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ABSTRACT: Lignins from .diﬂferent parts of the seagrass Posidonia Bosiddhia oftdinica® Lignin
oceanica—namely sheaths, rhizome, and roots—as well as from fibrous » , =

balls from P. oceanica detritus were isolated and thoroughly characterized by
pyrolysis coupled with gas chromatography/mass spectrometry, derivatiza-
tion followed by reductive cleavage, two-dimensional nuclear magnetic
resonance spectroscopy, and gel permeation chromatography. The lignins of
P. oceanica were enriched in guaiacyl (G) over syringyl (S) units, with S/G |

ratios ranging from 0.1 (fibrous balls) to 0.5 (thizome). f—O—4’ ethers and L e /
phenylcoumarans were the most abundant lignin substructures, followed by Wl 9
resinols, and minor amounts of dibenzodioxocins and spirodienones. A :
Moreover, all lignins were found to be highly y-acylated (up to 44% of total s
units), mainly with p-hydroxybenzoates but also, to a lesser extent, with S e e ST IR
acetates. The data indicated that this acylation extensively occurred in both '

G- and S-lignin units, contrary to what happens in palms, poplar, and willow, where p-hydroxybenzoates overwhelmingly appear at
the y-position of S-units.

KEYWORDS: p-Hydroxybenzoates, 2D-NMR experiments, Seagrasses, Recalcitrance, Organic chemistry

B INTRODUCTION are widespread among angiosperms, with some species
containin% lignins with high (up to 80%) acetylation
degrees.'”" p-Coumaroylated monolignols are also commonly
found in grasses as well as in other monocots,'®'® whereas p-
hydroxybenzoylated monolignols are found in palms, willow,
and poplar.'*"”*° Incorporation of these y-acylated monolignols
into the lignin polymer through p—p coupling leads to the
formation of characteristic tetrahydrofuran structures, the
presence of which is irrefutable evidence that y-acylated
monolignols act as real lignin monomers.”"~**

A common feature in all the aforementioned y-acylated lignins
is that the acylating groups are found primarily in the side chain
of S-units, with little or negligible acylation taking place on G-
units. However, the seagrass Posidonia oceanica, an endemic

. R . . species in the Mediterranean Sea, has a unique lignin acylation
differences in lignin composition of cell-wall layers, tissues, and P ’ que 18 oy

i . pattern, being extensively acylated with p-hydroxybenzoic acid
S:)ij::ioirs“ﬁg by the age of the plant and environmental (pBA) over both G- and S—units.mg4 P. oceanica is an

During the last two decades, however, it has been found that anlc?sp erm monocot from the f:amxly Posidoniaceae that,
. . espite growing in marine environments, evolved from

many other phenolic compounds beyond the three traditional
monolignols can also act as real lignin monomers.’ For example,
monolignol ester conjugates (with acetates, p-coumarates, and
p-hydroxybenzoates and to a lesser extent with ferulates,
vanillates, and benzoates) have been found in a variety of plants
species.'””"” These acylated monolignols are fully compatible
with lignification reactions, and plants can use them to
synthesize y-acylated lignin. Naturally y-acetylated monolignols

Lignin ranks among the most abundant polymers in the plant
kingdom, where it plays a key role as structural component for
cell-wall assembly. Because of its recalcitrant nature, lignin
contributes approxymately 30% of the annual carbon sequestra-
tion potential in plant materials' and plays a significant role in
terrestrial and oceanic carbon cycles.” Traditionally, lignin has
been defined as a polymeric structure resulting from the
coupling of three monolignols—p-coumaryl, coniferyl, and
sinapyl alcohols—that give rise to the corresponding p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) phenyl-
propanoid units.”>* The composition and structure of this
complex polymer do not follow a predetermined pattern but
vary significantly among and within plant species, including
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Figure 1. Pyrograms of the MWL preparations from P. oceanica sheaths, rhizome, roots and fibrous balls, obtained in absence (a—d) and in the
presence of TMAH (e—h). The relative abundances of the identified compounds are detailed in Table 1. In the case of the pyrograms acquired in the
presence of TMAH (e—h), only 4-methoxybenzoic acid methyl ester () BAme) and methyl trans-4-methoxyferulate (FAme), coming from pBA and
FA, respectively, are indicated.

terrestrial vascular plants.”>*® The above finding represents the confirmed the great variability in the composition and structure
first exception to the established belief that pBA, like acetic and of lignin within the plant kingdom. Preliminary analysis by the
p-coumaric acids, selectively acylates S-units and further so-called derivatization followed by reductive cleavage

12522 https://dx.doi.org/10.1021/acssuschemeng.0c03502
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Table 1. Abundances (Expressed as Percentages of Molar Areas Relative to Total Lignin-Derived Compounds, H+G+8=100) of
the Main Phenolic Compounds Identified among the Py-GC/MS Products of MWL Isolated from the Different Parts of the P.

oceanica Plants and Balls”

no compound
1 phenol
2 guaiacol
3 4-methylphenol
4 3-methylphenol
S 4-methylguaiacol
6 4-ethylphenol
7 4-ethylguaiacol
8 4-vinylguaiacol
9 4-vinylphenol
10 eugenol
11 syringol
12 cis-isoeugenol
13 trans-isoeugenol
14 4-methylsyringol
15 vanillin
16 4-ethylsyringol
17 acetoguaiacone
18 4-vinylsyringol
19 guaiacylacetone
20 4-allylsyringol
21 4-hydroxybenzoic acid, methyl ester
22 cis-4-propenylsyringol
23 trans-4-propenylsyringol
24 syringaldehyde
25 4-hydroxybenzoic acid
26 acetosyringone
27 propiosyringone
28 3-(3,5-dimethoxy-4-hydroxyphenyl)-3-oxopropanal

origin sheaths rhizome roots balls
pBA/H 169.5 112.0 91.2 246.1
G 17.8 19.6 14.5 17.3
H 3.1 1.7 3.5 5.1
H 2.0 4.0 5.6 43
G 19.6 137 16.5 236
H 0.8 0.6 1.3 1.4
G 2.7 83 5.7 3.9
G/FA 132 17.7 162 11.8
H 1.0 2.6 2.4 1.4
G 4.0 LS 22 22
S 1.6 5.4 4.1 0.3
G 3.4 11 13 L5
G 12.8 32 47 7.0
S 2.9 2.8 4.1 tr
G 6.7 1.7 3.5 10.8
S 0.2 LS5 1.0 tr
G 2.1 19 2.1 3.9
S 0.7 3.4 2.8 tr
G 1.4 tr 1.9 3.6
S 0.4 0.4 0.4 tr
pBA 3.9 13 42 11.0
S 0.4 0.6 0.6 11
S 1.6 1.8 1.9 tr
S 0.4 0.5 0.9 0.3
pBA 204 34.8 85.5 428
S 0.7 3.4 1.6 0.3
S 0.2 0.8 0.5 0.1
S 0.2 0.8 0.5 0.2
H (%)” 6.9 83 132 123
G (%) 82.8 66.9 66.9 85.0
S (%)* 102 24.8 19.9 2.6
S/G ratio 0.12 0.37 0.30 0.03

“Abbreviations: H, p-hydroxyphenyl units; G, guaiacyl units; S, syringyl units; pBA, p-hydroxybenzoic acid; FA, ferulic acid; tr, traces. bCalculated
without using phenol (1), methyl 4-hydroxybenzoate (21), 4-hydroxybenzoic acid (25) resulting from pBA moieties, and 4-vinylguaiacol (8) arising

from FA moieties.

(DFRC)*” showed that the lignin of P. oceanica seagrass was y-
acylated with pBA.”* However, a detailed understanding of the
structural characteristics of P. oceanica lignin, such as its
distribution of interunit linkages and the type of the lignin
units involved in them, still remains unknown.

To gain further knowledge into the structure of the
exceptional lignin present in P. oceanica seagrass, different
parts of the plant—including sheaths, rhizome, and roots—and
P. oceanica balls, the so-called egagropili or Neptune balls, which
are mostly formed from P. oceanica sheath detritus,”® were
studied. The lignins were isolated and comprehensively
characterized on the basis of pyrolysis coupled with gas
chromotography (Py-GC/MS), DFRC, two-dimensional nu-
clear magnetic resonance (2D-NMR), and gel permeation
chromatography (GPC) analyses. This study aims to describe
the composition and structure of P. oceanica lignin, as well as the
lignocellulosic residue (egagropili) that is widely present
throughout the Mediterranean coast,”’ and further valorize its
potential use in industrial applications. Moreover, the analysis of
the fibrous balls will help to evaluate the effects of degradation
processes on the p-hydroxybenzoylated lignins.

12523

B EXPERIMENTAL SECTION

Materials. P. oceanica plants were collected in Portlligat Bay
(Girona, Spain), a small embayment located on the Costa Brava in the
Mediterranean Sea. In the laboratory, plant parts were manually
dissected (sheaths, rhizome, and roots), rinsed with seawater to remove
adhered particles, quickly dipped into distilled water to remove surface
salt, and oven-dried to a constant weight at 40 °C. In addition, P.
oceanica fibrous balls were sampled at Portlligat Bay for this study. The
fibrous balls are mainly formed from P. oceanica sheath detritus, but
remains of P. oceanica leaves and rhizomes together with other
unknown organic detritus and inorganic particles can be found.*® The
P. oceanica balls were disaggregated to remove inorganic particles and
dipped into distilled water prior to drying at 40 °C.

The P. oceanica samples (sheaths, rhizome, roots, and balls) were
knife-milled and exhaustively Soxhlet-extracted to remove non-
structural component of the plant cell-wall, as previously described.®
The total lignin content of the extractives and water-soluble free P.
oceanica samples was estimated as the sum of acid-insoluble (Klason
lignin) and acid-soluble lignin, determined following the TAPPI
methods T222 om-88 and UM 250, respectively.*'

Lignin Isolation. The lignins from P. oceanica sheaths, rhizome,
roots, and balls were isolated and purified according to the Bjérkman’s
protocol.”> To obtain this lignin, known as “milled-wood” lignin
(MWL), the extracted samples were ball-milled, extracted with dioxane-

https://dx.doi.org/10.1021/acssuschemeng.0c03502
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Figure 2. Chromatograms of the DFRC products released from the MWLs of P. oceanica sheaths (a), thizome (b), roots (c), and fibrous balls (d).
Boxes indicate the relative abundances of the different y—OH and y-pBA aromatic units (G, S, Gps and S5 ), totaling 100%, and also the percentages

of p-hydroxybenzoylated lignin units (%G,p, and %S 3,)-

water and then purified, according to the procedure described
elsewhere.> Final yields of 8—12% referred total lignin contents were
obtained.

Analytical Pyrolysis. Lignins isolated from P. oceanica samples
were pyrolyzed in a Frontier 3030 microfurnace pyrolyzer (Fukushima,
Japan), and the phenolic products were analyzed on an Agilent 7820A
GC/5975 mass detector (Agilent Technologies, Inc., Santa Clara, CA).
More detailed information on pyrolysis experimental conditions can be
found in the Supporting Information (SI). The identification of the
phenolic compounds released upon pyrolysis was performed by
comparison of their mass spectra with those reported in the
literature.'*** The relative percentages of lignin-derived phenolic
compounds were calculated as previously described.®

Derivatization Followed by Reductive Cleavage (DFRC).
MWL samples (10 mg) were treated according to the original
protocols,””** following the detailed procedure described elsewhere.*®
The DFRC products were analyzed and identified by GC/MS, using the
equipment and settings described previously.”* Detailed experimental
conditions can be found in the SI.

Lignin Saponification. MWL samples (~30 mg) were dissolved in
S mL of 1.5 N sodium hydroxide, in a 10 mL reaction vial, and the
solution was continuously stirred during 48 h, at 90 °C. After
completion, the pH was reduced to 2.0 with 5 N HCI and the solution
was stored at 4 °C overnight. Finally, saponified lignin was recovered by
vacuum filtration using a 0.45 pm nylon filter, washed with deionized
water, and oven-dried at 40 °C.

2D-NMR Analyses. MWL samples (~30 mg) were dissolved in 0.5
mL of deuterated dimethyl sulfoxide (DMSO-d4) and were analyzed on
a Bruker Avance III 500 MHz (Bruker, Karlsruhe, Germany)
spectrometer equipped with a cryoprobe. Detailed information about

12524

the NMR instrument and the experimental conditions, including
experiment types, pulse programs, experimental times, and spectra
processing, can be found in the SI.

HSQC correlation peaks were assigned according to the
literature™'**” and the quantitation of li%nin units and linkages were
performed as described elsewhere.'”*” Details on the signals
quantification are found in the SI.

GPC Analyses. For the gel-permeation chromatography analyses, P.
oceanica lignin samples were acetylated, and then analyzed as previously
described (detailed in the SI).®

B RESULTS AND DISCUSSION

In this work, the lignins present in seagrass P. oceanica parts
(namely sheaths, rhizome, and roots), as well as the lignin from
the P. oceanica balls were isolated according to the classical
protocol,” which allows obtaining practically unaltered lignin,
similar to the native lignin.*® The samples had considerable
amounts of lignin, which represented up to 44% of the plant dry
weight in balls, 33% in both sheaths and roots, and 31% in
rhizome.

Determination of Lignin Composition by Analytical
Pyrolysis. The composition of MWL preparations isolated
from P. oceanica plant parts was first analyzed by Py-GC/MS.
The chromatograms of the phenolic compounds released upon
pyrolysis of the different MWLs are displayed in Figure 1 (a—d),
and the identities of the lignin-derived markers and their relative
abundances are detailed in Table 1. In all cases, pyrolysis
released phenolic compounds resulting from H-, G-, and S-lignin

https://dx.doi.org/10.1021/acssuschemeng.0c03502
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units, with phenol (peak 1) being the most abundant (Table 1).
However, the unusually high levels of phenol indicate that most
of it might not result from H-lignin units, but from the pBA
groups present in P. oceanica lignins that are decarboxylated
upon pyrolysis.”* The pyrolysis data also indicated that lignins
were composed primarily of G units, with low S/G ratios for
rhizome (0.37), roots (0.30), sheaths (0.12), and fibrous balls
(0.03). In order to confirm that phenol arises from pBA,
pyrolysis was also performed using tetramethylammonium
hydroxide (TMAH), which methylates the phenolic and
carboxyl groups in the lignin to prevent decarboxylation.'****’
Py(TMAH)-GC/MS chromatograms clearly showed that pBA
(as its methylated derivative 4-methoxybenzoic acid methyl
ester) was by far the most prominent compound released from
all lignins (Figure le—h), confirming that the phenol released
upon pyrolysis did not result from H-lignin units but from the
pBA moieties, as also observed in other lignins.g’m’41 In addition,
Py(TMAH)-GC/MS analyses also revealed that minor amounts
of FA moieties (released as methyl trans-4-methoxyferulate) are
present in the P. oceanica lignins.

Lignin y-Acylation in P. oceanica Seagrass. DFRC, a
lignin degradation method designed to cleave p-alkyl-ether
linkages, leaving y-esters intact,”” provided relevant insights into
the nature of the y-acylation. The cis/trans isomers of both
guaiacyl (¢G and tG) and syringyl (cS and tS) units were
detected among the DFRC products in all P. oceanica lignins
analyzed, which resulted from normal lignin units with free y—
OH (Figure 2). However, more interestingly, the DFRC
chromatograms also showed important peaks corresponding
to the cis/trans isomers of pBA y-acylated guaiacyl (poBA and
tG,pa) and syringyl (cS,ps and tS,p,) lignin units, which
conclusively demonstrate that pBA are extensively acylating the
y—OH of P. oceanica lignins in both G- and S-lignin units. The
highest p-hydroxybenzoylation degree was found in the lignin
from the roots, reaching up to 58% of all G-units and 65% of all
S-units (Figure 2). It is important to note that in most plants, as
in palms, poplar and willow, p-hydroxybenzoylation predom-
inantly occurs on S-units. In the particular case of oil palm empty
fruit bunch (EFB), 40% of all S-units were p-hydroxybenzoy-
lated, while less than 5% of all G-units were p-hydroxybenzoy-
lated.”® The occurrence of highly p-hydroxybenzoylated lignin is
not only structurally relevant but also has important implications
in terms of lignin biosynthesis because it means that the p-
hydroxybenzoyl-CoA monolignol transferase involved in their
biosynthesis presents high affinities for both coniferyl and
sinapyl alcohols.””** No traces of ferulate-monolignol con-
jugates were found among the DFRC products, indicating that
the ferulate moieties detected upon Py/TMAH are not from
ferulates attached to the y—OH as observed in other plants'> but
from ferulates involved in lignin carbohydrate bridges and
intrinsically incorporated into the lignin structure.

Furthermore, the occurrence of native acetates that might also
occur acylating the y—OH was assessed by the so-called
modified DFRC (DFRC’), that uses propionylating reagents
instead of acetylating ones.”> DFRC' analysis indicated that
acetates were also present as y-acylating group in all lignins, and
principally in the P. oceanica sheaths lignin (accounting for 0.2%
of all G-units, and 8% of all S-units), and at lower extents in the
lignins from rhizome (0.1% of all G-units, and 1.6% of all S-
units), roots (0.4% of all G-units, and 2.4% of all S-units), and
fibrous balls (less than 0.1% of all G units, and 1.7% of all S-
units). Therefore, altogether, the DFRC and DFRC' analyses
indicate that pBA is the most important y-acylating group in

these lignins. It is important to note that while lignin acylation
with pBA does not follow an established pattern in P. oceanica,
acylation with acetates preferably occur on the side chain of S-
units, as is seen in other naturally acetylated lignins. This implies
that the acetyl-CoA monolignol transferase involved in their
biosynthesis in P. oceanica presents more affinity for sinapyl
alcohol than for coniferyl alcohol, in contrast to what occurs with
the p-hydroxybenzoyl-CoA monolignol transferase in P.
oceanica, that present similar affinities for both sinapyl and
coniferyl alcohols.

Lignin Aromatic Units and Bonds as Shown by NMR.
The MWLs from P. oceanica plant parts were meticulously
characterized by a combination of HSQC, HMBC, and HSQC-
TOCSY 2D-NMR analyses, as detailed below. The HSQC
spectra of P. oceanica MWLs, as well as the main lignin structures
identified, are shown in Figure 3, and the signals assigned
therein, together with their corresponding shifts, are detailed in
Table S1. The spectra displayed very well-resolved lignin signals,
with some small signals for residual carbohydrates, indicating the
suitability of the isolation process.

The HSQC aromatic/unsaturated regions provided detailed
insights into the composition of lignins from different parts of
the P. oceanica plants and balls in terms of aromatic structural
units (Figure 3a). In this region, the main correlation signals
belonged to H, G and S aromatic units, together with strong
signals from pBA moieties. Signals from FA moieties, terminal
cinnamyl alcohols (I), and cinnamaldehydes (J), were also
found in the aromatic/unsaturated region. However, it is
interesting to note that tricin, a flavone that has been widely
found into the lignins from all grasses and other monocots,*® was
not detected in any of the lignins from P. oceanica (tricin was also
absent in the lignin from the related species P. australis, data not
shown here). In addition, p-coumarates, which are a typical
feature of grass lignins,16 were also absent in P. oceanica lignins.
The absence of tricin and p-coumarates agrees with the fact that
the so-called seagrasses are phylogenetically distant from
terrestrial grasses being, respectively, classified in the orders
Alismatales and Poales.

The HSQC aliphatic-oxygenated regions of isolated MWLs
from the P. oceanica plant parts and balls (Figure 3b) provided
valuable information on how the lignin units are interconnected
to each other. The most intense correlation signals, after those of
methoxyl groups in lignin units, corresponded to f—0—4’ ethers
(A/A’), p-5' phenylcoumarans (B/B’), f—p’ resinols/
tetrahydrofurans (C/C’), 5—5' dibenzodioxocins (D), f—1’
spirodienones (F), and terminal cinnamyl alcohols (I/1").

Among the above linkage signals, those from f—0—4’ ethers
were the most intense, and two different types of f—0—4'
substructures were clearly identified, depending on whether the
y—OH was free (A, at §c/6y 59.7/3.23, 3.58) or acylated by
pBA (A’, at §/;; 63.3/4.42, 4.18), as will be shown below. The
C,/H, signals in both types of substructures (A,/A’,) were
overlapped at 8¢/8y 71.3/4.79, whereas the Cz/Hy signals in
nonacylated f—0—4' substructures connected to a S unit were
detected at /0y 85.9/4.12 (Aﬂs). However, this signal moved
to ¢/ 0y 83.0/4.33 in y-acylated f—O—4’ substructures (A’4),
overlapping with the C;/Hjy signals of nonacylated f—0—4
substructures connected to a G or H unit, which appeared at o/
Oy 83.9/4.27 and 83.3/4.42, respectively. The Cy/Hy signals of
y-acylated f—O—4' substructures connected to a G unit (A'ﬁc) A
which appeared at 6¢/0y 81.2/4.65, were distinctly detected in
all the MWLs isolated from P. oceanica.
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Table 2. 2D-HSQC NMR Semiquantitative Analysis of the Lignin Bonds, Terminal-Groups, y-Acylation Degree, Structural Units,
and FA and pBA Moieties in the MWLs Isolated from P. oceanica Plant Parts and Balls

sheaths
linkages (%)“
S—0—4' alkyl aryl ethers (A/A") 65
p—5' phenylcoumarans (B/B’) 25

S resinols (C) S
B—p’ tetrahydrofurans (C") 1
5—5' dibenzodioxocins (D) 3
-1’ spirodienones (F) 1

a

end-groups (%)

cinnamyl alcohol end-groups (1/1") 31
cinnamaldehyde end-groups (J) 7
y-acylation degree
A’ (% of A+A") 43
B’ (% of B+B’) 58
C’ (% of C+C’) 27
I (% of I+1') 33
total average (%)® 42
aromatic units
H (%) 7
G (%) 81
S (%) 13
S/G ratio 0.2
ferulates (FA, %)° 7
p-hydroxybenzoates (pBA, %)° 83

rhizome roots balls
74 76 66
16 17 27
6 3 4
1 1 1
3 3 2
1 1
30 35 20
3 6 6
31 43 42
36 46 66
4 12 28
34 31 30
31 41 44
9 11 8
61 68 87
30 21 S
0.5 0.3 0.1
S S 3
59 91 90

“Estimated as a percentage of the total linkages (A—F) bCalculated considering the abundance and the y-acylation degree of each structure. “FA

and pBA contents as percentages of lignin content (H+G+5=100).

Phenylcoumaran substructures were also found with the y—
OH free (B) or acylated (B"). The HSQC spectra displayed two
distinguished signals for the each C,/H,, Cz/Hg and C,/H,
correlation depending on whether phenylcoumarans were y-
acylated (B',, B’3and B',) or not (B, Bgand B,). In the case of
p—p’ linkages, two different types of substructures were
identified, resinols (C), and tetrahydrofurans (C’). The latter
can only be formed by oxidative coupling of two previously pBA
y-acylated monolignols,”>*" and, therefore, the presence of this
type of structure in P. oceanica lignins is a conclusive proof that p-
hydroxybenzoylation occurs at monolignol level.”” Signals from
dibenzodioxocins (D) and spirodienones (F) were also
observed in all P. oceanica lignins, although with lower
intensities. Finally, C,/H, correlation signals corresponding to
terminal cinnamyl alcohols (I) and its pBA y-acylated analogue
(1) were clearly detected.

Semiquantitative Analysis of Lignin Units, Linkages,
End-Groups, and Acylation Degree. Semiquantitative
analysis of the above HSQC spectra (Table 2), based on signal
volume integration, revealed differences in the relative
abundances of typical lignin structural units (H, G, and S) and
pBA and FA moieties, linkages, terminal-groups, and degree of
acylation, among the lignins isolated from P. oceanica plant parts
and balls. H-units accounted from 7% of the total lignin units in
the sheath lignin to 11% in the root lignin. G-units were the most
abundant ones in all the lignins analyzed, ranging from 61% in
rhizomes to 87% in fibrous balls. On the contrary, S-units were
more abundant in rhizomes (30%), whereas a minor amount
(5%) was found in the lignin of fibrous balls. Taking into account
that these balls are largely generated from decayed sheaths, it
could be supposed that the original S-units in the lignin of living
sheaths are preferentially removed over the G-units, most
probably by microbial degradation. The S/G ratios determined

by 2D-HSQC spectroscopy in rhizome (0.5), roots (0.3),
sheaths (0.2), and fibrous balls (0.1) were in close agreement
with those estimated by Py-GC/MS. Regarding the pBA
moieties, they were more abundant in P. oceanica roots lignin,
representing up to 91% of the total lignin units (H+G+S = 100),
whereas rhizome lignin contained lower amounts of pBA
moieties (59%). It is important to note that pBAs, as will be
shown below, are pendant groups attached to the lignin polymer,
and consequently, their HSQC correlation signals might be
overestimated because of their higher mobility compared with
(internal) lignin units (H, G and S).

With respect to the interunit linkages, f/—O—4' ethers were
the most abundant ones in all the P. oceanica lignins, ranging
from 76% of total linkages in root to 65% in sheaths.
Phenylcoumarans were the second most abundant ones and
ranged from 27% in balls to 16% in rhizome, whereas resinols/
tetrahydrofurans, dibenzodioxocins, and spirodienones were
present in smaller proportions in all the lignins (<7%). With
regards to lignin end-groups, cinnamyl alcohols were present in
considerable amounts, accounting from 20% (referred to total
lignin interunit linkages) in the P. oceanica balls to 35% in roots,
while cinnamaldehyde end-groups were less abundant and only
represented 3—7% (Table 2).

The extents of y-acylation in f/—O—4' ethers (A"), phenyl-
coumarans (B’), tetrahydrofurans (C’), and cinnamyl terminal-
groups (I) were estimated by integration of C,/H, HSQC
signals corresponding to the free versus acylated y—OH in each
structure. The total and individual percentages of y-acylation, for
each particular lignin substructure, are detailed in Table 2. In
general, the data showed that the different P. oceanica lignins are
extensively y-acylated, with acylation degrees ranging from 44%
in balls to 31% in rhizome. Furthermore, the y-acylation degree
also varied among the different lignin structures. Hence,
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Figure 4. Selected regions of the HMBC and HSQC spectra of P. oceanica sheaths MWL that show the correlation of the carboxyl carbon of pBA
acylating the y—OH of the lignin side-chains (§¢ ~ 165) in f—O—4’ ethers (A"), phenylcoumarans (B’) and cinnamyl alcohol end-groups (I"). Specific
regions of the HSQC spectrum displaying the C,/H, signals of y-acylated structures (6c 61—67) and the C,4/H, signal corresponding to p-

hydroxybenzoates (5¢ ~ 131) are shown.

phenylcoumarans (B’) presented the highest percentage of y-
acylation (36—66%), followed by —O—4' ethers (A’; 31—
43%), cinnamyl alcohol terminal-groups (I'; 30—34%) and
tetrahydrofurans (C’; 4—28%). The observed variation in the y-
acylation degree of the different linkage types (f—5’ > f—0—4'
> f—f') could be explained, at least partly, by a slightly higher
preferential pBA acylation on G units, as f—5' linkages require
more G units to be formed (at least one per structure), while f—
O—4' ethers can be formed by both S- or G-units, and most of
the f—f' linkages in angiosperms comprised two S-units.”
Another reason behind this variation could be related to the
differences in the reactivities of y-pBA and y—OH monolignols
for coupling through the different linkages.

Lignin Side-Chain and Ring Connectivities as Shown
by HMBC and HSQC-TOCSY. HMBC and HSQC-TOCSY
NMR experiments gave complementary data to confirm the
signal assignments in the HSQC spectra. The considerable
extent of y-acylation, along with the high amounts of pBA
detected, suggested that pBA are the groups acylating P. oceanica
lignins, as has also been observed in the lignins from other
plants.8’14’20 To certainly demonstrate that pBA moieties act as
y-acylating groups in P. oceanica lignins, we used HMBC
experiments that display correlation signals between protons

and carbons separated by 2—3 bonds. Similar experiments were
already used to demonstrate y-acylation in other lig-
nins, 81422364445

The P. oceanica lignins presented similar HMBC spectra.
Figure 4 displays a selected region of the HMBC spectrum of
sheath lignin showing the main correlations for the carboxyl
carbons of y-acylating groups attached to the lignin side-chains.
The correlations between the carboxyl carbon at 6 165.2
(magenta band) and the protons 2/6 at 5y 7.65 certified that
they belong to the pBA moiety. Moreover, this carboxyl carbon
also correlates with y-protons of y-acylated f—0—4' ethers (A’),
phenylcoumarans (B’), and cinnamyl alcohol terminal-groups
(1'), which appear in the & range from 4.0 to 5.0, definitively
demonstrating that pBA are acylating the y—OH in the different
lignins. HMBC correlation signals of pBA carboxyl carbon with
y-protons of y-acylated f—f’ tetrahydrofurans (C’ in Figure 3)
were not detected, most likely because of its low abundance (less
than 1.5% of total lignin substructures). A small signal for the
carboxyl carbon of acetates could also be detected in the HMBC
spectrum (at §c 169.9, not shown), although at very low
intensity, which is in agreement with the tiny signals of acetates
detected in HSQC spectra at 8y/8c ~ 1.9—2.0/20.2 (not
shown) and also confirms the DFRC’ data shown above.
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Figure S. (a) Selected region of the HSQC-TOCSY spectrum of P. oceanica sheaths MWL that displays the main cross-signals of the side-chains in f—
O—4’ ethers (A/A’), phenylcoumarans (B/B’), and resinol (C)/tetrahydrofuran (C’) substructures (including both nonacylated and pBA y-
acylated). (b) Appropriate long-range HMBC spectrum revealing the type of lignin units involved in f/—O—4" and /—5’ bonds. Contour colors
matched that of the lignin substructures depicted at bottom. Note that the intensities of HSQC-TOCSY correlation signals corresponding to p-
hydroxybenzoylated tetrahydrofuran structures (C’, in green color) have been augmented to be observed.

The HSQC-TOCSY spectra of the lignins (Figure Sa) were especially those signals that overlapped with others. The spectra
useful to confirm the signal assignments in the HSQC spectra, were especially useful to distinguish and assign the signals of the
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Figure 6. (a) HSQC spectra of P. oceanica sheaths MWL, prior and after in vitro acetylation, showing that pBA correlation signals (especially pBA; 5)
are shifted after acetylation and, therefore, confirming that all 4-OH in pBA are free (susceptible to be acetylated) in the native P. oceanica lignins. (b)
HSQC spectra of P. oceanica sheaths MWL, prior and after saponification with 1.5 M NaOH, reveling that the vast majority of pBA are removed after
chemical hydrolysis and only a minor amount of pBA remains acylating f—0—4" structures.

side chains (C,/H,, Cy/Hy, and C,/H,) in the pBA y-acylated
substructures (A’, B, and C’), as shown in Figure Sa for the
lignin of P. oceanica sheaths. On the other hand, Figure Sb shows

a selected region of the HMBC spectrum of P. oceanica sheath
lignin, displaying long-range 'H/"*C correlations of H, in f—
O—4' ethers (A/A’) and phenylcoumarans (B/B’), and
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provides valuable information on which types of lignin unit (H,
G, or S) participate in the formation of these major lignin
substructures. The HMBC spectrum revealed that pBA y-
acylated H-, G-, and S-lignin units are involved in f/—0—4" alkyl-
aryl ether structures, whereas pBA y-acylated phenylcoumaran
structures are formed exclusively by G-units. This fact is of
particular relevance because it calls into question the suitability
of the DFRC method for the precise determination of pBA y-
acylated units in P. oceanica lignins. It is known that f—5’'
linkages are resistant to DFRC conditions, and consequently,
lignin monomers involved in this type of substructure are not
released.””*® Therefore, DFRC analysis of P. oceanica lignins
underestimates the real amounts of pBA y-acylated G-units. The
absence of S-lignin units in pBA y-acylated f—5' structures
revealed by the HMBC spectra fully agrees with the absence, in
the HSQC spectra, of the characteristic B’ 5 signal correspond-
ing to pBA y-acylated S—G phenylcoumaran structures, which
should appear at &;/5:88.6/5.71.° Finally, HMBC spectra also
revealed that H-lignin units involved in f—0O—4" and p—5’
linkages were largely non-y-acylated, especially in the latter.

NMR Evidence of pBA as Pending Group in P. oceanica
Lignins. Although the HSQC, HMBC, and HSQC-TOCSY
data already seemed to indicate that pBA in P. oceanica lignins
was present as pending (terminal) free-phenolic ester, this was
further demonstrated by analyzing the lignins after in vitro
acetylation. The HSQC spectrum of the acetylated lignins
(Figure 6a) clearly showed how pBA,¢ and pBA;; signals,
especially the latter, shifted after acetylation. This shifting can
only be explained if the pBA phenolic OH-group becomes
acetylated, which means that pBA occurs as free-phenolic ester
in native P. oceanica lignin, as also occurs in the lignin of other
monocots.”' 2%

To corroborate the above finding, P. oceanica lignins were
further submitted to mild saponification reactions, which
hydrolyze ester bonds but maintains ether and carbon—carbon
linkages. The HSQC spectra of the saponified lignins clearly
showed that the lignin backbone structure remained intact while
terminal pBA groups were largely hydrolyzed and cleaved, as
shown in Figure 6b for the sheath lignin. Only a very small
fraction of pBA resisted saponification, those acylating the y—
OH in f—0—4" substructures, as can be deduced by the
presence of their characteristic A’; and A’, signals. In contrast,
the characteristic signals of pBA y-acylated phenylcoumarans
(B'yy B’j and B’,) and tetrahydrofurans (C', and C'/;)
substructures and terminal cinnamyl alcohols (I,) were totally
removed, and only cross-signals of nonacylated phenylcoumar-
ans, resinols, and terminal cinnamyl alcohols were detected in
the spectra of the saponified lignins.

GPC Analyses of P. oceanica Lignins. GPC chromato-
grams of the MWLs isolated from P. oceanica samples (Figure
S1) revealed that the different lignins presented comparable
values of the molecular weight-average molecular weight
(6450—6100 g mol™") and number-average molecular weight
(3320—2740 g mol™") and therefore exhibited relatively low
polydispersity indexes (1.9—2.2), as indicated in Table 3. These
GPC data are comparable to other isolated lignins,8 and rule out
the presence of low molecular weight aromatic structures,
including dimers, trimers, or tetramers, in these MWL
preparations. This fact is significant because P. oceanica seagrass
also contains nonstructural pBA y-acylated neolignans,** whose
presence could have interfered with the chemical character-
ization of the polymeric lignin. The GPC data were, therefore,
useful to confirm that these neolignans were entirely removed
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Table 3. Weight-Average Molecular Weight (M,,), Number-
Average Molecular Weight (M,,), and Polydispersity Index
(PDI = M,,/M,) of the MWLs Isolated from the P. oceanica
Plant Parts and Balls

sheaths rhizome roots balls
M,, 6390 6300 6450 6100
M, 3100 2950 3320 2740
PDI (M,,/M,) 2.1 2.1 19 22

from P. oceanica samples during Soxhlet extraction prior to lignin
isolation.

B CONCLUSIONS

The structure of the lignins isolated from P. oceanica plant parts
and the fibrous balls has been thoroughly studied by cutting-
edge techniques in the analysis of lignin, such as 2D-NMR,
DFRC, Py(TMAH)-GC/MS, Py-GC/MS, and GPC. The
analyses revealed variations in the composition and structure
of lignin among different anatomical parts in the same plant and
changes during decay and that its structure does not follow a
specific acylation pattern. P. oceanica lignins were found to be
composed mainly of G units, and highly y-acylated by pBA. 2D-
NMR analysis also revealed the existence of significant amounts
of pBA y-acylated G-units involved in phenylcoumaran
structures that are undetectable by DFRC, the method most
commonly used to determine the y-acylation degree in lignin. In
addition, 2D-NMR data showed that the p-hydroxybenzoylated
G-, S-, and H-units are completely integrated into the lignin
structure. In this sense, lignin in other plants (such as poplar)
could be genetically modified to incorporate higher amounts of
pBA by expressing the gene of the p-hydroxybenzoyl-CoA
monolignol transferase involved in the biosynthesis of p-
hydroxybenzoylated monolignols in P. oceanica. On the other
hand, it was found that the lignin in P. oceanica balls, a very
abundant seagrass residue throughout the Mediterranean coast,
is highly enriched in pBA esters and, therefore, could be an
interesting feedstock to produce value-added products for
cosmetic and pharmaceutical industries. The particularly high p-
hydroxybenzoylation levels present in P. oceanica lignin can
provide an alternative and interesting source of p-hydrox-
ybenzoic acid for synthesizing chemicals (parabens) or
pharmaceuticals (paracetamol) that are nowadays produced
from fossil resources.*’
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