evidence for the release of endogenous
opioid peptides after physiological stim-
ulation is required to establish their neu-
rotransmitter role at this site.
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Evidence for Lignin-Like Constituents in

Early Silurian (Llandoverian) Plant Fossils

Abstract. Chemical evidence is presented with previously reported morphological
features for banded-tube cell types in the earliest known plant fossils associated with
stream-deposited sediments. Phenolic aldehydes (p-hydroxybenzaldehyde, vanillin)
and aromatic compounds from pyrolysis (2-methoxy-4-hydroxybenzaldehyde,
methylsyringaldehyde) derived from cellular remains are interpreted as evidence for
lignin or lignin-like degradation products. The presence of parallel-aligned banded
tubes, with annular to spiral thickenings and occasional end walls, in conjunction
with lignin-like constituents fulfill most of the morphological and chemical criteria
for cell types that could have functioned as water-conducting cells.

Parallel-aligned banded tubes with an-
nular to spiral ribbing have been report-
ed in early Silurian (Llandoverian) plant
fossils found in stream-deposited sedi-
ments (/). The parallel alignment, pos-
session of end walls, and ribbing in some
of these cellular remains suggest a struc-
tural similarity to tracheids and a func-
tional specialization related to water-
transport tissues. Owing to the extreme
age of this early Silurian material, which
predates the earliest known vascular
plants, the structural similarities be-
tween the banded tubes and tracheids
may be misleading. Tracheids must be

defined on the basis of their morphology
and biochemistry, as well as their func-
tion. They are highly specialized cells,
nonliving at maturity, more or less elon-
gated, having a variety of potential pit
types (2), and are chemically character-
ized by having lignified walls with sec-
ondary thickenings. Within the evolu-
tionary context, the tracheid is the single
most important anatomical criterion for
affirming a vascular plant habit (3). Other
features such as trilete spores, cuticles,
sporopollenin, and stomata provide only
inferential evidence for a vascular plant.
Lignin, a necessary aspect of the tra-
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cheid definition, has been isolated from
Paleozoic, Mesozoic, and Cenozoic fos-
sil vascular plants @#-6). Its presence
may be detected by alkaline oxidation
with nitrobenzene or pyrolysis, which
yields p-hydroxybenzaldehyde, vanillin,
syringaldehyde, and various aromatic
acids (7). We have chemically analyzed
the Llandoverian plant fossils from the
Massanutten Sandstone, Virginia (/), for
phenolics and possible lignin decomposi-
tion products. The chemical data con-
firm the presence of low concentrations
of what we interpret to be lignin-like con-
stituents. The presence of these chem-
icals in early Silurian plant remains
found in stream-deposited sediments
suggests that these plants may have had
cell types that were both structurally and
biochemically similar to those of water-
conducting cells.

Fossiliferous siltstone containing the
carbonaceous plant remains was collect-
ed from the lower Massanutten Sand-
stone, Virginia, which is considered to
be Albion (Llandoverian) in age (I). The
fossils appear as mostly amorphous coal-
ified remains showing little distinguish-
able megastructure. They were mechani-
cally removed from freshly parted sam-
ples and washed in double-distilled
water. Duplicate samples of the associat-
ed siltstone and a high-fired clay were
tested with the plant samples so as to
check for organic contaminants in the
extraction or handling procedure. None
were detected. The chemical constitu-
ents reported here are considered in-
dicative of the plant assemblage’s bio-
chemistry. Organic solvent extractions
), pyrolysis (5), and oxidation with al-
kaline nitrobenzene (6) of separate sub-
samples were performed, and the chem-
ical constituents were identified by gas
chromatography (GC) and by combined
GC-mass spectroscopy (GC-MS) ¢). Of
particular interest is the isolation of sig-
nificant amounts of vanillin and p-hy-
droxybenzaldehyde, both considered by-
products of lignin degradation (Fig. 1A).
Pyrolyzates (450°C) from the carbo-
naceous plant material contained in-
danone, naphthalenes, and benzofurans;
and 600°C pyrograms yielded as their pri-
mary aromatic products benzene, alkyl-
substituted benzenes, phenols, xylenols,
and benzofurans (Fig. 1B). Organic
solvent extractions with a mixture of
benzene and methanol, 3:1 (by volume),
yielded a consortium of constituents sim-
ilar to those isolated from Devonian vas-
cular or presumed vascular land plants:
straight-chain fatty acids (C,, to C,,
maximum C,;); phenols, C,Hg, - 150
(Cyo to Cae, maximum Cyy); the aromat-
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ic acids, phenyl, C,Hg, - 02 (Cy to
Cu, maximum C,;), and naphthyl,
C.Hen - 1402 (Cyy to Cig, maximum Cie);
and various aromatic dicarboxylic acids,
C,Hen - 10004, CoHen — 1604 (Cyp to Cyg,
maxima C,, and Cy).

Oxidation by alkaline nitrobenzene
and subsequent GC-MS analyses, and
GC-MS pyrograms of the plant fossils
from the Massanutten Sandstone yield
profiles similar to those of known vascu-
lar land plants #-6) and suggest the pres-
ence of lignin or lignin-like remnants in
these early Silurian cell types (Fig. 1A).
Quantitative data, indicating very low
amounts of these constituents, may be
interpreted as evidence for low original
concentrations or as the effect of diagen-
esis. Results -of analyses of contempo-
rary lignin differ significantly-from those
of the Massanutten Sandstone flora, and
are interpreted as evidence that the
chemical profiles for the fossil remains
are not the result of contamination from
living plants. Significant in this regard is
the almost total lack of syringaldehyde
from the fossil material. Lignin appears
to undergo decomposition by initial me-
thoxyl content reduction. Geocatalysis
resulting in demethoxylation proceeds
differentially, preferentially converting
syringl groups into vanillyl groups. At
elevated temperatures, demethoxylation
is followed by alkyl substitution ¢, 6).
The data may be interpreted as in-
dicative of a geothermal or pressure
diagenesis.

Reports of ‘‘lignin’’ or ‘‘pseudolignin’’
in some mosses (8) and the structural
similarities between banded-tube cell
types and the hydroids and conducting
cells of some mosses and liverworts raise
the possibility that the early Silurian fos-
sils may represent a level of organization
parallel with that seen in some non-
vascular land plants. When highly selec-
tive procedures have been applied to
mosses and liverworts they have yielded
negative results for the presence of lignin
).

The oxidative degradation procedure
of Erikson et al. (10) when applied to six
moss and two liverwort species yielded
other types of phenolics in cell walls, but
did not show the presence of lignin. Sim-
ilarly, the degradation by-products of
oxidation did not conform to those pro-
duced by truly vascular plants. Hébant
(/1) has shown with a broad survey of
bryophyte taxa that a positive Wiesner
reaction (phloroglucinol hydrochloride)
was not present, whereas various
“‘primitive’’ vascular plant controls gave
a positive reaction for lignin. The Wies-
ner reaction may be weak in plants hav-
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Fig. 1. (A) Gas chro-
matogram on Apiezon
L of trimethylsilyl
ethers of p-hydroxy-
benzaldehyde (P), va-
nillin  (V), syringal-
dehyde (), vanillic
acid (V-a), and syr-
ingic acid (S-a) from
Silurian (Llandoverian)
plant remains. (B) Par-
tial chromatogram of
the 600°C pyrolyzates
of Silurian plant re-
mains: peak 1, ben-
zene; peak 2, toluene;
peak 3, ethylbenzene;
peak 4, p-xylene; peak
5, m-xylene; peak 6, o-
xylene; peak 7, styrene;
peak 8, ethyltoluene;
peak 9, trimethylben-

zene; peak 10, benzofuran; peak 11, indene; peak 12, 2-methylbenzofuran; peak 13, phenol; peak
14, cresol; peak 15, dimethylbenzofuran; peak 15', naphthalene; peak 16, unknown; peak 17,
naphthalene; peak 18, xylenol; and peak 19, 1-methylnaphthalene.

ing high amounts of syringl-propane
units; however, this condition is known
to occur only in the higher land plants
such as angiosperms. We agree therefore
with Hébant, who states that ‘‘no true
convincing evidence for the presence of
lignin in bryophytes seems to have
emerged’’ (12).

The isolation of chemical constituents
that may be the degradative by-products
of a lignin-like moiety from banded cell
types in early Silurian plant fossils sug-
gests that these plants had the capacity
both to synthesize a lignin-like constitu-
ent and to isolate it in specialized cell
types. Such a capacity was a necessary
but not sufficient antecedent evolution-
ary event to the appearance of bona fide
vascular land plants. The role of lignin in
contemporary plant tracheids appears to
be that of a controlling agent for the
hydration of cell wall hydrophilic con-
stituents. The parallel-aligned banded-
tube cell types associated with lignin
chemistry and that of the tracheid sug-
gest the probability of their being evolu-
tionary separate solutions to similar
physiological or structural problems.
The lack of compressions with a charac-
teristic morphology precludes the identi-
fication of a thalloid or axial habit for
these fossil plants, and the nature of
these remains is such that an assemblage
of plants, rather than a single plant type,
may be represented. The structural inter-
pretation of the banded tubes therefore
remains speculative. There are other re-
ports of banded tubes similar to those
isolated from the Massanutten material
(13); however, we do not conclude that
all such cell types possess similar chem-
istries, nor that they are necessarily
functional equivalents.

The presence of chemical and anatom-
ical features which in tandem parallel
those seen in the vascular plant habit
may be shown for the Massanutten Sand-
stone plant fossils. Collectively, these
features indicate the genomic potential
for lignified and structurally reinforced
cell types that may have been function-
ally analogous to hydroids or tracheids.
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