated some degrada-
tion of pectins and xylan deposition in deep-water plants during winter, while the pectin
(apiogalacturonan; AGA) likely increased in shallow-water plants.

Table 1. Cell-wall sugar composition in leaves and rhizomes from P. oceanica grown at water depths
of 2 and 26 m during summer and winter. Data are means ± SD (n = 3). Means followed by different
letters are statistically significantly different between the seasons and/or the depths of sampling,
according to Kruskal-Wallis test (p < 0.05). L-Arabinose (Ara), D-Galactose (Gal), D-Xylose (Xyl),
D-Apiose (Api), D-Galacturonic acid (GalUA), D-Glucuronic acid (GlcUA). DCW: dry cell wall. Mol%:
mol percentage of total non-cellulosic monosaccharides.

2 m

Summer Winter

Leaves Rhizomes Leaves Rhizomes

Trait Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Cellulose (% of DCW) 24.2 ± 3.4 bc 26.2 ± 3.9 b 17.7 ± 2.8 de 19.1 ± 3.2 d

Non-cellulosic
monosaccharide (mol%) Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Ara 3.6 ± 0.7 cd 16.2 ± 1.5 a 2.8 ± 0.3 d 13.8 ± 0.8 b
Gal 2.6 ± 0.4 c 8.2 ± 1 b 2.7 ± 0.3 c 8.1 ± 0.7 b
Xyl 43 ± 1 ab 32 ± 1.6 c 39.1 ± 1.3 b 32.9 ± 1 c
Api 25 ± 1.6 b 12.4 ± 0.7 e 30.7 ± 1.6 a 14.9 ± 1 d

GalUA 7.9 ± 1 cd 9.5 ± 2.4 abc 9.2 ± 1.1 bc 11.3 ± 1.3 ab
GlcUA 0.9 ± 0.2 bc 1.3 ± 0.2 a 0.8 ± 0.1 c 0.8 ± 0.2 c

26 m

Summer Winter

Leaves Rhizomes Leaves Rhizomes

Trait Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Cellulose (% of DCW) 32.4 ± 3.9 a 35 ± 4.2 a 15.7 ± 2.9 e 22.8 ± 2 c

Non-cellulosic
monosaccharide (mol%) Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Ara 3.1 ± 0.3 d 14.1 ± 0.8 ab 4.3 ± 0.2 c 14.3 ± 1.5 b
Gal 2.4 ± 0.5 cd 8 ± 0.9 b 1.8 ± 0.1 d 10.7 ± 1 a
Xyl 40.4 ± 2.1 b 31.5 ± 0.7 c 46.5 ± 1.4 a 32.3 ± 1.1 c
Api 28.2 ± 1.2 a 14.4 ± 1.2 d 24.5 ± 0.6 b 18.5 ± 1.3 c

GalUA 8.5 ± 1 cd 12.3 ± 1.5 a 6.7 ± 0.3 d 8.5 ± 1.2 cd
GlcUA 1.2 ± 0.1 a 0.8 ± 0.2 c 1.2 ± 0.2 ab 0.9 ± 0.2 c
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2.2.2. Cellulose Content

The variation in cellulose content was similar in tissues from both deep- and shallow-
water plants and both seasons (Table 1). In shallow-water plants, the amount of cellulose
was 24–26% of the dry-cell-wall material (DCW) in both tissues during summer and
decreased by 27% in both tissues in winter. The cellulose content was greater (~34% of
DCW) in deep- than in shallow-water plants during summer. During that season, the
amount of cellulose was similar between leaves and rhizomes from deep-water plants, but
further decreased in winter by 50% in leaves and 35% in rhizomes. These data indicated
that deep-water plants produce more cellulose in summer than shallow-water plants, but
in winter, deep-water plants degrade more of their cellulose in leaves and rhizomes than
shallow-water plants.

2.3. Lignin Composition and Enzyme Activities Involved in Lignin Biosynthesis

The concentration of lignin was generally greater in rhizomes than in leaves (Table 2).
In summer, there was 1.6- and 3-times more lignin in rhizomes than in leaves from shallow-
and deep-water plants, respectively. During winter, the concentration of lignin was
~17–18% higher in both leaves and rhizomes from shallow-water plants. In deep-water
plants, the concentration of lignin in leaves was more than twice as high, while it was 42%
lower in rhizomes.

Table 2. Lignin content and subunit composition in leaves and rhizomes from P. oceanica harvested in
summer and winter water depths of 2 and 26 m. Data are means ± SD (n = 3). The means marked
with different letters indicate statistically significant differences between the seasons and/or the
depths of sampling (p ≤ 0.05), based on Kruskal-Wallis test. DCW: dry cell wall. p-hydroxyphenyl
(H), guaiacyl (G) and syringyl (S) residues.

2 m

Summer Winter

Leaves Rhizomes Leaves Rhizomes

Trait Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Lignin (% of DCW) 8.8 ± 0.8 f 13.8 ± 0.7 d 10.3 ± 0.9 e 16.4 ± 0.7 b

Phenylpropanoid units (%) Mean ± SD Mean ± SD Mean ± SD Mean ± SD

H tr * 10.4 ± 1.1 bc tr * 12.4 ± 0.5 b
G 24.7 ± 4.4 d 62.9 ± 2.4 ab 21.9 ± 4.2 d 65.6 ± 0.8 a
S 74.7 ± 3.8 b 26.7 ± 1.6 c 78 ± 4.2 ab 22 ± 1.3 d

S/G 3.1 ± 0.7 b 0.4 ± 0.04 cd 3.7 ± 0.8 b 0.3 ± 0.02 e

26 m

Summer Winter

Leaves Rhizomes Leaves Rhizomes

Trait Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Lignin (% of DCW) 7 ± 0.4 g 20.9 ± 0.8 a 15.4 ± 1.3 c 12 ± 0.8 d

Phenylpropanoid units (%) Mean ± SD Mean ± SD Mean ± SD Mean ± SD

H tr * 15.5 ± 3 a tr * 15.4 ± 2.1 a
G 22.8 ± 4.3 d 51.3 ± 0.4 c 13.5 ± 2.3 e 61.3 ± 3.7 bc
S 76.3 ± 2.7 b 33.2 ± 0.6 c 85.5 ± 1.2 a 23.3 ± 2.3 d

S/G 3.5 ± 0.9 b 0.6 ± 0.02 c 6.5 ± 1.2 a 0.4 ± 0.1 de

tr * = trace; signal too low for accurate quantification; it was not possible to calculate SD.

The lignin subunit composition was analyzed using thioacidolysis, which cleaves β-O-
4 linkages, the most common interunit linkage in lignin. The lignin in leaves was composed
of 14–25% G residues and 75–86% S residues. The proportion of p-hydroxyphenyl (H-)
residues was less than 3% and in most samples below the level at which the proportion
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could be determined with accuracy (Table 2). This composition is more similar to what is
observed for hardwood lignin. The most obvious and only statistically significant difference
among leaf samples from different seasons and depths was the higher proportion of S
residues in the lignin from deep-water plants in the winter relative to the summer.

The lignin in rhizomes was composed of 10–16% H, 51–66% G and 22–33% S residues
(Table 2). The most obvious and only statistically significant difference among the samples
from different seasons and depths of rhizomes was a reduction by 30% of S residues in the
lignin from deep-water samples in the summer relative to the winter.

Pyrolysis-GC-MS was used to independently validate the thioacidolysis data, espe-
cially since the proportion of S-residues was so high in the leaves. Two pyrolysis products,
coniferyl alcohol (m/z 180 [M]+, 137; [M]+ denotes the molecular ion), a G residue, and 2,6-
dimethoxy-4-vinylphenol (m/z 180 [M]+, 165), derived from an S residue, were compared
in leaves and rhizomes, from shallow-water plants in the summer and deep-water plants
in the winter. The ratio of the peak heights of the S- and G-derived compounds was much
greater in the leaf samples than in the rhizomes samples, consistent with the results from
the thioacidolysis (Figure S1).

Pyrolysis-GC-MS was also used to examine the presence of esterified phenolic com-
pounds, specifically feruloyl and p-coumaroyl esters. Treatment of the samples with the
methylating agent tetramethyl ammonium hydroxide (TMAH) enables the identification of
pyrolysis products derived from hydroxycinnamic acids versus lignin [31] (Figure S2). The
phenolic hydroxyl moieties not involved in interunit linkages become methylated. Even
though the methyl ester of ferulic acid could be identified in the pyrolysate of P. oceanica
samples (m/z 222 [M]+), there was no evidence of the methyl ester of p-coumaric acid
(m/z 192 [M]+) (Figure S2A). Instead, the methyl ester of p-hydroxybenzoic acid (4-methoxy
benzoic acid methyl ester; m/z 166 [M]+) was identified. A phenol peak (m/z 94) in the
native sample (i.e., not treated with TMAH) was abundant (Figure S2B), although both
p-hydroxybenzoic acid (m/z 138) and the p-hydroxybenzoic acid methyl ester (m/z 152)
could be identified as well.

Since monolignols are derived from the aromatic amino acid L-phenylalanine (L-Phe)
(although L-tyrosine may also be used to some extent [32]), its content was determined in
both leaves and rhizomes (Figure S3A). The amount of L-Phe was higher in leaves than in
rhizomes regardless of season and depth. In leaves from deep-water plants it was more
than twice as abundant as in leaves from shallow-water plants. In rhizomes, however,
the amount was similar in plants from different depths in summer, but 1.4-fold greater
in deep- than shallow-water plants in winter. In winter, the amount of L-Phe in leaves
increased similarly (1.2–1.5-fold) at both depths. A similar trend was observed for rhizomes
from deep-water plants, but the increase was greater (2-fold) in shallow-water plants. As
L-Phe is a substrate for phenylalanine ammonia lyase (PAL), PAL activity was measured
(Figure S3B). A similar overall profile was observed between PAL enzyme activity and
the amount of L-Phe in shallow-water plants, which could also be correlated to the lignin
content. Unlike the distribution of L-Phe observed, PAL activity was greater (2.5–4.6-fold)
in rhizomes than in leaves in summer. In winter, PAL activity increased in all tissues studied
by 1.4–2.5-fold, while it decreased by 2.6-fold in rhizomes from deep-water plants. A similar
trend was observed with lignin. The activity of PAL and the contents of L-Phe and lignin
were correlated in shallow-water plants, but there was no obvious correlation between
these parameters in deep-water plants. Another enzyme, cinnamyl alcohol dehydrogenase
(CAD), which is involved the final step of the monolignol biosynthetic pathway, was
assayed in leaves and rhizomes. In summer, CAD activity was similar (128 µkatal/mg of
FM) in leaves and rhizomes from plants grown in shallow water as well as leaves from
deep-water plants (Figure 3). The activity was greater (158 µkatal/mg of FM) in rhizomes
from deep-water plants in summer, reflecting the greater amount of lignin observed in that
tissue (Table 2). In winter, CAD enzyme activity increased in leaves by 30% and 64% in
shallow- and deep-water plants, respectively, while it decreased by 63% in rhizomes from
plants grown in deep water and remained unchanged in those of shallow-water plants.



Plants 2023, 12, 3155 8 of 19

A similar pattern could be observed with lignin, except in rhizomes from shallow-water
plants where the lignin content increased slightly.
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2.4. Boron Content

Since apiogalacturonan could be involved in boron assimilation, boron content from
the whole leaves and rhizomes was determined using ion chromatography (ICP-OES;
Figure S4). As observed with Api, boron was more abundant in leaves than rhizomes
from shallow- (1.3 times) and deep- water plants (1.6 times) in summer, but no significant
difference was observed between shallow- and deep- water plants during summer. In
winter, the level of boron increased in leaves and that was more pronounced in leaves
from deep-water (41%) than shallow-water (15%) plants. In rhizomes, the level of boron
decreased by 42% in shallow-water plants, whereas it increased (40%) in deep-water plants.
No apparent correlation could be observed between the content of Api and GalUA residues
and boron levels.

2.5. Principal Component Analysis

Principal component analysis (PCA) was performed to identify sets of variables
underlying the compositional differences between samples from different seasons and
water depths. Two principal components (PC) together accounted for 69% of the total
variance (Figure S5A). A clear separation between leaves and rhizomes was identified along
PC1, which captured 57.3% of the variance (Figure S5B). The PC1 loadings for Ara, Gal, Rha
and GalUA sugar residues, as well as Lignin, PAL and G residues were positive, whereas
those for Boron, Apiose, Xylose, S residues and L-Phe were negative. In addition, there was
a weak separation between summer and winter along PC2, which captured 11.7% of the
variance (Figure S6A). Cellulose and glucose associated with non-structural carbohydrates
contributed to PC2. The separation between shallow-water plants and deep-water plants
was not well discriminated (Figure S6B), probably due to the strong differences between
leaves and rhizomes.

3. Discussion

In this study, we investigated the relationship between the metabolism of photoas-
similates and the cell wall composition in P. oceanica leaves and rhizomes collected in
contrasting depths and seasons. The main non-structural carbohydrates, starch and su-
crose, were more abundant in rhizomes than in leaves and their abundance was greater in
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summer and in deep-water plants. Collier et al. [33] observed in different seagrass species,
including Cymodocea serrulata, Halophila ovalis, Halodule uninervis, Thalassia hemprichii and
Zostera muelleri, that rhizomes store more starch and sugars as energy reserves to maintain
growth and metabolism under low-light conditions. Our results indicated that under
light-limited conditions (i.e., deep water), P. oceanica is still able to maintain photosynthetic
activity and carbon allocation in summer. Datollo et al. [27] reported that P. oceanica growing
at a water depth of 25 m experiences a low-light environment, which reduces both light-
induced damage to the photosystems and oxidative bursts. According to these authors,
P. oceanica adapts to growing in a shaded environment by increasing the antenna size of its
photosystems and this offers better growth than at 5 m depth, where light is more intense
and damages photosystems. However, another study showed that P. oceanica displays simi-
lar amounts of the antenna proteins and the antenna size of both photosystems is similar at
water depths of 2 and 26 m [34]. Overall, these authors concluded that P. oceanica collected
at a water depth of 2 m uses more energy and activates non-photochemical quenching as a
photoprotection to alleviate photodamage under high-light conditions. Procaccini et al. [35]
reported that the rate of electron transport observed in P. oceanica was higher in shallow
than deep water, suggesting that shallow-water plants, due to the greater light intensity,
produce more sugars (and starch) than deep-water plants. However, another study [36]
showed that the level of starch in P. oceanica was lower in shallow- than deep-water plants
and that starch was more abundant in rhizomes than in leaves, which is consistent with
our data. The lower concentration of sugars observed in shallow-water plants could be
explained by the greater extent of colonization by epiphytes, which induces stress, i.e., non-
photochemical quenching and ROS production, resulting in lower concentrations of starch
in both leaves and rhizomes [37,38]. Based on these combined observations, P. oceanica
collected in shallow water may actually produce more carbohydrates than deep-water
plants, but since the shallow-water plants are exposed to more stress, they may use more
carbohydrates to cope with that stress. Follow-up studies are needed to examine this in
greater detail.

The depletion of NSC reserves observed in winter in our study suggests a negative
carbon balance at both water depths. However, these reserves were still more abundant
in rhizomes than in leaves, which indicates the translocation of soluble carbohydrates
from leaves to rhizomes was maintained independent of the water depth and temperature
(which is similar at water depths of 5 and 25 m in autumn) [27]. The reduction in the levels
of all carbohydrates was more related to the light availability and quality, which differ be-
tween depths and seasons [35,39]. Under low-light conditions, the seagrass Zostera muelleri
produced less biomass, with a reduction in the levels of soluble carbohydrates due to
lower rates of photosynthesis [28,39]. Pirc [11] showed that the concentration of soluble
sugars such as fructose increased from leaves to rhizomes and from summer to winter. The
concentration of fructose is known to respond strongly to environmental stress, including
light stress, leading to an inhibition of photosynthesis [39]. We did observe the translocation
of fructose, but it was independent of depth and season. In most seagrasses, the domi-
nant storage carbohydrate is sucrose [25,28]. Based on our study, the amount of sucrose
was twice as high in rhizomes than in leaves in summer at both water depths, indicating
greater photosynthesis and carbon allocation efficiencies in summer. The high proportion
of soluble carbohydrates as sucrose observed in rhizomes could provide the rhizosphere
with a carbon source as a nutrient for microorganisms [7]. The starch values were in the
same range as those observed in a previous report [11]. The starch reserves were always
more abundant in rhizomes (~2.5–6 mg of Glc/g DM) than leaves (~1.8–3.5 mg of Glc/g
DM), with more starch accumulated in rhizomes from P. oceanica collected in deep water,
regardless of the season. Govers et al. [40] showed that rhizome starch accumulation is
important to overwintering seagrasses such as Zostera noltii, as it provides a good predictor
of next year’s growth. In our study, winter plants were harvested in 2019 and summer
plants in 2020. The decrease in starch observed in rhizomes in winter 2019 indicates a weak
carbon demand in P. oceanica, which could have been advantageous to start early growth



Plants 2023, 12, 3155 10 of 19

during the growing season of 2020 with more biomass, consistent with the observations
for Z. noltii [40]. A greater amylase activity was observed in deep-water plants compared
with shallow-water plants while the level of starch was mostly similar between depths,
indicating that P. oceanica mobilizes more starch to maintain its metabolic activity in deep
water, and meanwhile has the capacity to synthesize more starch than shallow-water plants.
If no obvious correlation could be observed between starch content and amylase activity,
PCA showed a correlation but based on organs where starch degradation and amylase
enzyme activity were greater in rhizomes.

Most of the carbon fixed by plant photosynthesis is incorporated into the cell-wall
polysaccharides [14]. A positive correlation between NSCs and cellulose content was
observed. Similar to what was observed for NSCs, cellulose content was greater in both
tissues in deep-water plants during summer and decreased in winter. The higher content
of cellulose observed in deep-water plants than in shallow-water plants during summer
indicated a greater availability of carbon resources in seagrass growing in deep water. That
could be related to these plants experiencing less photodamage than shallow-water plants.
As observed in Halophila beccarii, low light reduces carbon deposition in sediments to main-
tain carbon storage in plants [41]. The non-cellulosic sugar composition was consistent
with a previous description in the literature [16], with xylose and apiose being the major
non-cellulosic monosaccharides in both shallow- and deep-water plants. The high level of
xylose (30–40 mol%) in tissues could arise from xylan. Peña et al. [42] showed that the xylan
in duckweed (Lemna minor), an aquatic plant belonging to the order Alismatales, was mainly
glucuronoxylan (GX) without any arabinose substituents. Duckweed cell walls are mostly
primary walls, with a small proportion of secondary walls present in vascular tissue. The
function of xylan in the primary wall needs to be elucidated [42,43]. The only significant
change in xylose content was a 15% increase in leaves from deep-water plants during
winter. That increase in xylosyl residues suggested an increase in xylan, which could be
associated with a secondary cell wall deposition in response to winter. However, we cannot
exclude a small proportion of xylose associated with xyloglucan. Pectin is a family of four
galacturonic acid-rich polysaccharides including homogalacturonan, rhamnogalacturonan
I (RGI), rhamnogalacturonan II (RG-II) and xylogalacturonan [44]. In some aquatic plants,
including Posidonia, duckweed and Z. marina, a specific polysaccharide called apiogalactur-
onan (AGA) has been identified [16,19,45,46]. AGA is the major pectic polysaccharide in
duckweed species and represents 48–57% of the wall mass [45]. It is less abundant (11%
of the dry weight) in Z. marina biomass [19]. GalUA is substituted at position C-2 or C-3
with a single apiose residue or a short apiofuranose chain in AGA [15]. Galacturonic acid
content decreased in deep-water plants during winter, indicating a degradation of pectin
and an arrest of cell wall elongation. Unlike deep-water plants, the GalUA sugar content
observed in shallow-water plants remained unchanged in leaves, suggesting at least a
steady-state level of pectin. In rhizomes it increased, indicating pectin deposition. This
suggests that pectin status was maintained in P. oceanica from shallow water in winter.
Apiose is present in RGII and AGA [46]. During winter, the level of apiose, the second
most abundant non-cellulosic monosaccharide present in P. oceanica, increased in leaves
from shallow-water plants, indicating an increase in AGA, whereas it decreased in leaves
collected from deep-water plants. A similar trend was observed in the rhizomes from
plants collected in shallow water in winter, suggesting an increase in apiogalacturonan as
well. In deep-water plants, the amount of apiose in rhizomes increased, while the amount
of GalUA residues decreased, suggesting less AGA but with longer chains of apiose linked
to GalUA in the cell wall of the rhizomes. The function of apiogalacturonan is not fully
elucidated. In duckweed, AGA is physiologically relevant since its quantity correlates with
the growth capacity of plants [47]. These authors suggested that a higher proportion of
apiogalacturonan may lead to higher efficiency in the assimilation of boron as a potentially
important factor to control aquatic plant growth. Boron is an essential nutrient in plants
and is mainly involved in cell wall integrity but also cell membrane integrity and hor-
mone homeostasis [48]. Our values were lower than those observed in land plants [48,49],
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suggesting differences in boron uptake between species. We could not observe a strong
correlation between the amount of boron and the abundance of Api in relation to water
depth and season, except they were both more abundant in leaves than rhizomes, which
was confirmed using PCA analysis (Figure S6). However, boron was extracted from plant
material but not from the cell wall, which made it difficult to determine the specific amount
of boron assigned to the cell wall (Figure S4). Apiose is also known to participate in the
cross-linking of two RG-II monomers by binding boron [50]. The significance of the borate
cross-link between apiose residues within RGII is shown with the loss of cell–cell adhesion
in the Arabidopsis nolac-H18 (non-organogenic callus with loosely attached cells) mutant in
which the gene NpGUT1, which encodes a unique glucuronyltransferase, is mutated [51].
Finally, in shallow-water plants, the increased level of Api and GalUA residues observed in
winter could favor the maintenance of cell–cell adhesion, while their decrease observed in
leaves from deep-water plants during winter, which was associated with an increase in Xyl
residues, indicated structural changes in the cell wall of aquatic plants with lower capacity
of growth.

The lignin content was higher in rhizomes and increased in winter in all tissues ex-
cept in rhizomes from deep-water plants, where instead a small decrease was observed,
which was consistent with the higher concentration of cellulose in that tissue. The CAD
activity matched the amount of lignin, except in rhizomes from shallow-water plants. It
is possible that the observed variation in CAD activity reflected the demand for other
metabolites that rely on CAD, particularly in rhizomes from shallow-water plants. The
observed variation in lignin concentration may instead reflect differences in the activities
of peroxidases and laccases, cell-wall-localized enzymes that enable the polymerization
of lignin. The lignin subunit composition differed substantially between leaves and rhi-
zomes, with the profile of rhizomes resembling grass lignin and the profile of the leaves
resembling hardwood lignin. The lignin subunit composition of rhizomes from this study
was consistent with what has been reported in prior studies [22,23]. The lignin composition
of the leaf tissue, performed with both thioacidolysis and Py-GC-MS, indicated a high
proportion of S residues, which was unexpected. An analysis of the lignin subunit compo-
sition in P. oceanica by Kaal et al. [22], performed using Py-GC-MS, also indicated a higher
S/G ratio in the leaf tissue than in rhizomes, but due to the semi-quantitative nature of
Py-GC-MS it is not possible to determine the exact molar ratio. Pfeifer et al. [16] performed
a quantitative analysis of various sea grasses using Py-GC-MS with the use of 13C-labeled
lignin as an internal standard, but their analyses did not include P. oceanica, and leaf tissue
was not analyzed separately for the species they compared. Pyrolysis-GC-MS data also
showed the presence of feruloyl and p-coumaroyl esters, which tend to be abundant in
grasses [31,52,53]. The data also showed the presence in rhizomes of phenol derived from
both p-hydroxybenzoic acid and the p-hydroxybenzoic acid methyl ester, consistent with
the reports from Kaal et al. [22] and Rencoret et al. [23].

These combined data showed that P. oceanica stores more carbon as NSCs, cellulose and
lignin in deep water during summer and this is more pronounced in rhizomes (Figure 4). In
winter, P. oceanica produces fewer NSCs, which is likely related to reduced photosynthesis
activity, which resulted in lower cellulose content, while lignin content increased. The
exception to this was rhizomes from deep-water plants, where lignin and CAD activity
decreased. In addition, there was a smaller concentration of pectin and an increased
concentration of xylan in deep-water plants, while the pectin concentration was higher
in shallow-water plants, indicating a contrasting cell wall metabolism between shallow-
and deep-water plants during winter. Further studies on monosaccharide distribution
using linkage analysis would determine the fine structure of cell-wall polysaccharides
specifically modulated. The results from this study are relevant in light of the rising sea
levels due to global climate change, which is also expected to lead to increased turbidity.
These changes may affect the growth of P. oceanica meadows, which in turn impacts carbon
capture and storage.
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Figure 4. The carbon profile in P. oceanica meadows according to their leaves, rhizomes, the season
and depth. The leaves and rhizomes studied are surrounded by a rectangle. The arrows and the tables
show the significant changes in the study parameters between the two different depths and seasons,
respectively. The color of the arrows and tables correspond to the study parameters as shown above.
The direction of the arrows presents the changes in the parameters between the two different depths.
The upward-pointing arrows mean levels are higher in shallow water. The downward-pointing
arrows indicate higher levels in deep water. +: high amount in summer compared to winter, -: low
amount in summer compared to winter. NS: non-significant.

4. Materials and Methods
4.1. Plant Material and Sampling Conditions

Whole individual Posidonia plants were harvested south of Frioul Island, Marseille,
France (Coordinates 43◦16′11′′ N 5◦17′32′′ E) (Figure S7). Samples were collected by scuba
divers between 9:00 and 11:00 a.m. during December 2019 and June 2020, from meadows at
two different depths: 2 m (shallow water), with photosynthetically active radiation (PAR)
of 600 µmol photons m−2 s−1; and 26 m (deep water), with a PAR of 40 µmol photons
m−2 s−1. Plants were sampled at 3 m intervals in order to obtain representative samples
from these meadows. The sampling was carried out within the framework of a protected
species exemption with a prefectural decree authorizing sampling.

Immediately after harvesting, plants were kept in the dark in cold seawater. Leaves
were separated from bundles and rhizomes from roots at 4 ◦C under green light, and epi-
phyte organisms were removed through washing with seawater. The fresh plant material
was then separated into leaves and rhizomes. The amount of biomass needed for the
biochemical analyses required the pooling of tissue from 5–7 plants, both for leaves and
rhizomes. The fresh pooled samples were ground in liquid nitrogen in a ball mill and stored
frozen at −80 ◦C until use. All the experiments were performed on leaves and rhizomes.

4.2. Soluble Sugar Analyses

Glucose, fructose and sucrose contents were determined according to Duran
Garzon et al. [54]. Glucose, fructose, sucrose and starch were extracted from ground frozen
leaves or rhizomes (50 mg). Samples were extracted 4 times in 1 mL of 80% (v/v) ethanol at
80 ◦C for 20 min. After centrifugation, the supernatants were pooled, speed-vacuum dried
and resuspended in water (1 mL). The soluble fraction, which corresponds to the soluble
sugars, was analyzed using high performance anion exchange chromatography with pulsed
amperometric detection (HPAEC/PAD) as described by De Souza et al. [55]. For quantifica-
tion purposes standard curves for all measured sugars (D-Glucose, D-Fructose, D-Sucrose)
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were used with the following concentrations (µg mL−1): 50, 25, 5. Non-structural sugars
were expressed in mg per g of dry mass (DM).

4.3. Starch Extraction and Solubilization and Amylase Activity

Starch was quantified from frozen ground powder (100 mg) after hot aqueous ethanol
(80%, v/v, 80 ◦C) extraction, according to Duran Garzon et al. [54] with some modifications.
Starch was pre-dissolved by adding 2 mL of 2 M KOH and stirred for 20 min at 4 ◦C.
After 15 min of stirring, 2 mL of 1.2 M sodium acetate buffer (pH 3.8) was added to the
sample. The starch was hydrolyzed into maltodextrins through the addition of 50 µL α-
amylase (3000 U/mL from Bacillus species, Sigma-Aldrich A6814-1MU) at 75 ◦C for 30 min.
The digestion was repeated a second time. Then, 50 µL amyloglucosidase (3300 U/mL;
Megazyme; Bray, Co. Wicklow, Ireland) was added to the supernatant and incubated
at 50 ◦C for 2 h. The digestion was repeated a second time. Finally, 100 µL of 0.8 N
perchloric acid was added to stop the reaction. The resulting glucose hydrolysate was
then quantified using a glucose assay (Megazyme®) according to the manufacturer’s
instructions. Total amylase activity was determined according to the assay described by
Duran Garzon et al. [54]. Frozen ground powder (100 mg) was homogenized in 2 mL
of 0.1 M Na–phosphate buffer (pH 6.8). The homogenate was centrifuged at 12,000× g
for 10 min. One milliliter of 0.1 M Na-phosphate buffer (pH 6.8), 1 mL 0.3% NaCl and
1 mL 0.5% starch (Megazyme) solution were successively added to an aliquot of 0.2 mL
supernatant in a test tube and mixed thoroughly. After incubation in a water bath for 5 min
at 37 ◦C, the reaction was stopped by adding 1 mL of 2.5 M NaOH. The hydrolyzed starch
was determined using 3,5-dinitrosalicylic acid DNS method of Cui et al. [56]. The blank
control was prepared as above, except that the starch solution was replaced by distilled
water. Alpha-amylase activity was calculated as the difference at 520 nm between the
two tubes. The standard samples were set with six levels of glucose (0, 0.5,1.0, 2.0, 3.0
and 4.0 mg/mL). Total amylase activity was expressed as total glucose produced (µg) per
minute (min) and per mg of fresh material.

4.4. Extraction and Derivatization of Phenylalanine for GC–MS

Polar metabolites were extracted from approximately 13 mg of freeze-dried powder.
The extraction protocol was adapted from Quéro et al. [57]. The sample was homogenized
in 400 µL methanol and incubated using vortex mixing for 10 min at 70 ◦C in a thermomixer
at 950 rpm. Chloroform (200 µL) was added to the vial and the extraction continued for
5 min at 70 ◦C and 950 rpm. After addition of water (400 µL), the mixture was vortexed and
centrifuged at room temperature (10 min at 12,000 rpm). The methanol/water supernatant
(50 µL) was transferred to a 2 mL tube and speed-vacuum dried for 45 min. The tubes
were stored at −20 ◦C before derivatization and GC-MS analysis. For derivatization, the
samples were speed-vacuum dried again for 30 min to remove any moisture and 40 µL of
methoxyamine hydrochloride in pyridine (20 mg·mL−1) was added, followed by incubation
for 2 h at 37 ◦C in a thermomixer at 950 rpm. The samples were silylated with 70 µL of
N-trimethylsilyl-N-methyl trifluoroacetamide at 37 ◦C for 30 min under shaking at 950 rpm.
Profiling of primary metabolites was conducted using gas chromatography coupled to
mass spectrometry (GC-MS) analysis, following Quéro et al. [57]. The concentrations were
expressed in peak area/g of dry mass (DM).

4.5. Cell Wall Carbohydrate Composition
4.5.1. The Non-Cellulosic Monosaccharide Composition

For the non-cellulosic monosaccharide composition analysis, approximately 200 mg
of frozen powder was freeze-dried and used for the cell wall extraction, as described
in Duran Garzon et al. [54]. The freeze-dried cell wall material was then digested with
amylase according to Foster et al. [58]. After digestion, 2 mg of destarched dry cell wall
(DCW) was hydrolyzed with 2 N trifluroacetic acid (TFA) for 90 min at 121 ◦C. TFA was
then evaporated under a stream of nitrogen. The sample was dissolved in 1 mL H2O and
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100 µL of the sample was injected onto a CarboPac-1 column (Dionex) for high-performance
anion exchange chromatography (HPAEC) of non-cellulosic sugars, which were detected
using pulsed amperometry (PAD) as described in Duran Garzon et al. [54]. Analyses were
performed in triplicate. For quantification purposes, standard curves for all measured
sugars (L-fucose, L-rhamnose, L-arabinose, D-galactose, D-glucose, D-xylose, D-mannose,
D-apiose, D-galacturonic acid and D-glucuronic acid) were used from a stock solution with
the following concentrations of each sugar at 0.1, 0.3, 0.5, 0.7, 0.2, 0.8, 0.08, 0.9, 0.5 and
0.05 mM, respectively, and diluted to a half and a tenth of the concentration.

4.5.2. Crystalline Cellulose Content

The cellulose content was performed as described by Foster et al. [58]. The TFA pellet
was washed several times with water and freeze-dried. The sample was then incubated
with 1 mL of Updegraff reagent (Acetic acid: Nitric acid: Water, 8:1:2: (v/v/v)) at 100 ◦C for
30 min. After removing the Updegraff reagent, the pellet was washed twice with water
and freeze-dried. The pellet (insoluble crystalline cellulose) was hydrolyzed to glucose by
adding 72% sulfuric acid (180 µL) at 30 ◦C for 2 h. The cellulose content of the supernatant
was assayed using the colorimetric anthrone assay by determining the glucose content. The
cellulose content was determined in technical triplicate for each sample.

4.6. Lignin Content and Subunit Composition

The acetyl bromide method was used for the total lignin extraction and quantification,
according to Foster et al. [59] with modifications from Domon et al. [60]. Briefly, 100 µL of
25% acetyl bromide in acetic acid was added to each dried, destarched cell wall sample
(about 1 mg). The leaves and rhizomes samples were incubated in a 50 ◦C water bath
for 2 h and 15 min, respectively. Then, 400 µL 2 M NaOH and 70 µL 0.5 M freshly made
hydroxylamine hydrochloride were added to the sample and filled with acetic acid up
to 2 mL. The absorbance of the soluble acid lignin (ABSL) was read at 280 nm using a
UV-Vis spectrophotometer. To determine ABSL content in P. oceanica the molar extinction
coefficient for grasses determined by Foster et al. [59] was used.

Lignin subunit composition was determined using thioacidolysis [61], with a protocol
modified after Foster et al. [59]. Approximately 5 mg dried, destarched cell wall sample
was weighed into a 5 mL ReactiVial, to which 1 mL thioacidolysis reagent (87.5% (v/v)
1,4-dioxane; 2.5% (v/v) boron trifluoride etherate; 10% (v/v) ethanethiol) was added. The
headspace was blanketed with nitrogen and the vial was incubated at 100 ◦C for 4 h with
regular mixing. The reaction mixture was cooled and 200 µL 0.4M sodium bicarbonate was
added to raise the pH. The lignin-derived products were extracted by adding 1.5 mL ddH2O
and 1 mL ethyl acetate to each vial and vortexing for 10 s, which was followed by phase
separation. The upper phase was removed with a pipette and 750 µL was transferred to a
2 mL microcentrifuge tube and dried under a gentle flow of nitrogen gas. Residual water
was removed from the tube by addition of 500 µL acetone and evaporation under nitrogen
gas, and this was repeated a second time. The resulting dried extract was dissolved
in 500 µL ethyl acetate, 20 µL pyridine and 100 µL N, O-bis(trimethylsilyl)acetamide
containing 1% trimethylchlorosilane. The samples were derivatized at 25 ◦C for 2 h. For
rhizome samples, a volume of 100 µL was transferred to a sample vial and 100 uL acetone
was added. The gas chromatography-mass spectrometry (GC-MS) analysis was performed
by injecting 2 µL in the injector of a Bruker 456 GC set at 250 ◦C with a split ratio of 1:15 and
a column flow rate of 1.1 mL helium/min. For leaf samples, 3 µL of the derivatized samples
were injected without dilution in acetone, with a split ratio of 1:10. The compounds were
separated on a Restek Rxi-5 ms column (30 m × 0.25 mm ID × 0.25 µm film thickness;
Restek Corp., Bellefonte, PA, USA) using the following temperature gradient: 130 ◦C for
2 min., a 3 ◦C min−1 ramp to 270 ◦C followed by a 3 min hold. Lignin-derived compounds
were detected using selected ion monitoring (SIM) on a Bruker Scion triple-quad mass
spectrometer using electron impact (EI) ionization with 20 eV electrons, with the transfer
line and source set at 250 ◦C. Compounds with m/z 239, 269 and 299, derived from
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p-hydroxyphenyl (H), guaiacyl (G)- and syringyl (S) residues, respectively, were monitored.
Peak areas were calculated using Bruker Daltonics MS Workstation software v. 8.1.2 and
used to determine the proportion of H-, G and S residues in the lignin.

Lignin subunit composition was also analyzed using pyrolysis-gas chromatography-
mass spectrometry (Py-GC-MS). This method is based on the thermal depolymerization of
the cell wall under anoxic conditions at 450 ◦C. Approximately 0.2 mg dried, destarched
cell wall samples were loaded in individual quartz sample vials and analyzed based on the
method of Grossman et al. [62]. The vial was placed in an aluminum sample probe and
inserted into a Bruker 1079 programmable temperature vaporization (PTV) inlet of a Bruker
Scion 456 gas chromatograph (Bremen, Germany). The GC was equipped with a VF-5 ms
column (30 m, 0.25 mm i.d., 0.25 µm film thickness; Varian, Lake Forest, CA), which was
connected to a Bruker Scion triple quadrupole mass spectrometer. The PTV injector was
initially set at 100 ◦C and quickly ramped up to 450 ◦C with a helium pressure pulse of
25 psi. The split ratio was 1:50. The pyrolysate was led onto the column set at an initial
temperature of 70 ◦C, which was maintained for 3 min. The temperature was first increased
to 250 ◦C (4 ◦C min−1), then to 300 ◦C (15 ◦C min−1) for a final 2.7 min hold. The transfer
line was maintained at 250 ◦C. Electron impact ionization was used with 20 eV electrons.
The m/z range was set from 50 to 350, with a scan speed of 500 ms. Data were analyzed in
Bruker Daltonics MS WorkStation software v. 8.2.1 and fragments were identified using a
combination of the NIST mass spectral library and data from Ralph and Hatfield [63]. For
identification of esterified phenolic acids, samples of approximately 0.2 mg inside quarts
vials were soaked in 2.5% (v/v) tetramethyl ammonium hydroxide (TMAH; Sigma-Aldrich,
St. Louis, MO, USA) in methanol [31,53,64]. After evaporation of the methanol, the sample
was subjected to pyrolysis-GC-MS as described above. TMAH trans-methylates acidic
hydroxyl groups during sample heating in the PTV injector.

4.7. PAL and CAD Enzyme Assays
4.7.1. Extraction and Assay of PAL

Samples were homogenized in 100 mM Tris buffer (pH 8.8) containing 25 mM of
L-phenylalanine. Phenylalanine ammonia-lyase (PAL) activity was quantified based on the
production of trans-cinnamic acid monitored by recording the absorbance at 290 nm every
30 min for three hours at 40 ◦C [60]. PAL enzyme activity was expressed in microkatals
mg−1 of fresh mass.

4.7.2. Oxidation of Cinnamyl Alcohols

The enzymatic activity cinnamyl alcohol dehydrogenase (CAD) was carried out
through the oxidation of coniferyl alcohol to coniferaldehyde [65]. Approximately 100 µg
of extracted soluble protein fraction was used in 1 mL reaction buffer containing 100 mM
Tris-HCl (pH 8.8),100 µM of coniferyl alcohol and 200 µM of NADP. The enzymatic reac-
tions were carried out at 40 ◦C for 10 min and were monitored at 400 nm. The CAD activity
was expressed in microkatals per mg of fresh mass.

4.8. Sample Preparation and Boron Analyses by ICP-OES

The samples (~50 mg of homogeneous powdered) were placed in a 300 mL beaker
(BUCHI, Flawil, Switzerland). A volume of 5 mL 65% (v/v) nitric acid “Suprapur” for trace
elements detection (Merck, Darmstadt, Germany) was added. The beaker was placed in
a BUCHI K 425speed-digester. The samples were heated at approximately 90 ◦C for 4 h
until the solution was translucid and the production of NO2 ceased. After cooling to room
temperature, the solution was diluted with double distilled and deionized water up to
10 mL. A blank sample was prepared in parallel following the same method.

The samples were analyzed using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES; PerkinElmer Avio 200, Waltham, MA, USA). The instrument
was equipped with a PerkinElmer S10 autosampler. A boron standard solution for ICP
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(1000 ppm in 2% nitric acid) was used for calibration, following dilution to 1, 2, 5, 10, and
20 ppm). The correlation coefficient (R2) of the calibration curve was 0.9999.

4.9. Statistical Analysis

The mean values of investigated analyses in this study were compared based on the
Kruskal-Wallis test [66] using R software version 4.0.3. Significant differences between the
means were assessed using an α value of 0.05.

A principal component analysis was performed with mean values per parameter and
conditions to study the effect of distinct conditions and the interaction between different
parameters. PCA was performed in R Studio using FactoMineR package (http://factominer.
free.fr/, accessed on 1 March 2023) [67].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants12173155/s1, Table S1: The minor monosaccharide composition of
cell walls in leaves and rhizomes from P. oceanica harvested in summer and winter at 2 and 26 m
depth of water. Figure S1: Selected ion current chromatograms following pyrolysis of P. oceanica
samples displaying the proportion of (1) coniferyl alcohol (G-residue; 35.2 min.; m/z 180. 137) and
(2) 2.6-dimethoxy-4-vinylphenol (S-residue; 36.2 min.; m/z 180. 165). Figure S2: (A) Selected ion
current chromatogram of the pyrolysate of P. oceanica rhizomes (summer, deep water). following trans-
methylation with tetramethyl ammonium hydroxide (TMAH). (B) Total ion current chromatogram of
the pyrolysate of P. oceanica rhizomes (summer, deep water; no TMAH treatment). Figure S3: Pheny-
lalanine content (A) and PAL enzyme activity (B) in leaves and rhizomes from P. oceanica harvested in
summer and winter at water depths of 2 and 26 m. Figure S4: Boron content determined using ion
chromatography (ICP-OES) in leaves and rhizomes from P. oceanica harvested in summer and winter
at water depths of 2 and 26 m. Figure S5: Principal component analysis (PCA) of physiological and
biochemical parameters in leaves and rhizomes from P. oceanica harvested in summer and winter at
water depths of 2 and 26 m. (A) PCA parameters of non-structural carbohydrates (NSC), cell wall
composition and boron parameters. (B) PCA of data from leaves and rhizomes. Figure S6: Principal
component analyses (PCA) of the seasonal differences in P. oceanica composition harvested from two
different depths related to the measured physiological and biochemical parameters. (A) PCA of data
from samples collected in summer versus winter. (B) PCA of data from plants collected at depths of
2 m and 26 m. Figure S7: Map of the study area representing the geographical position location (GPS)
of the harvesting site of P. oceanica.

Author Contributions: Conceptualization, C.R. (Catherine Rayon), M.I., J.-M.D., C.J. and W.V.;
methodology, M.I., J.-M.D., D.H., R.R., A.Q. and W.V.; software, M.L.; validation, C.R. (Catherine
Rayon), C.J. and W.V.; resources, Q.C.; writing—original draft preparation, M.I., C.R. (Catherine
Rayon), J.-M.D. and W.V.; writing—review and editing, M.I., C.R. (Catherine Rayon), C.J., Q.C., C.R.
(Christine Rusterucci), J.-M.D. and W.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: W.V. acknowledges funding from USDA-NIFA Biomass Research and Develop-
ment Initiative (Grant No. 2011-10006-30358), and the UF Genetics Institute and the UF Department of
Molecular Genetics & Microbiology for the purchase of the GC-MS equipment used for thioacidolysis
and Py-GC-MS. We thank Christine Surcin from Laboratoire de Réactivité et Chimie des Solides
(LRCS), UMR CNRS 7314, Université de Picardie Jules Verne, Hub de l’Energie, France, for her
assistance with the ICP-OES analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

http://factominer.free.fr/
http://factominer.free.fr/
https://www.mdpi.com/article/10.3390/plants12173155/s1
https://www.mdpi.com/article/10.3390/plants12173155/s1


Plants 2023, 12, 3155 17 of 19

References
1. Pasqualini, V.; Pergent-Martini, C.; Clabaut, P.; Pergent, G. Mapping of Posidonia oceanica Using Aerial Photographs and Side Scan

Sonar: Application of the Island of Corsica (France). Estuar. Coast. Shelf Sci. 1998, 47, 359–367. [CrossRef]
2. Procaccini, G.; Buia, M.C.; Gambi, M.C.; Perez, M.; Pergent, G.; Pergent-Martini, C.; Romero, J. Seagrass Status and Extent Along

the Mediterranean Coasts of Italy, France and Spain. In World Atlas of Seagrass: Present Status and Future Conservation; Green, E.P.,
Short, F.T., Spalding, M.D., Eds.; University of California Press: Berkeley, CA, USA, 2003; pp. 56–66.

3. Borum, J.; Duarte, C.M.; Krause-Jensen, D.; Greve, T.M. European Seagrasses: An Introduction to Monitoring and Management.
The EU project Monitoring & Management of European Seagrasses (M&MS). 2004, p. 61. Available online: http://www.
seagrasses.org (accessed on 25 August 2023).

4. Díaz-Almela, E.; Marbà, N.; Álvarez, E.; Santiago, R.; Holmer, M.; Grau, A.; Mirto, S.; Danovaro, R.; Petrou, A.; Argyrou, M.; et al.
Benthic Input Rates Predict Seagrass (Posidonia oceanica) Fish Farm-Induced Decline. Mar. Pollut. Bull. 2008, 56, 1332–1342.
[CrossRef] [PubMed]

5. Pergent, G.; Bazairi, H.; Bianchi, C.N.; Boudouresque, C.F.; Buia, M.C.; Calvo, S.; Clabaut, P.; Harmelin-Vivien, M.; Mateo, M.A.;
Montefalcone, M.; et al. Climate Change and Mediterranean Seagrass Meadows: A Synopsis for Environmental Managers.
Medit. Mar. Sci. 2014, 15, 462–473. [CrossRef]

6. Piazzi, L.; Balata, D.; Ceccherelli, G. Epiphyte Assemblages of the Mediterranean Seagrass Posidonia oceanica: An Overview.
Mar. Ecol. 2016, 37, 3–41. [CrossRef]

7. Sogin, E.M.; Michellod, D.; Gruber-Vodicka, H.; Bourceau, P.; Geier, B.; Meier, D.V.; Seidel, M.; Ahmerkamp, S.; Schorn, S.;
D’Angelo, G.; et al. Sugars Dominate the Seagrass Rhizosphere. Nat. Ecol. Evol. 2022, 6, 866–877. [CrossRef] [PubMed]

8. Serrano, O.; Lavery, P.S.; López-Merino, L.; Ballesteros, E.; Mateo, M.A. Location and Associated Carbon Storage of Erosional
Escarpments of Seagrass Posidonia Mats. Front. Mar. Sci. 2016, 3, 42. [CrossRef]

9. Apostolaki, E.T.; Caviglia, L.; Santinelli, V.; Cundy, A.B.; Tramati, C.D.; Mazzola, A.; Vizzini, S. The Importance of Dead Seagrass
(Posidonia oceanica) Matte as a Biogeochemical Sink. Front. Mar. Sci. 2022, 9, 861998. [CrossRef]

10. Touchette, B.W.; Burkholder, J.M. Overview of the Physiological Ecology of Carbon Metabolism in Seagrasses. J. Exp. Mar. Biol.
Ecol. 2000, 250, 169–205. [CrossRef]

11. Pirc, H. Seasonal Changes in Soluble Carbohydrates, Starch, and Energy Content in Mediterranean Seagrasses. Mar. Ecol. 1989,
10, 97–105. [CrossRef]

12. Larkum, A.W.D.; Drew, E.A.; Ralph, P.J. Seagrasses: Biology, Ecology and Conservation; Springer: Berlin, Germany, 2006; p. 691.
13. Olsen, J.L.; Rouzé, P.; Verhelst, B.; Lin, Y.-C.; Bayer, T.; Collen, J.; Dattolo, E.; De Paoli, E.; Dittami, S.; Maumus, F.; et al. The

Genome of the Seagrass Zostera marina Reveals Angiosperm Adaptation to the Sea. Nature 2016, 530, 331–335. [CrossRef]
14. Seifert, G.J. Nucleotide Sugar Interconversions and Cell Wall Biosynthesis: How to Bring the Inside to the Outside. Curr. Opin.

Plant Biol. 2004, 7, 277–284. [CrossRef] [PubMed]
15. Pfeifer, L.; Classen, B. The Cell Wall of Seagrasses: Fascinating, Peculiar and a Blank Canvas for Future Research. Front. Plant Sci.

2020, 23, 588754. [CrossRef] [PubMed]
16. Pfeifer, L.; van Erven, G.; Sinclair, E.A.; Duarte, C.M.; Kabel, M.A.; Classen, B. Profiling the Cell Walls of Seagrasses from A

(Amphibolis) to Z (Zostera). BMC Plant Biol. 2022, 22, 63. [CrossRef] [PubMed]
17. Pfeifer, L.; Shafee, T.; Johnson, K.L.; Bacic, A.; Classen, B. Arabinogalactan-Proteins of Zostera marina L. Contain Unique Glycan

Structures and Provide Insight into Adaption Processes to Saline Environments. Sci. Rep. 2020, 10, 8232. [CrossRef] [PubMed]
18. Aquino, R.S.; Landeira-Fernandez, A.M.; Valente, A.P.; Andrade, L.R.; Mourão, P.A. Occurrence of Sulfated Galactans in Marine

Angiosperms: Evolutionary Implications. Glycobiology 2005, 15, 11–20. [CrossRef] [PubMed]
19. Gloaguen, V.; Brudieux, V.; Closs, B.; Barbat, A.; Krausz, P.; Sainte-Catherine, O.; Kraemer, M.; Maes, E.; Guérardel, Y. Structural

Characterization and Cytotoxic Properties of an Apiose-Rich Pectic Polysaccharide Obtained from the Cell Wall of the Marine
Phanerogam Zostera marina. J. Nat. Prod. 2010, 73, 1087–1092. [CrossRef] [PubMed]

20. Khotimchenko, Y.; Khozhaenko, E.; Kovalev, V.; Khotimchenko, M. Cerium Binding Activity of Pectins Isolated from the
Seagrasses Zostera marina and Phyllospadix iwatensis. Mar. Drugs 2012, 10, 834–848. [CrossRef] [PubMed]

21. Olsen, A.; Key, R.M.; Heuven, S.; van Lauvset, S.K.; Velo, A.; Lin, X.; Schirnick, C.; Kozyr, A.; Tanhua, T.; Hoppema, M.; et al.
The Global Ocean Data Analysis Project Version 2 (Glodapv2)—An Internally Consistent Data Product for the World Ocean.
Earth Syst. Sci. Data 2016, 8, 297–323. [CrossRef]

22. Kaal, J.; Serrano, O.; José, C.; Rencoret, J. Radically Different Lignin Composition in Posidonia Species May Link to Differences in
Organic Carbon Sequestration Capacity. Org. Geochem. 2018, 124, 247–256. [CrossRef]

23. Rencoret, J.; Marques, G.; Serrano, O.; Kaal, J.; Martínez, A.T.; del Río, J.C.; Gutiérrez, A. Deciphering the Unique Structure and
Acylation Pattern of Posidonia oceanica Lignin. ACS Sustain. Chem. Eng. 2020, 8, 12521–12533. [CrossRef]

24. Kaal, J.; Serrano, O.; Nierop, K.G.J.; Schellekens, J.; Martínez Cortizas, A.; Mateo, M.A. Molcular Composition of Plant Parts and
Sediment Organic Matter in a Mediterranean Seagrass (Posidonia oceanica) Mat. Aquat. Bot. 2016, 133, 50–61. [CrossRef]

25. Touchette, B.W.; Burkholder, J.M. Effects of Temperature and Nitrate on Phosphomonoesterase Activities Between Carbon Source
and Sink Tissues in Zostera marina L. J. Exp. Mar. Biol. Ecol. 2007, 342, 313–324. [CrossRef]

26. Ruocco, M.; Entrambasaguas, L.; Dattolo, E.; Milito, A.; Marín-Guirao, L.; Procaccini, G. A King and Vassals’ Tale: Molcular
Signatures of Clonal Integration in Posidonia oceanica Under Chronic Light Shortage. J. Ecol. 2021, 109, 294–312. [CrossRef]

https://doi.org/10.1006/ecss.1998.0361
http://www.seagrasses.org
http://www.seagrasses.org
https://doi.org/10.1016/j.marpolbul.2008.03.022
https://www.ncbi.nlm.nih.gov/pubmed/18511087
https://doi.org/10.12681/mms.621
https://doi.org/10.1111/maec.12331
https://doi.org/10.1038/s41559-022-01740-z
https://www.ncbi.nlm.nih.gov/pubmed/35501482
https://doi.org/10.3389/fmars.2016.00042
https://doi.org/10.3389/fmars.2022.861998
https://doi.org/10.1016/S0022-0981(00)00196-9
https://doi.org/10.1111/j.1439-0485.1989.tb00068.x
https://doi.org/10.1038/nature16548
https://doi.org/10.1016/j.pbi.2004.03.004
https://www.ncbi.nlm.nih.gov/pubmed/15134748
https://doi.org/10.3389/fpls.2020.588754
https://www.ncbi.nlm.nih.gov/pubmed/33193541
https://doi.org/10.1186/s12870-022-03447-6
https://www.ncbi.nlm.nih.gov/pubmed/35120456
https://doi.org/10.1038/s41598-020-65135-5
https://www.ncbi.nlm.nih.gov/pubmed/32427862
https://doi.org/10.1093/glycob/cwh138
https://www.ncbi.nlm.nih.gov/pubmed/15317737
https://doi.org/10.1021/np100092c
https://www.ncbi.nlm.nih.gov/pubmed/20465284
https://doi.org/10.3390/md10040834
https://www.ncbi.nlm.nih.gov/pubmed/22690146
https://doi.org/10.5194/essd-8-297-2016
https://doi.org/10.1016/j.orggeochem.2018.07.017
https://doi.org/10.1021/acssuschemeng.0c03502
https://doi.org/10.1016/j.aquabot.2016.05.009
https://doi.org/10.1016/j.jembe.2006.11.005
https://doi.org/10.1111/1365-2745.13479


Plants 2023, 12, 3155 18 of 19

27. Dattolo, E.; Ruocco, M.; Brunet, C.; Lorenti, M.; Lauritano, C.; D’Esposito, D.; De Luca, P.; Sanges, R.; Mazzuca, S.; Procaccini, G.
Response of the Seagrass Posidonia oceanica to Different Light Environments: Insights from a Combined Molcular and Photo-
Physiological Study. Mar. Environ. Res. 2014, 101, 225–236. [CrossRef] [PubMed]

28. Silva, J.; Barrote, I.; Costa, M.M.; Albano, S.; Santos, R. Physiological Responses of Zostera marina and Cymodocea nodosa to
Light-Limitation Stress. PLoS ONE 2013, 8, e81058. [CrossRef] [PubMed]

29. Enríquez, S.; Olivé, I.; Cayabyab, N.; Hedley, J.D. Structural Complexity Governs Seagrass Acclimatization to Depth with Relevant
Consequences for Meadow Production, Macrophyte Diversity and Habitat Carbon Storage Capacity. Sci. Rep. 2019, 9, 14657.
[CrossRef] [PubMed]

30. Monnier, B.; Pergent, G.; Mateo, M.Á.; Clabaut, P.; Pergent-Martini, C. Quantification of Blue Carbon Stocks Associated with
Posidonia oceanica Seagrass Meadows in Corsica (NW Mediterranean). Sci. Total Environ. 2022, 10, 155864. [CrossRef] [PubMed]

31. Mulder, M.M.; Van der Hage, E.R.E.; Boon, J.J. Analytical in Source Pyrolytic Methylation Electron Impact Mass Spectrometry of
Phenolic Acids in Biological Matrices. Phytochem. Anal. 1992, 3, 165–172. [CrossRef]

32. Jun, S.Y.; Sattler, S.A.; Cortez, G.S.; Vermerris, W.; Sattler, S.E.; Kang, C. Biochemical and Structural Analysis of Substrate
Specificity of a Phenylalanine Ammonia-lyase. Plant Physiol. 2018, 176, 1452–1468. [CrossRef]

33. Collier, C.J.; Langlois, L.M.; McMahon, K.M.; Udy, J.; Rasheed, M.; Lawrence, E.; Carter, A.B.; Fraser, M.W.; McKenzie, L.J. What
Lies Beneath: Predicting Seagrass Below-Ground Biomass from Above-Ground Biomass, Environmental Conditions and Seagrass
Community Composition. Ecol. Indic. 2021, 121, 107156. [CrossRef]

34. Charras, Q.; Charlie, M.; Semchonok, D.; Guillemain, G.; Rey, P.; Lebrun, R.; Laganier, H.; Siponen, M.; Farhan, A.;
Hienerwadel, R.; et al. The Remarkable Photosynthesis of the Seagrass Posidonia oceanica: Analysis of the Photosynthetic
Complexes and Isolation of Abundant Blue Shifted Large-PSI-LHCII Supercomplexes. In Proceedings of the Poster and Oral
Presentation, Nordic Congress of Photosynthesis (NPC15), Gothenburg, Sweden, 5–8 October 2021.

35. Procaccini, G.; Ruocco, M.; Marín-Guirao, L.; Dattolo, E.; Brunet, C.; D’Esposito, D.; Lauritano, C.; Mazzuca, S.; Anna Serra, I.;
Bernardo, L.; et al. Depth-Specific Fluctuations of Gene Expression and Protein Abundance Modulate the Photophysiology in the
Seagrass Posidonia oceanica. Sci. Rep. 2017, 7, 42890. [CrossRef] [PubMed]

36. Dattolo, E.; Marín-Guirao, L.; Ruiz, J.M.; Procaccini, G. Long-Term Acclimation to Reciprocal Light Conditions Suggests
Depth-Related Selection in the Marine Foundation Species Posidonia oceanica. Ecol. Evol. 2017, 7, 1148–1164. [CrossRef] [PubMed]

37. Sureda, A.; Box, A.; Terrados, J.; Deudero, S.; Pons, A. Antioxidant Response of the Seagrass Posidonia Oceanica When
Epiphytized by the Invasive Macroalgae Lophocladia Lallemandii. Mar. Environ. Res. 2008, 66, 359–363. [CrossRef] [PubMed]

38. Costa, M.M.; Barrote, I.; Silva, J.; Olivé, I.; Alexandre, A.; Albano, S.; Santos, R. Epiphytes Modulate Posidonia Oceanica
Photosynthetic Production, Energetic Balance, Antioxidant Mechanisms, and Oxidative Damage. Front. Mar. Sci. 2015, 2, 111.
[CrossRef]

39. Griffiths, L.L.; Melvin, S.D.; Connolly, R.M.; Pearson, R.M.; Brown, C.J. Metabolomic Indicators for Low-Light Stress in Seagrass.
Ecol. Indic. 2020, 114, 106316. [CrossRef]

40. Govers, L.L.; Suykerbuyk, W.; Hoppenreijs, J.H.T.; Giesen, K.; Bouma, T.J.; van Katwijk, M.M. Rhizome Starch as Indicator for
Temperate Seagrass Winter Survival. Ecol. Indic. 2015, 49, 53–60. [CrossRef]

41. Premarathne, C.; Jiang, Z.; He, J.; Fang, Y.; Chen, Q.; Cui, L.; Wu, Y.; Liu, S.; Chunyu, Z.; Vijerathna, P.; et al. Low Light Availability
Reduces the Subsurface Sediment Carbon Content in Halophila beccarii from the South China Sea. Front. Plant Sci. 2021, 12, 664060.
[CrossRef] [PubMed]

42. Peña, M.J.; Kulkarni, A.R.; Backe, J.; Boyd, M.; O’Neill, M.A.; York, W.S. Structural Diversity of Xylans in the Cell Walls of
Monocots. Planta 2016, 244, 589–606. [CrossRef]

43. Zhao, X.; Moates, G.K.; Wellner, N.; Collins, S.R.; Coleman, M.J.; Waldron, K.W. Chemical Characterisation and Analysis of the
Cell Wall Polysaccharides of Duckweed (Lemna minor). Carbohydr. Polym. 2014, 111, 410–418. [CrossRef]

44. Atmodjo, M.A.; Hao, Z.; Mohnen, D. Evolving Views of Pectin Biosynthesis. Annu. Rev. Plant Biol. 2013, 64, 747–779. [CrossRef]
45. Sowinski, E.E.; Gilbert, S.; Lam, E.; Carpita, N.C. Linkage Structure of Cell-Wall Polysaccharides from Three Duckweed Species.

Carbohydr. Polym. 2019, 223, 115119. [CrossRef]
46. Pfeifer, L. Enigmatic Apiogalacturonans—What Do We Know about This Group of Pectic Polysaccharides? Annu. Plant Rev.

Online. 2023, 6, 1–30. [CrossRef]
47. Pagliuso, D.; Grandis, A.; Igarashi, E.S.; Lam, E.; Buckeridge, M.S. Correlation of Apiose Levels and Growth Rates in Duckweeds.

Front. Chem. 2018, 6, 291. [CrossRef] [PubMed]
48. Wang, N.; Yang, C.; Pan, Z.; Liu, Y.; Peng, S. Boron Deficiency in Woody Plants: Various Responses and Tolerance Mechanisms.

Front. Plant Sci. 2015, 6, 916. [CrossRef]
49. Dell, B.; Huang, L. Physiological Response of Plants to Low Boron. Plant Soil 1997, 193, 103–120. [CrossRef]
50. O’Neill, M.A.; Ishii, T.; Albersheim, P.; Darvill, A.G. Rhamnogalacturonan II: Structure and Function of a Borate Cross-Linked

Cell Wall Pectic Polysaccharide. Annu. Rev. Plant Biol. 2004, 55, 109–139. [CrossRef] [PubMed]
51. Iwai, H.; Masaoka, N.; Ishii, T.; Satoh, S. A Pectin Glucuronyltransferase Gene is Essential for Intercellular Attachment in the

Plant Meristem. Proc. Natl. Acad. Sci. USA 2002, 99, 16319–16324. [CrossRef]
52. Karlen, S.D.; Free, H.C.A.; Padmakshan, D.; Smith, B.G.; Ralph, J.; Harris, P.J. Commelinid Monocotyledon Lignins are Acylated

By p-Coumarate. Plant Physiol. 2018, 177, 513–521. [CrossRef]

https://doi.org/10.1016/j.marenvres.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25129449
https://doi.org/10.1371/journal.pone.0081058
https://www.ncbi.nlm.nih.gov/pubmed/24312260
https://doi.org/10.1038/s41598-019-51248-z
https://www.ncbi.nlm.nih.gov/pubmed/31601973
https://doi.org/10.1016/j.scitotenv.2022.155864
https://www.ncbi.nlm.nih.gov/pubmed/35569651
https://doi.org/10.1002/pca.2800030405
https://doi.org/10.1104/pp.17.01608
https://doi.org/10.1016/j.ecolind.2020.107156
https://doi.org/10.1038/srep42890
https://www.ncbi.nlm.nih.gov/pubmed/28211527
https://doi.org/10.1002/ece3.2731
https://www.ncbi.nlm.nih.gov/pubmed/28303185
https://doi.org/10.1016/j.marenvres.2008.05.009
https://www.ncbi.nlm.nih.gov/pubmed/18639925
https://doi.org/10.3389/fmars.2015.00111
https://doi.org/10.1016/j.ecolind.2020.106316
https://doi.org/10.1016/j.ecolind.2014.10.002
https://doi.org/10.3389/fpls.2021.664060
https://www.ncbi.nlm.nih.gov/pubmed/34163504
https://doi.org/10.1007/s00425-016-2527-1
https://doi.org/10.1016/j.carbpol.2014.04.079
https://doi.org/10.1146/annurev-arplant-042811-105534
https://doi.org/10.1016/j.carbpol.2019.115119
https://doi.org/10.1002/9781119312994.apr0803
https://doi.org/10.3389/fchem.2018.00291
https://www.ncbi.nlm.nih.gov/pubmed/30079335
https://doi.org/10.3389/fpls.2015.00916
https://doi.org/10.1023/A:1004264009230
https://doi.org/10.1146/annurev.arplant.55.031903.141750
https://www.ncbi.nlm.nih.gov/pubmed/15377216
https://doi.org/10.1073/pnas.252530499
https://doi.org/10.1104/pp.18.00298


Plants 2023, 12, 3155 19 of 19

53. Vermerris, W.; Boon, J.J. Tissue-Specific Patterns of Lignification are Disturbed in the brown midrib2 Mutant of Maize (Zea mays L.).
J. Agric. Food Chem. 2001, 49, 721–728. [CrossRef]

54. Duran Garzon, C.; Lequart, M.; Charras, Q.; Fournet, F.; Bellenger, L.; Sellier-Richard, H.; Giauffret, C.; Vermerris, W.; Domon, J.M.;
Rayon, C. The Maize Low-Lignin brown midrib3 Mutant Shows Pleiotropic Effects on Photosynthetic and Cell Wall Metabolisms
in Response to Chilling. Plant Physiol. Biochem. 2022, 184, 75–86. [CrossRef]

55. De Souza, A.P.; Leite, D.C.C.; Pattathil, S.; Hanh, M.G.; Buckeridge, M.S. Composition and structure of sugarcane cell wall
polysaccharides: Implications for second-generation bioethanol production. Bioenergy Res. 2013, 6, 564–579. [CrossRef]

56. Cui, K.H.; Peng, S.B.; Xing, Y.Z.; Xu, C.G.; Yu, S.B.; Zhang, Q. Molcular Dissection of Seedling-Vigor and Associated Physiological
Traits in Rice. Theor. Appl. Genet. 2002, 105, 745–753. [CrossRef] [PubMed]

57. Quéro, A.; Jousse, C.; Lequart-Pillon, M.; Gontier, E.; Guillot, X.; Courtois, B.; Courtois, J.; Pau-Roblot, C. Improved Stability
of TMS Derivatives for the Robust Quantification of Plant Polar Metabolites by Gas Chromatography-Mass Spectrometry.
J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2014, 970, 36–43. [CrossRef] [PubMed]

58. Foster, C.E.; Martin, T.M.; Pauly, M. Comprehensive Compositional Analysis of Plant Cell Walls (Lignocellulosic biomass) Part II:
Carbohydrates. J. Vis. Exp. 2010, 37, e1837. [CrossRef]

59. Foster, C.E.; Martin, T.M.; Pauly, M. Comprehensive Compositional Analysis of Plant Cell Walls (Lignocellulosic biomass) Part I:
Lignin. J. Vis. Exp. 2010, 37, 1745. [CrossRef]

60. Domon, J.M.; Baldwin, L.; Acket, S.; Caudeville, E.; Arnoult, S.; Zub, H.; Gillet, F.; Lejeune-Hénaut, I.; Brancourt-Hulmel, M.;
Pelloux, J.; et al. Cell Wall Compositional Modifications of Miscanthus Ecotypes in Response to Cold Acclimation. Phytochemistry
2013, 85, 51–61. [CrossRef] [PubMed]

61. Lapierre, C.; Monties, B.; Rolando, C. Thioacidolysis of Lignin: Comparison with Acidolysis. J. Wood Chem. Technol. 1985,
2, 277–292. [CrossRef]

62. Grossman, A.B.; Rice, K.C.; Vermerris, W. Lignin Solvated in Zwitterionic Good’s Buffers Displays Antibacterial Synergy Against
Staphylococcus aureus. J. Appl. Polym. Sci. 2020, 137, e49107. [CrossRef]

63. Ralph, J.; Hatfield, R.D. Pyrolysis-GC-MS Characterization of Forage Materials. J. Agric. Food Chem. 1991, 39, 1426–1437.
[CrossRef]

64. Sattler, S.E.; Saballos, A.; Xin, Z.; Funnell-Harris, D.L.; Vermerris, W.; Pedersen, J.F. Characterization of Novel Sorghum brown
midrib Mutants From an EMS-Mutagenized Population. G3 2014, 4, 2115–2124. [CrossRef]

65. Wyrambick, D.; Grisebach, H. Purification and Properties of Isoenzymes of Cinnamyl Alcohol Dehydrogenase from Soybean.
Eur. J. Biochem. 1975, 59, 9–15. [CrossRef] [PubMed]

66. Kruskal, W.H.; Wallis, W.A. Use of Ranks in One-Criterion Variance Analysis. J. Am. Stat. Assoc. 1952, 47, 583–621. [CrossRef]
67. Le, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Soft. 2008, 25, 1–18. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/jf000740r
https://doi.org/10.1016/j.plaphy.2022.05.006
https://doi.org/10.1007/s12155-012-9268-1
https://doi.org/10.1007/s00122-002-0908-2
https://www.ncbi.nlm.nih.gov/pubmed/12582488
https://doi.org/10.1016/j.jchromb.2014.08.040
https://www.ncbi.nlm.nih.gov/pubmed/25237783
https://doi.org/10.3791/1837
https://doi.org/10.3791/1745
https://doi.org/10.1016/j.phytochem.2012.09.001
https://www.ncbi.nlm.nih.gov/pubmed/23079767
https://doi.org/10.1080/02773818508085193
https://doi.org/10.1002/app.49107
https://doi.org/10.1021/jf00008a014
https://doi.org/10.1534/g3.114.014001
https://doi.org/10.1111/j.1432-1033.1975.tb02418.x
https://www.ncbi.nlm.nih.gov/pubmed/1250
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.18637/jss.v025.i01

	Introduction 
	Results 
	Non-Structural Carbohydrates Content 
	Starch Content and Amylase Activity 
	Soluble Carbohydrates 

	Composition of Cell-Wall Polysaccharides 
	Non-Cellulosic Sugar Content 
	Cellulose Content 

	Lignin Composition and Enzyme Activities Involved in Lignin Biosynthesis 
	Boron Content 
	Principal Component Analysis 

	Discussion 
	Materials and Methods 
	Plant Material and Sampling Conditions 
	Soluble Sugar Analyses 
	Starch Extraction and Solubilization and Amylase Activity 
	Extraction and Derivatization of Phenylalanine for GC–MS 
	Cell Wall Carbohydrate Composition 
	The Non-Cellulosic Monosaccharide Composition 
	Crystalline Cellulose Content 

	Lignin Content and Subunit Composition 
	PAL and CAD Enzyme Assays 
	Extraction and Assay of PAL 
	Oxidation of Cinnamyl Alcohols 

	Sample Preparation and Boron Analyses by ICP-OES 
	Statistical Analysis 

	References

