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Abstract—The macromolecular constituents of the sclerotic propagule wall of Nelumbo nucifera and seed coat
of Nymphaea caerulea were studied using scanning electron- and light microscopy in combination with Curie-
point pyrolysis-gas chromatography-mass spectrometry. In addition, the Nelumbo material was analyzed using
solid state *C nuclear magnetic resonance and in-source pyrolysis-mass spectrometry. The sclerotic seed coat
of the Nymphaea caerulea revealed the presence of angiosperm lignin-cellulose similar to that found in most
sclerotic plant remains. In sharp contrast, the fruit wall plus seed coat of Nelumbo is believed to be composed
of a complex of polysaccharides, based on primarily galactose and mannose units, and insoluble tannins, which
are suggested to play the same structural role as the lignin-cellulose in the sclerotic seed coat. The distinctive
nature of the chemical constituents present in the propagule wall of Nelumbo, supports the systematic distinction
of this genus in the separate family Nelumbonaceae. The characteristic chemical composition of the propagule
walls of Nelumbo could be an additional factor in favour of a prolonged longevity of these fruits. However,
the distinctive composition of polysaccharides and tannins without the presence of lignin is considered to be
the main reason for the absence of these propagules in the fossil record, despite their physical resistance.
© 1997 Elsevier Science Ltd. All rights reserved

INTRODUCTION Nuphar, Victoria, Euryale, Ondinea, Barclaya); (2)
Cabombaceae (Cabomba, Brasenia), and (3) Nel-
umbonaceae (Nelumbo). However, it should be men-
tioned that the systematic position of this latter family
is ambiguous and new morphological evidence implies
that Nelumbo is distinct from the Nymphaeales and
only distantly related to them [11]. This is further
corroborated by recent data on the chemical com-
position of the epicuticular waxes [12] and rbcL-analy-
ses [13], indicating that the Nelumbonaceae may not
belong to the Nymphaeales. Remains of all three fam-
ilies are recognized in the fossil record, however, there
is an intriguing phenomenon concerning the presence
of the different propagules. Seeds of several modern
genera of Nymphaeaceae s.s. and Brasenia (Cabom-
baceae) are represented in the fossil record [8-10],
whereas the fruits of the genus Nelumbo, often termed
seeds [3, 14], are absent prior to the Holocene (ca 0.01
Ma). This observation is rather surprising considering

Water lilies (Nymphaeaceae sensu lato; Nymphaeales)
are distributed worldwide {1-4] and often occur abun-
dantly in modern fresh-water environments, such as
lakes, swamps and marshes. Hence, it is not surprising
that their remains are microscopically recognized as
substantial contributors to the sedimentary organic
matter in peat deposits [S—7]. Water lily remains also
contribute to sediments, as witnessed by the frequent
recognition of leaves, rhizomes and seeds in the fossil
record throughout the Quaternary and Tertiary and
as far back as the late Cretaceous [2-4, 8-10].

Based on, primarily, morphological evidence, water
lily genera are now subdivided into three families [2—
4]: (1) Nymphaeaceae sensu strico (Nymphaea,
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the fact that Nelumbo-like leaves are known from the
Cretaceous onwards [3, 9, 10]. Moreover, a high pres-
ervation potential could be predicted for Nelumbo
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fruits based on the fact that they possess a physically
tough, water- and air-tight wall and are famous for
their extreme longevity, being capable of germinating
after many centuries [14-17]. Their absence in the
fossil record is therefore rather puzzling.

In the present work, the sclerotic (i.e. hardened,
thickened) fruit wall of Nelumbo nucifera is examined
using scanning electron- and light microscopy, in
addition to Curie-point pyrolysis-gas chromato-
graphy(-mass spectrometry), in-source pyrolysis-
mass spectrometry and solid-state C NMR, in
order to characterize the insoluble constituents. The
Curie-point pyrolysis results are compared with those
of the sclerotic outer seed coat (testa) of Nymphaea
caerulea, the chemistry of which is considered to be
representative of that of the sclerotic propagule walls
of Nymphaeaceae s.s. and Cabombaceae [18]. Com-
parison between the macromolecular constituents pre-
sent in these two samples will be discussed with ref-
erence to the chemosystematic position of Nelumbo
and the absence of its propagules in the fossil record.

RESULTS

Microscopy

Nymphaea caerulea propagules are seeds that are
small, ca 1-5 mm long and ovoid. The outer wall of
these propagules is the seed coat, which consists of a
sclerotic outer testa and a thin inner tegmen [cf. 8, 19].

The propagule of Nelumbo is a single-seeded fruit
which is rather similar in overall appearance to the
seed despite of its utterly distinct botanical nature. It
is larger than the seed, up to 15 mm long, but also
ovoid and with terminal features [Fig. 1(a)] which
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resemble those on the operculum of the seeds. The
resemblance is purely superficial as the larger of these
structures [Fig. 1(a)] is the remains of the stigma and
the smaller is an oval scar the function of which is
unknown [11].

As expected from its botanical nature the Nelumbo
propagule also has very distinct anatomy. The exter-
nal surface [Fig. 1(b)] of the fruit wall is covered by
fine tubercles and, in the area which protrudes from
the receptacle, also contains stomata [Fig. 1(b)] which
are connected to the internal parenchyma by channels
[o; Fig. 1(c) and (d)]. In section, the propagule wall,
which is a combined fruit wall and seed coat, has four
layers [Fig. 1(c)]. We consider that the innermost layer
[Fig. 1(c)] is the unspecialized seed coat (sc), but this
is almost identical in anatomy to the very thick inner
layer of the fruit wall (i). This tissue is thick-walled
parenchyma. Another distinctive layer in the fruit wall
consists of closely-packed, narrow elongate cells [e;
Fig. 1(c) and (d)], which are white under light
microscopy. These are not columnar sclereids, but are
somewhat flexible and thin-walled. We do not know
their exact anatomical nature. The outermost fruit
wall layer consists of cuboid thick-walled cells [c; Fig.

1(d)].

Chemistry

In order to characterize the macromolecular com-
position of the sclerotic propagule walls, the Nym-
phaea sclerotesta and the whole propagule wall (fruit
wall plus seed coat) of Nelumbo were subjected to
CuPy-GC(-MS). In addition, the Nelumbo sample was
analyzed using Py-MS and solid-state *C NMR. Peak

"

Fig. 1. Scanning electron micrographs of modern Nelumbo nucifera single-seeded fruit. (2) apical portion showing stigma on

the far left and scar left of centre; x 10; (b) surface detail showing tubercules and three stomata; x 160; (c) transverse section

of complete wall showing seedcoat (sc), inner layer of fruitwall (i) and elongated cells (e); x42; (d) transverse section of
outer portion of wall showing detail of elongate cell layer (e), cuboid thick-walled cells (c) and a channel (0); x 160.
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Fig. 2. CuPy-GC traces (Curie-temperature 610°) of (a) testa of modern Nymphaea caerulea and (b) whole propagule wall
of modern Nelumbo nucifera. Key: * = contaminants, C,;FA refers to hexadecanoic acid. Numbers refer to compounds
listed in Table 1.

numbers in Fig. 2 refer to compounds listed in Table
1.

Curie-point pyrolysis-gas chromatography-mass spec-
trometry

The pyrolysates of both samples are dominated by
phenolic and polysaccharide pyrolysis products. How-
ever, the contribution of and distribution within these
two classes varies substantially between the pyr-
olysates [Figs 2(a) and (b)]. The pyrolysate of the testa
sample of Nymphaea is dominated by methoxyphenols
with 2-methoxyphenol (21), 4-methyl-2-methoxy-
phenol (26), 4-ethenyl-2-methoxyphenol (35) and 4-
(2-(E)-propenyl)-2-methoxyphenol (46) as the most
important contributors [Table 1; Fig. 2(a)]. In
addition, substantial amounts of acetic acid (2), furan-
(e.g., 2-furaldehyde; 8) and pyran derivatives (e.g. 4-
hydroxy-5,6-dihydro-(2H)-pyran-2-one; 15), as well
as anhydrosugars [e.g. 1,6-anhydro-f-p-gluco-
pyranose (levoglucosan); 53] are present. 2,6-Dime-
thoxyphenols (e.g. 36, 45, 57 and 65), alkylphenols
(17, 20 and 22), 1,2-benzenediol (27) and methoxy-
phenol-dimers (e.g. 70) are found in relatively small
amounts.

In contrast, the pyrolysate of the Nelumbo sample
[Fig. 2(b)] is dominated by polysaccharide pyrolysis
products (e.g. 3, 8, 10, 11, 13, 18, 19, 28, 44 and 50),

in addition to 1,2-benzenediols (27 and 34). It should
be noted that the peak annotated 27+ 28 [Fig. 2(b)]
represents ca equal amounts of 1,2-benzenediol and 5-
hydroxymethyl-2-furaldehyde. Methoxyphenols and
(alkyl)phenols are present in minute amounts. The
distribution pattern of the polysaccharide pyrolysis
products is very different from that in the pyrolysate
of the testa fcf. Fig. 2(a)]. In particular, the relatively
low amount of 2-furaldehyde (8), the high amounts
of 2-hydroxymethylfuran (10), 5(H)-furan-2-one (11),
2,3-dihydro-5-methylfuran-2-one (13), 2-hydroxy-3-
methyl-2-cyclopenten-1-one (18), 5-hydroxymethyl-2-
furaldehyde (28), the virtual absence of 4-hydroxy-
5,6-dihydro-(2H)-pyran-2-one (15) and the absence of
1,6-anhydro-$-D-glucopyranose (=levoglucosan; 53)
should be noted. Moreover, two relatively important
pyrolysis products (44 and 50) are detected which are
characteristic for the Nelumbo sample. The peak shape
[Fig. 2(b)] and their mass spectra, with the main frag-
ments m/z 57, 60, 73 and 98, imply a structure similar
to that of the anhydrosugar levoglucosan (53). Based
on comparison with literature data [20-23] these
two compounds are tentatively identified as levo-
galactosan (44) and levomannosan (50).

In-source pyrolysis-mass spectrometer (DTMS)

In-source PyMS data of the Nelumbo sample were
obtained under low voltage EI [Fig. 3(a)] and
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Table 1. Pyrolysis products detected in the CuPy-GC(-MS) traces (Fig. 2) from the water lily propagules of Nymphaea
caerulea and Nelumbo nucifera

No. Compound name Structure/Type M*
1 hydroxypropanone PS 74
2 acetic acid PS 60
3 unknown PS 84
4 toluene 92
5 (2H)-furan-3-one PS 84
6 3-furaldehyde PS 96
7 2,4-pentadienal PS 82
8 2-furaldehyde PS 96
9 4-methyltetrahydrofuran-3-one PS 96

10 2-hydroxymethylfuran PS 98

11 (5H)-furan-2-one PS 84

12 unknown PS 98

13 2,3-dihydro-5-methylfuran-2-one PS 98

14 5-methyl-2-furaldehyde PS 110

15 4-hydroxy-5,6-dihydro-(2 H)-pyran-2-one PS 114

16 5,6-dihydropyran-2,5-dione PS 112

17 phenol P 94

18 2-hydroxy-3-methyl-2-cyclopenten-1-one PS 112

19 unknown PS 114

20 2-methylphenol P—C 108

21 2-methoxyphenol G 124

22 3- and 4-methylphenol P—C 108

23 5-hydroxymethyl-2-tetrahydro-furaldehyde-3-one PS 144

24 2,4-dimethylphenol C—P—C 122

25 4-cthylphenol P—C—C 122

26 4-methyl-2-methoxylphenol G—C 138

27 1,2-benzenediol Ca 110

28 S-hydroxymethyl-2-furaldehyde PS 124

29 4-ethenylphenol P—C=C 120

30 unknown PS

31 3-methyl-1,2-benzenediol Ca—C 124

32 4-ethyl-2-methoxyphenol G—C—-C 152

33 unknown PS

34 4-methyl-1,2-benzenediol Ca—C 124

35 4-ethenyl-2-methoxyphenol G—C=C 150

36 2,6-dimethoxyphenol S 154

37 propenylphenol P—C=C—C 134

38 2-methoxy-4-(1-propenyl)phenol G—C—C=C 164

39 2-methoxy-4-propylphenol G—C—C—-C 166

40 4-formyl-2-methoxyphenol G—CHO 152

41 unknown PS 126

42 C,-1,2-benzenediol Ca—C, 138

43 2-methoxy-4-(2-(Z)-propenyl)phenol G—C=C—-C 164

44 anhydrosugar (levogalactosan ?) PS 162

45 2,6-dimethoxy-4-methylphenol S—C 168

46 2-methoxy-4-(2-(E)-propenyl)phenol G—C=C—C 164

47 4-ethanal-2-methoxyphenol G—C—CHO 166

48 4-(C;,)-2-methoxyphenol G—C;, 162

49 4-acetyl-2-methoxyphenol G—CO—C 166

50 anhydrosugar (levomannosan ?) PS 162

51 4-(C;,)-2-methoxyphenol G—C,, 162

52 C;-1,2-benzenediol Ca—C, 152

53 1,6-anhydro-f-D-glucopyranose (levoglucosan) PS 162

54 4-carboxy-2-methoxyphenol methyl ester G—COOCH; 182

55 2-methoxy-4-(2-propanone)phenol G—C—CO0—C 180

56 2,6-dimethoxy-4-ethylphenol S—C—C 182

57 2,6-dimethoxy-4-ethenylphenol S—C=C 180

58 2-methoxy-4-(3-propanone)phenol G—CO—C—-C 180

59 2,6-dimethoxy-4-(1-propenyl)phenol S—C—C=C 194
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Table 1.—Continued

No. Compound name Structure/Type M*
60 4-carboxy-2-methoxyphenol G—COOH 168
61 2,6-dimethoxy-4-propylphenol S—C—C-C 196
62 2,6-dimethoxy-4-formylphenol S—CHO 182
63 2-methoxy-4(1-hydroxypropyl)phenol G—C—C—COH 182
64 2,6-dimethoxy-4-(2-(Z)-propeny!)phenol S—C=C—-C 194
65 2,6-dimethoxy-4-(2-( E)-propenyl)phenol S—C=C—-C 194
66 2-methoxy-4-(2-(E)-propenal)phenol G—C=C—CHO 178
67 4-acetyl-2,6-dimethoxyphenol S—CO—C 196
68 2,6-dimethoxy-4-(2-propanone)phenol S—C—CO—C 210
69 2,6-dimethoxy-4-(2-(E)~propenal)phenol S$—C=C—CHO 208
70 1,2-di(4-hydroxy-3-methoxyphenyl)ethene; G—C=C—G 272

(o, f-diguaiacylethene)

P = phenol; G = 2-methoxyphenol (Guaiacyl); S = 2,6-dimethoxyphenol (Syringyl); Ca = 1,2-benzenediol (catechol);

PS = polysaccharide.

ammonia CI conditions [Fig. 3(b)]. The mass peak
distribution in Fig. 3(a) is typical for hexose poly-
saccharides [24]. This identification was confirmed by
the ammonia CI data shown in Fig. 3(b). A high
intensity m/z 180, identified as an 1,6-anhydrohexose
[M+NH,]*, and corresponding ions indicative of fur-
ther dehydrated anhydrohexosesugars at m/z 162 and
144 [24-26] are observed. Ions indicative of anhy-
drohexosesugar oligomets are present at m/z 342 and
504 [27], which is an indication for the linear nature
of the polymer chain. Low intensity anhydropentose
sugars ions are observed at m/z 132 and 150. The
corresponding EI ions are observed at m/z 144. Tons
at m/z 146 and 164 in Fig. 3(b) suggest the presence
of deoxysugars. The pentose and deoxysugars can be
interpreted as indicative for xyloglycan, a poly-
saccharide which is normally closely associated with
cellulose microfibrils.

Tons indicative of methoxy phenolic compounds at
m/z 152, 164 and 178 are observed at low intensity
and do not show a typical lignin pattern [28]. Experi-
ments with reactive Py-MS using tetramethyl-
ammoniumhydroxide as a transalkylation reagent,
confirmed the polysaccharide nature of the sample
but did not reveal new aspects.

Solid-state *C NMR of Nelumbo sample

The NMR spectrum of the Nelumbo [Fig. 4(a)] is
dominated by resonances indicating polysaccharides,
at 65 ppm (indicating C-6 carbons of polysaccharides),
at 72 ppm (indicating C-2, 3, and 5 carbons of poly-
saccharides), at 90 ppm (indicating C-4 carbons of
crystalline polysaccharides) and at 105 ppm (indi-
cating C-1 carbons of polysaccharides). This latter
resonance may also indicate nonprotonated aromatic
carbons in tannins [29-31], or C-2 and C-6 in dime-
thoxyphenols [32]. In addition, several other peaks are
present at ca 56 ppm (indicating methoxyl carbons),
115 ppm (indicating protonated aromatic carbons),
130 ppm (indicating carbon-substituted aromatic car-

bons), 145 ppm (indicating O-aryl carbons in dihydric
phenols; e.g. 1,2-benzenediols), 153 ppm (indicating
O-aryl carbons in monohydric phenols) and 175 ppm
(carboxyl carbons) indicating, perhaps, the carboxyls
of uronic acid-based sugars. However, these are only
very minor peaks when compared with those indi-
cating polysaccharides. The dipolar dephasing spec-
trum [dephasing delay of 60 usec; Fig. 4(b)] is domi-
nated by resonances at 72, 106, 130, 145, 153 and 175
ppm. The presence of carboxyl (175 ppm) and the
oxygen-substituted carbons of mono-, di- and tri-
hydric phenols of tannins (130, 145 and 153 ppm) are
expected in the dipolar dephased spectrum. The peak
at 72 ppm for polysaccharides is not expected because
it should normally dephase away at a dipolar de-
phasing time of 60 usec. This could be due to the fact
that the polysaccharides in Nelumbo are not common
polysaccharides as already indicated by the pyrolysis
data. The peak at 106 ppm could be from tannins [29]
or from ketals [33] associated with certain poly-
saccharides. Considering that intense peaks are
observed for phenolic units present in tannins, the
major portion of the peak at 106 ppm is likely to be
from these latter compounds.

DISCUSSION

Biomacromolecule in Nymphaea sclerotesta

The sclerotic testa of the water lily analyzed is com-
posed of a native angiosperm lignin-cellulose complex
as revealed by the presence of their specific pyrolysis
(CuPy-GC) products [22, 34, 35]. Most polysaccharide
products (1, 2, 5, 6, 8, 10, 11, 14, 28 and 53) en-
countered in these pyrolysates are likely derived from
cellulose [36], the main constituent of the holocellulose
in the lignin-cellulose complex. In addition, 4-hyd-
roxy-5,6-dihydro-(2H)-pyran-2-one (15), is con-
sidered as a xylan marker, a hemicellulose constituent
which is the other component of the holocellulose [22,
36).
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Fig. 3. Py-EIMS (a) and Py-CIMS (b) spectra of insoluble wall material of Nelumbo nucifera.

Biomacromolecule in sclerotic layers of Nelumbo

In contrast to the pyrolysate (CuPy-GC) of the testa
of Nymphaea [Fig. 2(a)), the pyrolysate of the Nelumbo
fruit wall plus testa, is dominated by polysaccharide
pyrolysis products (1, 2, 3, 8, 10, 11, 13, 18, 19, 28, 44
and 50), in addition to 1,2-benzenediols [27 and 34;
Fig. 2(b)]. Polysaccharides, in particular hexosans, are
also evident from the Py-CIMS, i.e. m/z 504, 342, 222,
180, 162 and 144 [Fig. 3(b)]. This signature is usually
assigned to f(1,4)-glucans, because they are the most
common in plant cell walls. However, based on CuPy-

GC and NMR data in which such signature is absent,
this type of polysaccharide is rather unlikely. The
small contributions of pentoses and deoxysugars
(fucose?) suggest the presence of another plant poly-
saccharide, such as a xyloglucan. The ion m/z 110 in
the Py-EIMS spectrum may indicate 1,2-benzenediols
moieties. However, it should be noted that this ion is
often found in polysaccharide Py-EIMS data. Evi-
dence of polysaccharides and 1,2-benzenediols is also
recognized by their characteristic resonances in the
NMR spectrum, viz., 65, 72, 90 and 105 ppm for
polysaccharides [Fig. 4(a)] and 115, 130 and 145 ppm
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Fig. 4. Solid-state *C NMR spectra of propagule wall of Nelumbo nucifera. (a) conventional spectrum; (b) 60 usec dipolar
dephased spectrum.

for the aromatic carbons in 1,2-benzenediol-moieties
[Fig. 4(b)]. From the NMR and Py-MS spectra it is
obvious that the contribution of the latter moieties is
low when compared with that of the polysaccharides.
Although, most of the polysaccharide pyrolysis
products detected in the CuPy trace are recognized in
pyrolysates of cellulose [36], their distribution pattern
in this sample is very different [cf. Fig 2(a) and (b)].
Moreover, the anhydrosugar, levoglucosan (53) and
the xylan marker (compound 15) are absent, sug-
gesting the virtual absence of both cellulose and xylan
hemicelluloses. However, this latter observation seems
partly inconsistent because several other characteristic
compounds in the pyrolysate [Fig. 2(a)], such as 2,3-
dihydro-5-methylfuran-2-one (13), 5,6-dihydropyran-
2,5-one (16) and 2-hydroxy-3-methyl-2-cyclopenten-
1-one (18) are relatively important and are also men-
tioned as specific xylan markers [28]. These results
indicate that the (structural) polysaccharide precursor
in this sample is different from that recognized in
typical lignin-cellulose complexes. A distinctly differ-
ent polysaccharide composition is further sub-
stantiated by the fact that the dipolar dephased NMR
spectrum [Fig. 4(b)] still shows a strong resonance at
72 ppm which would have been absent in the case of
a common lignin-cellulose complex [33]. The rec-
ognition of two different anhydrosugars (probably
levogalactosan 44 and levomannosan 50) in the CuPy-
GC trace leads us to suggest that the polyhexose build-
ing units are galactose and mannose instead of
glucose. An abundant contribution from galactose
appears in good agreement with data on the neutral
polysaccharides of whole Nelumbo fruits [37].

Evidence of methoxyphenols, indicating lignin, is
virtually absent from both the CuPy-GC trace and
the Py-MS spectra. Using mass chromatography only
traces of 2-methoxyphenol (21) and 4-ethenyl-2-
methoxyphenol (35) were detected in the CuPy-GC
trace. However, the absence of characteristic lignin
monomers in the Py-EIMS spectrum implies that the
methoxylphenols detected in the CuPy-GC trace are
most likely derived from a source other than lignin.
Furthermore, the characteristic resonances for
methoxyphenols in the NMR spectrum are minor and
can also, alternatively, be explained by the presence
of the alkylphenols and 1,2-benzenediols. Based on
these observations, in combination with the absence
of the specific pyrolysis markers for cellulose, we
believe that the sclerotic layers of the Nelumbo do not
contain lignin-cellulose.

The only other relatively abundant pyrolysis pro-
ucts in the Py-GC trace, apart from the polysaccharide
pyrolysis products, are 1,2-benzenediol (27) and 4-
methyl-1,2-benzenediol (34). These products are often
recognized in pyrolysates of extant lignin-containing
tissues but in small amounts only [22, 23]. Their abun-
dance in the pyrolysate of the sclerotic layer of Nel-
umbo is therefore rather surprising. Recent studies
using tannin monomers, (catechin = flavan-3-ol) and
condensed tannins showed that upon flash pyrolysis
only two major products were detected, viz., 1,2-
benzenediol and 4-methyl-1,2-benzenediol [38—40].
Thus, tannin-moieties could be the source for the
benzenediols detected. Additional evidence for this
suggestion is found in the dipolar dephasing NMR
spectrum [Fig. 4(b)], which shows an intense signal at
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106 ppm indicating a contribution from tannins [30,
31]. Moreover, tannins could also explain the res-
onances at 130, 145 and 153 ppm in the NMR spec-
trum [Fig. 4(b)] [29-31]. With respect to the Py-MS
data, the only evidence which could indicate tannins
is the mass fragment mjz 110 representing 1,2-
benzenediol. In view of this, it is interesting to note
that Shen and co-workers [41] suggested that insoluble
forms of proanthocyanidins are bound covalently to
polysaccharide structures in the developing cellular
matrix. These proanthocyanidins-polysaccharide
complexes could possibly serve as an alternative for
the lignin-celluloses as proposed by Bate-Smith and
Lerner [42].

Based on the above evidence, we propose that the
sclerotic propagule wall of Nelumbo is composed of a
complex of predominantly polysaccharides, with
mainly galactose and mannose units, and insoluble
tannins, which plays the same structural role as lignin-
cellulose in other strengthening tissues.

Chemosystematic implications

As mentioned in the introduction, water lily genera
are now subdivided into three families based mainly
on morphological criteria. However, morphological
evidence from some fossil seeds, e.g. the extinct
Sabrenia, shows that these genera are somewhat inter-
mediate in position [8], hence, questioning the sub-
division. For a critical phylogenetic review the reader
is referred to Moseley and others [43]. The separate
taxonomical status of Nelumbo is supported by the
propagule morphology and anatomy based on the
unspecialized testa and the fact that the propagules of
this genus are single-seeded fruits, whereas the pro-
pagules from the other water lilies are seeds [cf. 8, 18].

To date, chemosystematic data to substantiate the
subdivision of the water lilies are few and only con-
centrate on soluble constituents. The Nymphaeaceae
5.5. contain specific sequiterpene alkaloids, in addition
to gallo- and ellagitannins (hydrolyzable tannins)
accompanied by trihydroxylated flavonoids [4, 12]. In
contrast, the Cabombaceae do not produce alkaloids,
but gallo- and ellagitannins occur in Brasenia [2]. The
Nelumbonaceae are characterized by the presence of
benzylisoquinoline alkaloids and nonacosan-10-ol, in
addition to flavonols, flavones and proanthocyanides,
suggesting an affinity closer to the Ranunculiflorae,
rather than the Nymphaeales [3, 12, 44].

Our chemical data, as revealed by pyrolysis and
NMR, on the insoluble constituents of the sclerotic
propagule wall of the Nelumbo showed the presence of
a polysaccharide-tannin complex which is profoundly
different from the macromolecular constituents, lig-
nin-cellulose, present in other sclerotic propagule
walls, testae, of water lilies [cf. Nymphaea caerulea,
herein Fig. 2(a); Nymphaea ampla; Nuphar advena,
Brasenia schreberi; in ref. [18]]. These data, therefore,
support the systematic distinction of this genus in
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the separate family Nelumbonaceae as indicated by
propagule morphology.

Bias in fossil record

The exceptional longevity of Nelumbo fruits is well
known [14-17]. The most significant factor con-
tributing to the longevity is believed to be the water-
and air-tight architecture of the thick fruit wall [14,
17]. In addition, the presence of extremely well-pre-
served polyunsaturated fatty acids [17], robust pro-
teins [14] and the anoxic depositional environment in
which the ancient, Holocene, fruits were deposited,
are considered other factors assisting to the longevity
of these fruits. In view of this, it is even more surprising
that no fossil propagules, older than the Holocene,
have been found.

To data, all modern and fossil water lily propagule
walls, i.e. seed coats, studied, contain lignin-cellulose,
in the case of extant samples or modified lignin, in the
case of fossil samples [16]. Moreover, sclerotic seed
coat and/or fruit wall tissues of different plant families
which have been preserved in the fossil record revealed
(modified) lignin as their macromolecular constituent
[19, 45-48]. This clearly indicates that the presence of
lignin in extant sclerotic propagule walls is a pre-
requisite for the preservation of these tissues in the
fossil record. Cellulose, and, most probably, other
polysaccharides, are shown not to be essential for
these entities to be morphologically preserved [19, 45—
48]. We believe that the distinct chemical composition
of the tough outer wall of Nelumbo, containing a tan-
nin-polysaccharide complex, is an additional factor in
favour of prolonged longevity. With respect to the
preservation potential of such a distinctive chemical
complex, tannins have been reported to be preserved
in fossil plant remains [29]. However, the mere fact
that the macromolecular constituents in the propagule
walls of Nelumbo are primarily composed of poly-
saccharides, which are normally lost upon fossil-
ization, with only a relatively small contribution of
tannins and are devoid of lignin, is considered to
explain the absence of the propagules of the genus
Nelumbo in the fossil record despite their high physical
resistance.

EXPERIMENTAL

Sample description. The samples studied are the
sclerotic (i.e., hardened and thickened) propagule
walls of Nymphaea caerulea Savign and Nelumbo nuci-
fera Gaertn. The propagule wall of the Nymphaea is
a seed coat which is composed of a sclerotic outer seed
coat layer (testa) and a translucent inner seed coat
layer (tegmen); only the testa was analyzed. In
contrast, the propagule wall of Nelumbo is that of a
single seeded fruit, composed of a firmly attached fruit
wall and seed coat, which was analyzed as a whole.
Detailed refs concerning these species can be found
elsewhere [3, 4, 8]. Both samples are taken from the



Macromolecule in fruit wall of Nelumbo

authors comparative collection (MEC) and were
identified by comparison with herbarium material.

Scanning electron microscopy. Samples were moun-
ted onto cover slips on stubs using ‘Bostic’ adhesive,
coated with gold in a Polaron sputter coating unit and
examined under a Philips 501B SEM at 30 kV.

Extraction. Testae of the Nymphaea were left intact
to allow sample handling, whereas the Nelumbo fruit
wall was powdered prior to extraction. Both samples
were extracted ultrasonically with MeOH (x 3) and
CH,Cl, (% 3). The residues were dried in a vacuum
stove at 30°.

Curie-point pyrolysis. Curie-point pyrolysis-gas
chromatography (CuPy-GC) analyses were per-
formed using a FOM-4LX unit for pyrolysis. The
samples were pressed on a ferromagnetic wire. The
Curie temp was 610°. The pyrolysis time was 10 sec.
The interface and injector temps were set at 200°. The
gas chromatograph, equipped with a cryogenic unit,
was programmed from 0° (5 min) to 300° (10 min) at
a rate of 3° min~!. Sep was achieved using a fused-
silica capillary column (25 m x 0.32 mm) coated with
CP Sil-5 (film thickness 0.4 um). He was used as the
carrier gas. Detector temp. was set at 330°. CuPy-GC-
MS analyses were performed using the same equip-
ment and conditions as described above for the CuPy-
GC. The gas chromatograph was connected to a VG
Autospec Ultima operated at 70 ¢V with a mass range
m/z 45-800 and a cycle time of 1.7 sec. The Cy-C,
alkylphenol and C,-C, alkylbenzenediol pyrolysis
products were identified by comparison of their rela-
tive R,s and MS with those of authentic standards. All
other compounds were identified by comparison of
their RR;s and MS with those of compounds reported
in the lit. [20, 22, 35, 36, 49].

Direct temperature resolved mass spectrometry
(DTMS). The in-source mass spectrometric exps were
performed on a double-focusing mass spectrometer
using a direct insertion probe equipped with a resist-
ively heatable Pt-Rh (9:1) filament (diam. 100 pm).
The probe filament was temp-programmed to heat at
arate of 1 A min~' corresponding to ca 16° sec™". Ions
were generated by 16 eV El ionization and extracted at
10 kV. The mass spectrometer was scanned from m/z
20-1000 at a cycle time of 1 scan sec™' at a resolution
of 3000. TMAH spiking for transmethylation took
place by addition of 10 ul of a 2.5% aq. soln of
tetramethylammoniumhydroxide to the dried plant
particles on the filament. NH; CI was performed
at a pressure of 20 Pa with an ionization energy of
250 eV. Data acquisition and processing was per-
formed on-line.

Solid state C NMR. Spectra were recorded at a
field strength of 2.35 Tesla. A 1 msec contact time
and a 1 sec delay were used for each of ca 100000
acquisitions obtained by the method of cross-pol-
arization with magic angle spinning (~ 3.5 kHz). The
dipolar-dephasing spectrum was acquired using a
dephasing delay of 60 usec; further details can be
obtained from ref. [50]. Interpretation of the different
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shifts are based on data reported in the lit. [29, 30,
50].

Acknowledgements—We would like to thank Dr T.
Brain for the use of the SEM at Manresa Road EM
unit of King’s College London. M. Dekker and W.
Pool are thanked for assistance with the CuPy-GC-
MS analyses and J. Pureveen for the Py-MS analyses.
This work was undertaken during the tenure of a
Royal Society 1983 University Research Fellowship
(to MEC) and a NERC grant from the Biomolecular
Palaeontology Special Topic (GST/02/536 to MEC
and JWdeL) which are gratefully acknowledged. This
is NIOZ, Division of Marine Biogeochemistry, con-
tribution no. 371.

REFERENCES

1. Heywood, V. H., Flowering Plants of The World.
Oxford University Press, Oxford, 1978.

2. Williamson, P. S. and Schneider, E. L., in The
Families and Genera of Vascular Plants. Volume
II. Flowering Plants, Cabombaceae, ed. K.
Kubitzki, J. G. Rohwer and V. Bittrich. Springer,
Berlin, 1993, p. 157.

3. Williamson, P. S. and Schneider, E. L., in The
Families and Genera of Vascular Plants. Volume
II: Flowering Plants, Nelumbonaceae, ed. K.
Kubitzki, J. G. Rohwer and V. Bittrich. Springer,
Berlin, 1993, p. 47.

4. Schneider, E. L. and Williamson, P. S., in The
Families and Genera of Vascular Plants. Volume
II Flowering Plants, Nymphaeaceae, ed. K. Kub-
itzki, J. G. Rohwer and V. Bittrich. Springer,
Berlin, 1993, p. 486.

5. Ryan, N. J., The chemical and anatomical com-
positions of coal precursors. Ph.D. thesis,
Pennsylvania State University, PA, 1985.

6. Cohen, A. D. and Spackman, W., Palaeonto-
graphica B, 1977, 162, 71.

7. Fair-Page, T. and Cohen, A. D., Palynology,
1990, 14, 27.

8. Collinson, M. E., Annals of Botany, 1980, 46, 603.

9. Mai, D. H., Flora (Jena), 1985, 176, 449.

10. Collinson, M. E., Boulter, M. C. and Holmes,
P. R, in The Fossil Record 2, ed. M.J. Benton.
Chapman and Hall, London, 1993, p. 809.

11. Borsch, T. and Barthlott, W., Betrage Biologie
Pflanzen, 1994, 68, 421.

12. Barthlott, W., Neinhuis, C., Jetter, R., Bourauel,
T. and Riederer, M., Flora, 1996, 191, 169.

13. Chase, M. W, Soltis, D. E., Olmstead, R. G.,
Morgan, D., Les, D. H., Mishler, B. D., Duvall,
M. R., Price, R. A, Hills, H. G., Qiu, Y.-L.,
Kron, K. A., Rettig, J. H., Conti, E., Palmer, J.
D., Manhart, J. R., Sytsma, K. J., Michaels, H.
J., Kress, W. J., Karol, K. J., Clark, W. D.,
Hedrén, M., Gaut, B. S., Jansen, R. K., Kim, K.-
J., Wimpee, C. F., Smith, J. F., Furnier, G. R,,
Strauss, S. H., Xiang, Q.-Y., Plunkett, G. M.,



610

14.

15.
16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

27.

28.

30.

31

P. F. VAN BERGEN et al.

Soltis, P. S., Swensen, S. M., Williams, S. E.,
Gadek, P. A., Quinn, C. J., Equiarte, L. E., Col-
enberg, E., Learn, G. H. L., Jr, Graham, S. W,
Barret, S. C. H., Dayanandan, S. and Albert,
V. A., Annals of the Missisippi Botanical Garden,
1993, 80, 528.

Priestley, D. A. and Posthumus, M. A., Nature,
1982, 299, 148.

Ohga, 1., Japanese Journal of Botany, 1926, 3, 1.
Keilin, D., Proceedings of the Royal Society B,
1959, 150, 149.

Shen-Miller, J., Mudgett, M. B., Schopf, J. W,
Clarke, S. and Berger, R., American Journal of
Botany, 1995, 82, 1367.

. van Bergen, P. F., Collinson, M. E. and de Leeuw,

J. W., Ancient Biomolecules, 1996, 1, 55.

van Bergen P. F., Palacobotany of Propagules: an
investigation combining microscopy and chem-
istry. Ph.D. thesis, University of London, U.K.,
1994.

Saiz-Jimenez C. and de Leeuw, J. W., Journal of
Analytical and Applied Pyrolysis, 1986, 9, 99.
Kleen, M., Lindblab, G. and Backa, S., Journal
of Analytical and Applied Pyrolysis, 1993, 25, 209.
Pouwels, A. D., Tom, A., Eijkel, G. B. and Boon,
J. 1., Journal of Analytical and Applied Pyrolysis,
1987, 11, 417.

van der Heijden E. and Boon, J. J., Organic Geo-
chemistry, 1994, 22, 903.

Pouwels, A. D. and Boon, J. J., Journal of Ana-
Iytical and Applied Pyrolysis, 1990, 17, 97.

de Nobel, J. G., Munnik, T., Pureveen, J. B. M.,
Eijkel, G. B., Mulder, M. M., Boon, J. J., van de
Ende, H. and Klis, F. M., Acta Botanica Neer-
landica, 1993, 42, 505.

Lomax, J. A., Boon, J. J. and Hoffmann, R. A,,
Carbohydrate Research, 1991, 221, 219.

Boon, J. 1., International Journal of Mass Spec-
trometry Ion Processes, 1992, 118/119, 755.

van der Hage, E. R. E., Mulder, M. M. and Boon,
1. Y., Journal of Analytical and Applied Pyrolysis,
1993, 25, 149.

Wilson, M. A. and Hatcher, P. G., Organic Geo-
chemistry, 1988, 12, 539.

Hatcher, P. G., Lerch, H. E. IIl and Verheyen, T.
V., International Journal of Coal Geology, 1989,
13, 65.

Hatcher, P. G., Wilson, M. A., Vassallo, A. M.
and Lerch, H. E. IIL., International Journal of
Coal Geology, 1989, 13, 99.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Fidalgo, M. L., Terrdon, M. C., Martinez, A. T.,
Gonzalez, A. E., Gonzalez-Vila, F. J. and Galletti,
G. C., Journal of Agricultural and Food Chemistry,
1993, 41, 1621.

Wilson, M. A., NMR Techniques and Applications
in Geochemistry and Soil Chemistry, Pergamon
Press, Oxford, 1987, p. 238.

Saiz-Jimenez, C. and de Leeuw, J. W., Organic
Geochemistry, 1984, 6, 417.

Saiz-Jimenez, C. and de Leeuw, J. W., Organic
Geochemistry, 1986, 10, 689,

Pouwels, A. D., Eijkel, G. B. and Boon, J. J,,
Journal of Analytical Applied Pyrolysis, 1989, 14,
237.

Das, S., Ray, B. and Ghosal, P. K., Carbohydrate
Reserach, 1992, 224, 331.

Galletti, G. C., Preprints of the American Chem-
istry Society-Division of Fuel Chemistry, 1991, 36,
691.

Galletti, G. C. and Reeves, J. B., Organic Mass
Spectrometry, 1992, 27, 226.

Zhang, H., The analysis of organic constituents
in leaves by pyrolysis-gas chromatography and its
application to selected environmental effects on
plants. MSc. Thesis, University of Newfound-
land, Canada, 1993.

Shen, Z., Haslam, E., Falshaw, C. P. and Begley,
M. 1., Phytochemistry, 1986, 25, 2629.
Bate-Smith, E. C. and Lerner, N. H., Biochemistry
Journal, 1954, 58, 126.

Moseley, M. F., Schneider, E. L. and Williamson,
P. S., Aquatic Botany, 1993, 44, 325.

Barthlott W. and Theisen, 1., Plant Systematics
and Evolution, 1995, S9, 39.

Boon, J. J., Stout, S. A., Genuit, W. and Spack-
man, W., Acta Botanica Neerlandica, 1989, 38,
391.

Stout, S. A. and Boon, J. J., Organic Geochem-
istry, 1994, 21, 953.

van Bergen, P. F., Collinson, M. E., Hatcher, P.
G. and de Leeuw, J. W., Organic Geochemistry,
1994, 22, 683.

van Bergen, P. F., Goiii, M., Collinson, M. E.,
Barrie, P. J., Sinninghe Damsté, J. S. and de
Leeuw, J. W., Geochimica et Cosmochimica Acta,
1994, 58, 3823.

Ralph, J. and Hatfield, R. D., Journal of
Agricultural and Food Chemistry, 1991, 39,
1426.

Hatcher, P. G., Energy and Fuels, 1988, 2, 40.



