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ABSTRACT: Using Curie-point Pyrolysis Gas Chromatography Mass Spectrometry [Py-GCMS) and
Direct Temperature-resolved Mass Spectrometry (DT-bfS),lignin was detected In highly purified
preparations (Milled Wood Lignin = hlWL) of various tissues of the seagrasses Zostera rnarina and Posidonia oceanica. The results ind~catethat P. oceanica contains more lign~nthan Z. manna and that roots
and rhizomes generally contain more Lignin than leaves. It is concluded that the ability to produce
lignin is not lost by the angiosperm ancestors of extant seagrasses upon their colonization of the marine
environment. Relative lignin abundances in the different tissues appear to be posltlvely correlated with
life span. It is suggested that lignification contributes to the longevity of a tissue by protecting l t against
microbial attack, but that deposition of lignin in seagrasses is restricted to tissues that show limited
growth.
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INTRODUCTION

The presence of lignin in the plant kingdom is restricted to vascular plants. Its introduction as a plant
constituent is assumed to be part of the process of
adaptation to a terrestrial habitat (Sarkanen & Ludwig
1971). The rationale behind this assumption is that
land plants, in contrast to aquatic plants, need structural rigidity in order to maintain an upright position.
Lignin is a 3-dimensional polymer composed of 3 different phenolic building units (p-hydroxycinnamyl alc o h o l ~ )which
,
are linked to each other in various ways.
After the enzymatically controlled synthesis of the
monomeric building units, the final polymerization
process is thought to be a random process, giving rise
to a heterogeneous macromolecule without much order.
Due to its 3-dimensionality, lignin does provide mechanical strength to the cell wall and thus rigidity to the
plant (mainly in the transversal direction). Seagrasses
evolved from terrestrial angiosperm ancestors that
'Address for correspondence: Netherlands Institute of Ecology. E-mail: klap@cemo.nioo.knaw.nl
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returned to the sea in the Cretaceous, -100 million yr
B.P. (Larkum & Den Hartog 1989). Hence, they do not
represent an evolutionary intermediate between primary aquatic plants and vascular land plants, but a
group of vascular plants that secondarily adapted to
aquatic life. One might assume that as a consequence
of the return to the aquatic environment, the synthesis
of lignin ceased to be essential. This redundancy
would likely be reflected in a decrease in lignin content or even the complete disappearance of this cell
wall constituent. At present it is not clear whether
lignin is a common seagrass constituent. In their
review on lignin, Lewis & Yamamoto (1990) state that
'Evidence for lignin in submerged aquatic plants is not
convincing. More definitive proof is necessary if these
are to be considered lignin-synthesizing organisms'.
The uncertainty about the presence of lignin in seagrasses is mainly due to the analytical methods
applied for the identification of lignin. Gravimetric
analysis of residues after wet chemical treatment and
histochemical staining methods provide unreliable
proof for the presence of lignin, but most records in
the literature are based on those methods (Lewis &
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Yamamoto 1990). Depolymerization of the macromolecular structure (either oxidative or thermally) followed by gas chromatographic separation and mass
spectrometric identification (GCMS) of the fragments
has proven to be a much more reliable method for the
identification of lignin (Hedges & Mann 1979, Boon
1989). Such an approach provides detailed information on the ratio of building units and linkage types.
Caution should be exercised not to assign non-lignin
phenols as part of the lignin structure. Since phenolic
compounds are abundant in seagrass tissues (Zapata
& McMillan 1979, Harrison 1989, Agostini et al. 1998),
correction for these substances is required. This is
preferably done by elimination of soluble phenols
prior to analysis. Separate analysis of the soluble fraction and subtraction of this fraction from the total
amount of phenolic compounds determined by oxidation or pyrolysis provides an alternative, though less
accurate, correction.
Proof for the presence of lignin in seagrass as
requested by Lewis & Yamamoto (1990) was provided
by Opsahl & Benner (1993) for the species Halodule
wnghtii. These workers used cupric oxide oxidation
(CuO) followed by GCMS with compensation for free
and ester-bound phenols. H. wrightii was previously
reported to be a lignin-containing species in a study
which used the same method, but did not compensate
for non-lignin phenols (Haddad & Martens 1987).
Reports on Zostera manna are contradictory. Using
oxidative methods, Hedges & Mann (1979) did not
find any measurable amount of lignin oxidation products, whereas others did (Wilson et al. 1985, Haddad
& Martens 1987, Dovgan & Medvedeva 1993, Dovgan
et al. 1993). We are not aware of other studies of
lignin in seagrasses which meet the analytical demands for unquestionable determination as expressed
above.
The objective of this study was to determine if lignin
is present in the seagrass species Posidonia oceanica
and Zostera marina. To account for tissue-related variation, different tissues of these species were analyzed.
The possible presence would allow some speculation
on the physiological relevance of lignin to sea plants.
For comparative purposes Fucus vesiculosus, a brown
macroalga, and Spartina anglica, an angiosperm (Gramineae) from tidal salt marshes, were also included in
the analyses. From an ecological point of view the
results of this study might also be important because
lignin is often regarded as a terrestrial tracer in the
marine environment. If seagrasses contain considerable amounts of lignin, the detection of lignin in sediments or suspended organic particles in seagrass-rich
regions does not necessanly indicate terrestrial run-off.
Crude plant samples were purified according to
the Bjorkman Milled Wood Lignin (MWL) procedure

(Bjorkman 1956, Obst & Kirk 1988) based on the solubility of lignin in dioxane/water. Analysis was carried
out with Direct Temperature-resolved Mass Spectrometry (DT-MS) and Curie-point Pyrolysis Gas Chromatography Mass Spectrometry (Py-GCMS). Both
techniques comprise thermal depolymerization of
lignin into smaller fragments that are either immediately analyzed by mass spectrometry (DT-MS) or first
separated by gas chromatography and then analyzed
by mass spectrometry. The direct mass spectrometric
analysis has the advantage that compounds with high
boiling points are prevented from condensation on
'cold' surfaces, whereas Py-GCMS yields a detailed
overview of the monomeric (depolimerization) products
in the sample.

MATERIALS AND METHODS

Plant origin. All plant samples included in this study
were collected in the SW Netherlands, except samples
of Posidonia oceanica. In all cases tissues of living
plants were selected. The brown alga Fucus vesiculosus was collected at the dike incline at Yerseke Harbour (51"30' N, 4" 04' E) situated in the Oosterschelde,
a sea arm of the North Sea. Aboveground tissues of
Spartina anglica were collected in the salt marsh near
the village of Ellewoutsdijk (51"24'N, 3"501E),-15 km
from the nwuth of the Westerschelde estuary. Permanently submerged Zostera marina plants were gathered from a seagrass meadow in the brackish Lake
Veere (51"33' N, 3'49' E) on 5 dates during the summer season. P. oceanica was collected from a subtidal
population north of Blanes (41"41' N, 2" 48'E) in the
Northwest Mediterranean.
MWL preparations. MWL, the lignin fraction that
dissolves in dioxane/water, is generally considered as
the purest lignin preparation that can be obtained (Lai
& Sarkanen 1971). Its isolation procedure was developed by Bjorkman (1956) and later modified by Obst &
Kirk (1988). The latter prescription has been followed
here, with some small additional modifications.
The procedure involves grinding of dry plant material to pass a sieve with mesh number 50 and subsequent ball-milling for 3 h at 5OC (Retsch MM2 vibratory
ball-mill with surrounding water cooling of milling
chamber). The resulting powder was rinsed with MilliQ water to remove inorganic salts. The desalted material was then percolated with acetone/water (9/1) and
refluxed for 7 h with ethanol/benzene (2/1). Finally the
residue was rinsed twice with Milli-Q water. For Fucus
vesiculosus the procedure was somewhat different
because the fine powder resulting from ball-milling
did not allow immediate percolation. Even the material
that was only subjected to the initial grinding step was
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not easily extractable. In order to reduce the jelly-like
texture of this material, percolation with 0.1 N HC1 was
conducted prior to percolation with a c e t o n e h a t e r
(9/1). Ball-milling was postponed tlll after the refluxextraction. Possible contamination of the sample with
organic compounds as a result of the ball-milling treatment was counteracted by an additional acetone/water
percolation afterwards.
The extractive-free material remaining after the
above-mentioned procedure was suspended in dioxane/water (24:1, v:v) and stirred for 100 h. After centrifugation of the suspension for 10 min at 7000 X g the
residue was resuspended for another 100 h in a fresh
dioxane/water mixture. The pooled supernatants were
dried in a vacuum rotation film evaporator and dissolved/suspended in 96 % acetic acid and subsequently
added to Milli-Q water such that a -10% acetic acid
solution remained. After 10 rnin centrifugation at
10000 X g the pellet was dissolved/suspended in dichloromethane/ethanol (2/1). The supernatant obtained after centrifugation of this suspension (5 min at
7000 X g) was added in a 1:10 (v:v) ratio to dry ethylether, causing the precipitation of the dissolved purified lignin. The pellet after centrifugation (10 rnin at
10000 X g) was dried at 50°C and kept in the dark at
room temperature until analysis. The total yield of this
procedure on a weight basis was -0.1 %.
Curie-point Py-GCMS. A FOM-4LX pyrolysis unit
was directly coupled to a Carlo Erba 8565 HRGC gas
chromatograph, which was connected via a FOM-HT
interface to a JEOL DX-303 double focusing (B/E
geometry) mass spectrometer. Suspensions containing
aliquots of -20 pg sample material were deposited on
ferromagnetic wires with a Curie-point of 610°C. Pyrolysis conditions were maintained for 6 S and separation of the pyrolysate was carried out with a CPSIL5-CB capillary column (25 m, inner diameter Ii.d.1
0.32 mm, film thickness: 0.41 pm), helium as carrier
gas and a temperature program of 40(0)-6"C/min328(4). Compounds were ionized at 70 eV electron
impact (El) conditions and extracted at 3 kV. Each second the mass range between (specific mass to charge
ratio) 40 and 700 m/z was scanned with a resolution
of 1000. A JEOL MP-7000 system was used for data
acquisition and processing.
DT-MS. This analytical technique involves gradual
heating of the sample in the ion-source of a mass
spectrometer. Molecules (these can be intact molecules or depolimerization products) are vaporized and
immediately mass analyzed. In addition to Py-GCMS,
which provides a wealth of detailed information on
individual pyrolysis products, DT-MS offers a less
detailed chemical characterization, but due to the fact
that vaporization and ionization occur at the same
place, condensation of large molecules on cold spots
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is avoided. Therefore, dimeric and trimeric structures
that often do not pass the column of the gas chromatograph can be successfully analyzed by DT-MS.
In principle the results obtained by DT-MS analysis
offer temperature-resolved data (between 180 and
800°C). However, since most organic compounds in
the MWL samples investigated here depolymerized
in the narrow temperature-window between 300
and 500°C, no valuable thermal fractionation was
obtained.
Compositional differences between individual samples of a sample set can be revealed by use of multivariate (factor/discriminant) analysis of mass spectral
data. The essence of this method is that the major part
of the variance within a set of mass spectra is described
by a limited number of orthogonal functions. The
weighted average spectrum of the set of spectra acts as
the origin for this subspace while the orthogonal functions express the covariance of masses in the set. Projections of individual sample spectra on these functions
reveal the main characteristics of the spectra compared
to the origin and thus give information on the molecular composition of the samples. Details on the procedure can be found elsewhere (Hoogerbrugge et al.
1983, Windig et al. 1983, Tas 1991. Klap 1997). The
utility of this approach has been demonstrated in various studies on the chemical composition of plant tissues (Boon & Haverkamp 1982, Boon et al. 1982, Brock
et al. 1985, Scheijen & Boon 1989, Van der Hage et al.
1993, Van der Heijden & Boon 1994, Klap et al. 1998,
1999).
The instrument used for DT-MS analysis of the samples was a double focusing (B/E geometry) JEOL
SX-102 mass spectrometer equipped with a direct
insertion probe. Water suspensions containing -5 pg
sample material were deposited on the Pt/Rh (9/1)
filament of the direct insertion probe and dried under
vacuum. In the mass spectrometer an ambient source
temperature of 180°C was maintained at a pressure of
10-4 Pa. The filament current was programmed from
0 to 1.5 A in 90 S, which corresponds to a heating rate
of 7°C S-'. The final temperature for each run was
800°C. Ions were generated by 16 eV E1 ionization
and extracted at 10 kV. The mass range m/z 20 to
400 was scanned each second at a resolution of 1000.
Data acquisition was performed on a JEOL MP-7000
system. All samples were analyzed in triplicate.
Principal component (discriminant) analysis was performed on a data set of mass spectra resulting after
integration of the Total Ion Current (TIC) over the
time interval between 20 and 60 S. This time interval
covered almost 100% of the TIC. The software packet
used for this data reduction was 'Chemometricks',
a self-developed interface to MATLAB@(The MathWorks, Natick, MA).
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those lignin pyrolysis products are given elsewhere
(Klap 1997). The table summarizes for all 8 samples
the relative peak intensities of the various compounds
compared to the peak with the maximum intensity in
the RIC trace. Not all samples show lignin contributions as high as Posidonia oceanica horizontal rhizome. All samples do contain phenolic (P) compounds;
however, without guaiacyl (G = 3-methoxy-4-phenol)
and syringyl (S = 3,5-dimethoxy-4-phenol) compounds

RESULTS
Curie-point Py-GCMS

Curie-point Py-GCMS was performed on MWL preparations of 4 different tissues of Zostera manna (root/
rhizome, stem, leaf and spadix), 2 tissues of Posidonia
oceanica (horizontal rhizome and leaf) and wholeplant tissues of Fucus vesiculosus and Spartina anglica
(aboveground). The term 'stem' indi13
cates the aboveground part of the rhizome system of Z. manna. This term
TIC
will be used throughout in order to
avoid confusion with the root/rhizome.
The upper chromatogram in Fig. 1 represents the summed signal of all
masses scanned of a P. oceanica hori2
zontal rhizome MWL sample. Such a
a,
chromatogram is called a 'Total Ion
E
.Current trace' (TIC trace). The lower
40
chromatogram represents the (renor5
malized) summed signal of a selected
subset of masses of the same analysis,
assigned as 'Reconstructed Ion Current
trace' (RIC trace). The selected masses
are m/z 94, 108, 110, 120, 122, 134,
140, 150, 152, 154, 162, 164, 166, 168,
0
5
10
15
20
25
30
35
40
178, 180, 182, 192, 194, 196, 208, 210,
Retention time (min)
272, 298, 302, 328, 332 and 358. These
masses represent a set of commonly en28
countered molecular ions of pyrolysis
100
products of lignin or lignin-like materRIC
ial (Boon et al. 1987, Faix et al. 1990,
Pouwels & Boon 1990, Ralph & Hatfield
80
1991, Van der Hage et al. 1993).
Comparison of the TIC and RIC
-g
traces reveals that no peaks with high
;60
intensity in the TIC trace are absent
in the lignin-specific RIC trace. So,
b
c
lignin peaks dominate the TIC, which
;'
40
indicates the high purity of this lignin
preparation. The fact that in many
E
[r
cases the relative peak intensities devi20
ate between the 2 traces (see e.g.
peaks 13 and 28) is due to the different
degrees of fragmentation upon ionization in the mass spectrometer of the
0
concerning molecular ions concerned.
0
5
10
15
20
25
30
35
40
The different peak intensities in the 2
Retention time (mm)
traces therefore do not affect the conFig. 1. (a)Total Ion Current (TIC)and (b)Reconstructed Ion Current (RIC)trace
clusion that Posidonia oceanjca horiof the Milled Wood Lignin (MWL)
preparation of Posidonia oceam'ca horizontal
zontal rhizome yields a clean MWL.
rhizome. The RIC represents the summed mass chrornatogram of m/z 94, 108,
trace
The peak numbers in the
110, 120, 122, 134, 140, 150, 152, 154,162,164,166,168,178, 180,182,182,194,
refer to the compound list in Table 1.
196, 208, 210, 272, 298, 302, 328, 332 and 358. The peak numbers in t h ~ sfigure
cross-refer to those in Table 1 (fist column)
Mass spectrometric characteristics of

-

,

-
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Table 1 List of identified lignin components in MWL preparations as analyzed by Curie-point F'yrolysis Gas Chromatography
Mass Spectrometry (Py-GCMS).The compound numbers (first column) cross-refer to the peak numbers in Fig. 1. The letters (P).
( G ) and (S) after the compound names indicate phenol, guaiacyl and syringyl structures respectively. Ret. time: retention time.
M-: masses of the molecuIar ions of the compounds listed. F: Fucus vesiculosus, Z Zostera marina, P: Posidonia oceanica;
S. Spartina anglica; 1: leaf; sp: s p a d ~ xS:, stem; r/r. rooWrhizome tissue; hr: horizontal rhizome. The peak intensities in the various
MWL preparations are categorized according to the following indications: M = maximum peak intensity in RIC trace, +++ < l o o % ,
++ <50%, + <lOO,L,t = trace amount
No. Compound
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

Phenol (P)
o-Methylphenol (P)
Guaiacol (G)
p-Methylphenol (P)
o-Methylguaiacol (G)
Ethylphenol (P)
p-Methylguaiacol (G)
Benzoic acid
Vinylphenol (P)
l , 2-dihydroxybenzene (P)
Hydroxyguaiacol ( G )
Ethylguaiacol (G)
Vinylguaiacol (G)
Eugenol (G)
Syringol (S)
Propenylphenol (P)
Propylguaiacol (G)
Isoeugenol (G)
Vanillin (G)
Methylsyringol (G)
Isoeugenol (G)
Guaiacylethanal (G)
Guaiacyl-C3H3(G)
Guaiacyl-C3H3 (G)
Acetylguaiacol (G)
Ethylsyringol (S)
Vanjllic acid methylester ( G )
Vinylsyringol (S)
Hydroxybenzoic acid (P)
Guaiacylpropanal (G)
Hydroxybenzoic acid (P)
Guaiacylpropan-3-one (G)
Hydroxybenzoic acid (P)
Ally1 syringol (S)
Propylsyringol (S)
Propenylsyringol (S)
Syringaldehyde (S)
Syringyl-C3Hs (S)
Syringyl-C3H, (S)
Propenylsyringol (S)
Syringylethanal (S)
Acetylsyringol (S)
Coniferaldehyde (G)
Coniferyl alcohol (G)
Syringic acid methylester (S)
Syringylpropan-3-one (S)
Ferulic acid methylester (G)
Unknown
Sinapylaldehyde (S)
Sinapyl alcohol (S)
l , 2-Diguaiacylethylene (G-G)
l-Guaiacyl-2-syringylethylene (G-S)
D-Hydroxyphenyl-P-guaiacyl-resin01(P-G)
1,2-Disyringylethylene (S-S)
Pinoresinol (G-G)

Ret. time

M+

5.9
7.45
8.05
8.1
10.15
10.25
10.5
10.75
11.45
11.5
12.4
12.5
13.55
14.35
14.45
14.5
14.55
15.55
15.65
16.55
16.6
16.85
17.15
17.3
17.45
18.05
18.1
18.95
19.2
19.25
19.4
19.45
19.6
19.65
19.75
20.65
21.15
21.25
21.35
21.75
21.8
22.4
22.6
22.65
23.05
24
24.3
24.9
26.9
27.05
36.6
39.8
41.85
42.75
43.25
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124
108
138
122
138
122
120
110
140
152
150
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154
134
166
164
152
168
164
166
162
162
166
182
182
180
138
180
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180
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194
196
194
182
192
192
194
196
196
178
180
212
210
208
222
208
210
272
302
328
332
358
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these phenols do not indicate lignin. Fucus vesiculosus
and leaf material of Zostera manna can therefore be
regarded as lignin-deficient. Since the phenols in
these samples are not removed during extraction with
acetone/water and ethanol/benzene, it seems likely
that they are present in a polymeric (e.g. tannin-like)
structure.
With regard to the various tissues of Zostera marina,
a trend from lignin-deficient to relatively lignin-rich is
observed going from leaves via spadices and stems to
roots/rhlzomes. Also in Posidonia oceanica the leaves
are relatively depleted in lignin compared to the horizontal rhizomes, although the leaves are not lignindeficient. With regard to the differences between species, it is clear that tissues of P. oceanica show more
pronounced lignin character than the equivalent tissues
of Z. marina. Finally, it can be deduced from Table 1
that the 2 most lignin-rich samples (Spartina anglica
and P. oceanica horizontal rhizome) show remarkably
different ratios of lignin-building units with S. anglica
being the one relatively rich in guaiacyl structures and
P. oceanica in syringyl structures.

DT-MS
The MWL samples discussed in the previous section
were also analyzed with DT-MS. Here, all 8 MWL samples were analyzed in triplicate and principal component (discriminant) analysis was carried out on the set
of sample spectra covering practically the complete
TIC signal. As described in the 'Materials and methods' the MWL samples in this study did not contain
different fractions with distinct thermal stabilities.

Fig. 2 shows the weighted average spectrum (zeropoint) of the set. The spectrum shows characteristic
masses of guaiacyl (m/z 272, 180, 178, 164, 162, 150,
137 and 124) and syringyl structures (m/z 210, 208,
194, 192, 180 and 167). This lignin character confirms
the GC-MS data. Other noticeable masses are m/z 110
and 96, assignable to furfurals that are presumably
pyrolysis products of uronic acids. Other sugar markers are the masses m/z 126, 98, and 85 of hexoses. The
presence of these masses indicates that MWL preparations still contain some polysaccharides. m/z 55, 57, 60,
69 and 82 have high intensities but little significance,
since they are non-characteristic and thus appear in
spectra of all kind of compound classes. m/z 149,
finally, can be attributed to a persistent background
signal of phthalates from the laboratory atmosphere.
Mass spectral deviations from this average spectrum
are addressed in Fig. 3 in which a plot of discriminant
scores (Fig. 3b) is accompanied by reconstructed discriminant spectra (Fig. 3a, c). The zero-line in Fig. 3b
represents the average spectrum (Fig. 2), while positive and negative scores of samples indicate increased
contributions in their spectra of the upper DFII+(Fig. 3a)
and lower DFI1- (Fig. 3b) spectrum respectively. The
accents indicate that the first discriminant function
(DF) has been rotated over 25" in the DFI-DF3plane in
order to maximize lignin marker intensities in the DF',+
spectrum. This optimization has indeed provided a
clean lignin spectrum. The DF',- spectrum does not
show an equally well interpretable spectrum, although
several polysaccharide markers (m/z 144, 126, 114, 98,
97 and 85) appear. Hence, this DF provides a kind of
'lignin-scale'; samples with positive scores are relatively lignin-rich while negative scores indicate ligninpoor samples.
The positive scores of Posidonia oceanica horizontal
rhizome and Spartina anglica confirm the conclusion
based on Py-GCMS data that these samples contain
the highest lignin levels in the set. Due to the high
relative lignin abundances of these 2 samples all other
samples plot negative relative to the zero-point. The
relative scores of the other samples, with the exception
of Fucus vesiculosus, are also in accordance with the
Py-GCMS data. Additional confirmation of the relative

Fig 2. Weighted sverage (= zeropoint) spectrum after discriminant
analvsis of set DT-MSSDeCtra of all
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lignin abundances was obtained after
180
DT-MS analyses of a set of Milled Wood
Enzyme Lignin (MWEL) preparations.
These preparations are the residues ob05 loo80
tained after enzymatic digestion of the
proteins and carbohydrates. MWEL is
g 60
.less pure, but it better represents the
,S 40
total lignin of the sample (Obst & Kirk
a 20
1988). The results (not shown) do not
provide new aspects on the composition
o
of the various tissues, but they unam50
100
150
200
250
300
350
biguously confirm the above-mentioned
m/z
lignin trends.
The only anomalous score in Fig. 3b is
that of Fucus vesiculosus. Based on PyGCMS data, F. vesiculosus was declared
lignin-deficient (together with Zostera
i~
o
marina leaves). Visual examination of the
0
individual DT-MS spectra of F. vesiculoi
sus supports the conclusion that this species does not contain lignin (for Z. manna
-2
this is less clear, but lignin markers do not
I
I
I
I
I
1
I
.'
3
clearly show up in these spectra either).
B
Thus the following question is pertinent:
$
2
v
why does F. vesiculosus, despite its lignin
Q'
9
'v
y
deficiency, have a less negative score
than the lignin containing spadices and
96
stems of Z. manna. The explanation for
the unexpected score of F. vesiculosus is
that its composition is not characterized
by either lignin (DFn,+),
or polysaccharide
(DF',-).As a result, F. vesiculosus receives .E
a relatively random value in the DF',
score plot. Closer examination of the
complete solution space reveals that the
' . " - l
specific characteristics of F. vesiculosus
appear in the 5th discriminant function.
50
100
150
200
250
300
350
The accompanying reconstructed specm/z
trum shows many peaks with high inten- Fig. 3. (a,c)Reconstructed mass spectra and (b)score plot of first discriminant
sities, but without a pattern that relates to function (DF) of complete MWL sample set after rotation of 25" in DF,-DF,
plane. The amount of variance described by this rotated DF is 41 %
any known bio-organic compound class.
Apart from its intrinsic chemical composition, the anomalous score of F. vesiculosus
may also be due to chemical alterations induced by
and horizontal rhizome) have high opposite scores. The
the acid treatment that was exclusively conducted on
accompanying reconstructed spectra predominantly
E vesiculosus material to bring about the initial extracbear syringyl (Fig. 4a = DF2+)and guaiacyl markers
tion with acetone/water. All together, however, there is
(Fig. 4c = DF2-) respectively.
In a comparative study on MWL and MWEL prepano doubt that F. vesiculosus does not contain lignin.
rations of Spartina anglica (Klap et al. 1998) it was
The Py-GCMS data indicated that Spartina anglica
concluded that MWL of S. anglica does not represent
was rich in guaiacyl units and poor in synngyl units,
the total lignin fraction of the plant. Comparison of
as opposed to Posidonia oceanica horizontal rhizome.
This difference in lignin characteristics is perfectly
the MWL and MWEL preparations of the various seagrass tissues in the framework of this study (MWEL
reflected in the second DF (Fig. 4). In the score plot all
Zostera manna and F. vesiculosussamples have values
data not shown) reveals that, contrary to S. anglica,
close to zero, while S. anglica and P. oceanica (both leaf
the MWL preparations of Zostera marina and Posido-

I
1

E

-
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DISCUSSION AND CONCLUSIONS

The results of this study provide unequivocal evidence for the presence of
lignin in Posidonia oceanica and Zostera
marina. We also found proof for the presence of lignin in the vertical rhizomes of
another seagrass, from the East African
coast, Thalassodendron ciliatum. Since
this observation was made on an MWEL
preparation, the data are not included in
mh
this paper. Together with the identifica2
tion of lignin in Halodule wrightii (Opsahl & Benner 1993), there is now evi1
dence for the presence of lignin in 4 of
0
the 12 extant seagrass genera (Den Harlim
D
tog 1970). It seems therefore most likely
-1
that the presence of lignin is a general
-2
feature of seagrasses. It is clear from
our data, however, that substantial varia-3
I
l
I
I
I
I
l
tion in relative abundance exists between
species, P. oceanica having a stronger
lignin character than Z. marina. Relative
lignin abundance does not only vary with
4.
Y
cc.
species, but also with tissue type. Roots/
rhizomes and leaves represent end mem180
loo bers on the lignin scale (enriched and de137
pleted respectively); stems and spadices
E 80 are intermediates.
2
.
2 60 The ability to synthesize lignin is considered to be a crucial step in the evolu40 330
tion of terrestrial plants in order to provide
rigidity to their tissue structure. It
222
is remarkable that this feature has been
I
~
~
~
~
I
~
~
retained
in ~angiosperms
that
have~ re50
100
150
200
250
300
350
turned to the sea, since no other marine
m/z
primary producers, macroalgae included,
contain lignin.Lignin is thus
Fig. 4. (a,c)Reconstructed mass spectra and (b) score plot of second discrimifor plant life in the sea and the question
nant function (DF) of complete MWL sample set. The amount of variance
described by this rotated DF is 6 %
why seagrasses allocate carbon fixed In
photosynthesis for the production of lignin
is thus pertinent.
One answer may be that as long as lignin does not
nia oceanica are representative of the total lignin of
present a major disadvantage to the plant it will be
the plant. An explanation for this phenomenon might
be that compositional lignin fractionation over the
retained. The synthesis of lignin, however, requires a
various cell wall layers, as described by Terashima
considerable energy input. As a consequence of their
submerged existence, seagrasses often have difficuity
et al. (1993), is more pronounced in S. anglica than in
Z. marina and P. oceanica. If the lignin of one of those
in maintaining a positive carbon balance, particularly
layers is more susceptible to extraction by dioxane
at larger depths (Hemminga 1998). This energetic
than that of the other layers, a relative enrichment
argument could have been ample reason for the cessawith 1 specific lignin fraction (syringyl-rich) may
tion of lignin synthesis. The extended time period that
occur in S, anglica. This example demonstrates the
has elapsed since the secondary adaptation of vascular
difficulty in extrapolating analytical data obtained
plants to the marine environment (-100 million yr)
from chemical preparations to whole tissue characterishould have sufficed for the disappearance of lignin
from seagrasses. Hence, we tend to believe that the
zation.
I
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Table 2 Relation between life span and relative (re1 ) lignin abundance for the tissues analyzed in this study. The relative Iignin
abundances are based on the Py-GCh4S data as given in Table 1 and the DT-MS data in Fig. 3 . Analysis of differently punfied
samples (data not shown) revealed that the relative amount of lignln in Thalassodendron ciliatum was very high
I

l

Species
Zostera
Zostera
Zostera
Zostera

Tissue
manna
marina
manna
marina

Posldonja oceanjca
Pos~doniaoceanica
Thalassodendron ciliaturn

Root/rhizome
Stem
Spadix
Leaf
Horizontal rhizome
Leaf
Vertical rhizome

Rel, lignin
abundance

+++
+
+
-

++++
++
++++

presence of lignin indicates that it is still a valuable
constituent of seagrasses. Some possible advantages
will be discussed in the following paragraphs.
A first possibility is that Lignin serves the same purpose underwater as it does on land: to supply rigidity to
the plant. Rigidity in seagrasses, however, may have a
different significance than it has for terrestrial plants.
The buoyancy of the plants implies that rigidity is not
required to maintain an upright position, but rlgidity is
definitely needed to keep the lacunal system intact.
The lacunal system consists of a continuous system of
gas-filled channels that run through the plant and allow
the diffusion of oxygen from the leaves to the roots
(Larkum et al. 1989).Since seagrasses can live at large
depths (up to 90 m, Den Hartog 1970),the tissue layers
that encompass these lacunae need to resist high pressures. Application of turgor will be one way to withstand compression, but reinforcement of the cell wall
by compounds that specifically counteract transversal
forces (like lignin) seems another versatile strategy.
As the lacunal system covers the whole trajectory
between the roots and the leaves, the observation that
seagrass leaves contain llttle or no lignin indicates that
lignin is not a prerequisite for the strengthening of the
lacunal system of seagrasses. At best it may contribute
to it. But if lignin is not essential for structural strength,
the question remains: what function does it have? In
Table 2 it is shown that relative lignin abundance is
positively correlated with the life span of the tissues
analyzed, which suggests that deposition of lignin pays
off with life extension of the tissue. Deposition of lignin,
however, also has disadvantages. It leads to loss in
elasticity of the tissue and lignification of the cell wall
leads to strong but eventually dead cells (Brett & Waldron 1990). The low relative abundance of lignin in
seagrass leaves might therefore be due to the incompatibility of lignification and processes like cell growth
and functioning. For several grasses such a negative
correlation between relative growth rate and lignification has been observed (Niemann et al. 1992).

Life span

Source for life span data

Months to years
Months
Weeks to m.onths
52 d
83 d
240 yr
9 mo

Own approximation
Own approximation
Own approximation
Borowtzka & Lethbridge (1989)
Hemminga et al. (1999)
Boudouresque (1986)
Hemminga et al. (1999)
Duarte et al. (1996)

55 yr

The correlation between life span and relative lignin
abundance may be related to the presumed protective
value of lignin against microbial attack. It is well recognized for land plants that lignin can only be biodegraded by a selected suite of organisms. White-rot
fungi are most renowned in this respect (Chen &
Chang 1985, Harvey et al. 1987, Hedges et al. 1988,
Goni et al. 19931, but bacteria have also been reported
as lignin decomposers (Amer & Drew 1980, Benner et
al. 1984). Lignin synthesis by land plants has been
observed as a direct response to microbial infection or
physical wounding (Matern et al. 1995, Hawkins &
Boudet 1996, Dushnicky et al. 1998). Other phenolic
compounds that commonly occur in seagrasses are believed to have comparable antibiotic properties (Zapata & McMillan 1979, Harnson 1982, Buchsbaum et al.
1990, Agostini et al. 1998). Increased levels of these
compounds in leaves of Zostera manna have been observed as a response to pathogenic infection (Vergeer
& Develi 1997). It would be an interesting scope for
further research to find out whether these compounds
act as non-rigid substitutes for lignin and are produced
in higher quantities in the leaves compared to tissues
with higher longevity.
The detection of lignin in seagrasses also has an
implication for marine ecological studies where lignin
is used as a land-derived marker. In areas where seagrass densities are high the use of lignin as a terrestrial
tracer does not seem appropriate.
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