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Algal Chemical Defense Against Herbivores: Allocation of

Phenolic Compounds in the Kelp Alaria marginata

Abstract. Higher concentrations of phenolic compounds were found in the
reproductive fronds (sporophylls) of the intertidal kelp Alaria marginata than were
found in the vegetative blades. The sporophylls were consumed by herbivorous snails
at a lower rate than were the vegetative blades, in both field and laboratory studies.
These results indicate that differential internal production of defensive compounds in
a marine alga can significantly affect the pattern of herbivory on the plant.

Ecological and evolutionary theories
often predict that the internal resources
of an organism (such as energy, nutri-
ents, and metabolites) should be allocat-
ed to different structures or functions in
ways that maximize the organism’s fit-
ness (I, 2). Since fitness depends ulti-
mately on the survival and growth of
reproductive products, organisms should
be under strong selection to allocate re-
sources for protection of these reproduc-
tive parts against natural enemies.

Terrestrial plants have a wide variety
of chemical and mechanical defenses in
their fruits, seeds, or spores, that deter
their natural enemies (3). The chemical
defenses in the reproductive parts of
terrestrial plants often differ quantita-
tively or qualitatively from those pro-
duced in the leaves or other vegetative
parts of the same plant (4). Although
many secondary compounds are com-
mon in marine plants (5), the interactions
between these potentially defensive
compounds and the herbivores that feed
on them are just beginning to be investi-
gated (6-8). Phenolic compounds, espe-
cially polyphenolics or tannins, are pre-
sent in most or all species of brown algae
(9) and deter feeding by invertebrate
herbivores (6, 7). Differential feeding by
invertebrate herbivores on vegetative
and reproductive parts of marine algae
has also been shown (/0). I now report
that the marine brown alga Alaria mar-
ginata allocates more phenolic com-
pounds to reproductive parts than to
vegetative blades, giving increased pro-
tection to its reproductive fronds against
invertebrate herbivores.

Alaria marginata is a large (up to 3 m
long), intertidal kelp (brown algae in the
order Laminariales) from the Northeast
Pacific Ocean (11, 12). Near the holdfast
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in the thallus of mature A. marginata are
several to many pairs of reproductive
fronds (sporophylls), which are morpho-
logically distinct from the alga’s single,
large, vegetative blade (11).

In laboratory feeding experiments
conducted over 2 years, sporophylls and
vegetative fronds of A. marginata were
offered to the intertidal herbivorous gas-
tropod Tegula funebralis (13). The snails
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ate significantly more of the vegetative
blade than of the sporophylls [z-test (14),
P < 0.001 for both years] (Fig. 1A). The
vegetative and reproductive tissues also
differed chemically and physically. The
sporophylls were significantly higher in
total phenolics and tanning ability (z-test,
P < 0.001 for both measures in both
years) (Fig. 1B) (15, 16), not significantly
different in nitrogen content (Fig. 1C),
but somewhat tougher (¢-test, P < 0.05)
(Fig. 1D) than the vegetative blades.

I also assessed experimentally the
amounts of herbivore damage on sporo-
phylls and vegetative blades in the field
by transplanting mature A. marginata
plants into the intertidal in areas of
“high’’ and “‘low’’ densities of T. fune-
bralis (high, 35 to 105 snails per square
meter; low, 8 to 15 snails per square
meter) (Tables 1 and 2) (/7). Algal tissue
losses were analyzed by a two-way anal-
ysis of variance (herbivore density by
tissue type; unequal but proportional cell
sizes).

The results for measures of absolute
(in square centimeters) and relative (as
percentage of area) tissue loss are simi-
lar. The effect of tissue type was highly
significant. More vegetative than sporo-
phyllic tissue was lost in both high- and
low-density herbivore treatments. The
density of T. funebralis present was not
a significant effect. The interaction be-
tween herbivore density and tissue type
was significant. Loss of sporophyllic tis-
sue was similar in the two levels of
herbivores, but much more vegetative
tissue was lost when herbivores were
present in the higher density. These re-
sults show that when only a few herbi-
vores or none are present, there is little
tissue loss from both sporophylls and
vegetative blades. Much of this is likely

Fig. 1. Laboratory feeding experiments (A)
and chemical (B and C) and physical (D)
analyses of A. marginata; V, vegetative
blades; S, sporophylls. Data are means =
standard errors (S.E.) for six plants. (A) Ten
large (wet weight, about 10 g) T. funebralis
were offered equal weights (about 10 g each)
of A. marginata sporophylls and vegetative
blades in 36-liter aquaria. After 48 hours, the
algae were weighed again. Control aquaria
contained algae but no snails. (B) For total
phenolic content and tanning ability measure-
ments, fresh algal tissue was ground in 50
percent methanol in a tissue macerator and
extracted in the dark for 24 hours. Total
phenolics were assayed by the Folin-Denis
technique with phloroglucinol as the refer-
ence compound (23, 24). Tanning ability was
measured by hemanalysis, with high molecu-
lar weight tannins from Fucus vesiculosus as
reference compounds (24-26). (C) Organic
nitrogen content was measured by the Kjeh-
dahl technique (27). (D) Thallus toughness
was measured with a ‘‘penetrometer’’ (28).
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Table 1. Amounts, expressed as means = 1 S.E., of sporophyllic and vegetative tissue of A.
marginata lost in the field. Eight mature (sporophyllic) individuals of A. marginata were
transplanted from Davenport Landing, Santa Cruz County to Pigeon Point, San Mateo,
California, where T. funebralis are common. The plants were bolted to intertidal rocks (tidal
height between +0.2 and —0.2 m). Four plants each were assigned to sites with high or low
densities of T. funebralis (see text) (17). Any Tegula found within a 1-m? quadrat centered on
the attachment bolt of the plants at the low-density sites were removed at each visit. All plants
were within 40 m of one another. The initial area of the plants was measured by tracing the
sporophylls and vegetative blades on sheets of transparent acetate with grease pencils. The
tissue area lost was recorded every second day by further tracings, and the area lost was
measured from cutouts of these tracings with a Li-Cor portable area meter (Li-Cor, Model Li-
3000) (29). The experiment lasted 13 days (13 to 26 September 1981). One plant disappeared
within the first 24 hours and was excluded from the analysis.

Herbi- Plants Tissue area lost (cm?) Percentage of total area lost
vore

density (No.) Vegetative Sporophyllic Vegetative Sporophyllic

High 4 437.0 + 163.4 344+ 72 22.5 £ 3.6 7.0+ 1.8

Low 3 123.7 = 36.1 64.1 £ 19.5 9.5+ 1.5 80=x1.6

Table 2. Two-way analysis of variance. Areas were transformed logarithmically; percentages
were transformed by arcsin Vp. N.S., not significant.

Treatment

F

For area lost

For percentage of
total area lost

Tissue type
Herbivore density
Tissue type by herbivore density

22.61* 11.55%
0.50 N.S. 4.19 N.S.
6.08% 6.25%

*P < 0.001. +tP < 0.01. P < 0.05.

due to physical abrasion. When herbi-
vore density increases, however, dam-
age increases only on the vegetative
blades. These results parallel those from
the laboratory experiments. The sporo-
phylls of A. marginata are better de-
fended against 7. funebralis than are
vegetative blades. This correlates with
the higher levels of phenolic compounds
present in the sporophylls.

Allocation of phenolics in the marine
alga A. marginata is consistent with pre-
dictions from terrestrial plant-herbivore
theory, according to which defensive
compounds in different parts of terrestri-
al plants should be allocated to those
parts in proportion to their risks of being
eaten and their potential contribution to
the fitness of the plant (/). Testing pre-
dictions such as these for terrestrial
plants is complicated by the wide variety
of compounds produced, their differing
physiological costs, and their differing
efficacies against herbivores (/8), which
in turn show a vast array of feeding
preferences and patterns (/9). However,
in marine systems, tannins and other
phenolics are apparently present in all
brown algae (9), and in at least two
ecologically dominant orders, the Lam-
inariales and Fucales, they may be the
primary chemical defense against herbi-
vores (20). Unlike the terrestrial insect
herbivores, which exhibit wide varia-
tions in their feeding preferences and
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patterns (/9), many of the common in-
vertebrate herbivores from the North-
east Pacific Ocean (at least) are general-
ist feeders (27) and exhibit similar feed-
ing preferences (22), tending to eat the
same species of brown algae. The rela-
tive simplicity of these marine systems
(compared to terrestrial ones) may make
them useful for testing some of the re-
cent predictions of plant-herbivore the-
ory.

PETER D. STEINBERG
Center for Coastal Marine Studies and
Biology Board, Division of Natural
Sciences, University of California,
Santa Cruz 95064
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Expression of Glial Fibrillary Acidic Protein in
Immature Oligodendroglia

Abstract. In the human fetal spinal cord at 15 to 16 weeks, glial fibrillary acidic
protein (GFAP) was demonstrated within the cytoplasm and processes of cells
having the cytological, ultrastructural, and immunocytochemical features of oligo-
dendrocytes—including processes that extend into and contribute to the formation of
myelin sheaths. By 17 to 18 weeks, however, GFAP immunoreactivity was no longer
evident within such cells. Thus GFAP is expressed by myelin-forming oligodendrog-

lia early in their development.

Although oligodendrocytes were first
discovered and described by del Rio
Hortega more than 60 years ago (/),
unequivocal demonstration of their role
in myelin sheath formation was possible
only with the advent of electron micros-
copy and immunocytochemistry (2—).
The cell of origin and mode of differenti-
ation of oligodendrocytes in the develop-
ing central nervous system, however,
are still uncertain. The prevailing view
seems to be that oligodendrocytes are
derived from ‘‘glioblasts,’’ the nature of
which has never been clearly defined (5,
6).

We showed earlier (7) that astrocyte-
specific glial fibrillary acidic protein
(GFAP) is present within radial glial cells
in the developing human fetal spinal cord
(HFSC) by 8 to 10 weeks. These cells are
the first distinguishable neuroglial ele-
ment among the cells within the ventric-
ular zone. Correlative electron micro-
scopic, Golgi, and immunocytochemical
studies have suggested that radial glia
are transformed into astroglial cells in
the HFSC, human fetal cerebrum and
cerebellum, and fetal monkey telenceph-
alon (8). More recently, we showed, by
electron microscopy and by immuno-
cytochemical analysis under light mi-
croscopy, that ‘‘transitional forms’’ be-
tween astroglia and oligodendroglia may
exist, and we suggested that radial glia
may give rise to both astroglial and oligo-
dendroglial cells (9, 10).

We tested this hypothesis further by
light and electron microscopic immuno-
cytochemical studies on serial sections
(1 wm) of the subpial and marginal zones
of the ventral columns of the HFSC
obtained from 17 aborted fetuses at an
ovulation age of 8 to 20 weeks. Alternat-
ing deeponized sections were processed

27 JANUARY 1984

for immunocytochemical determination
of GFAP and myelin basic protein
(MBP), respectively (/1). At age 6 to 8
weeks the subpial region of the HFSC is
relatively cell free. By 9 to 10 weeks,
however, there is a significant increase
in the population of cells within this
region. Most of these cells show the
cytological, ultrastructural, and im-
munocytochemical features of astroglial
cells (4). At 11 to 12 weeks, when myelin
formation begins, most of the cells still
have the characteristics of astroglia, al-

Nt

though a few show the features of oligo-
dendrocytes (6, 12). By 16 weeks, how-
ever, almost all of the cells within this
region are oligodendrocytes, as indicated
by their morphology and by their inti-
mate association with well-developed
myelin sheaths.

Figure 1 shows representative im-
munocytochemical preparations of adja-
cent 1-um sections of the HFSC at 16
weeks. At this stage, immunoreactivity
to MBP is localized primarily within my-
elin sheaths and within the processes of
cells with which they appear to be close-
ly associated (Fig. 1A). Nearly all of
these cells contain immunoreactive
GFAP within their cytoplasmic process-
es, some of which appear to encircle
thinly myelinated axons (Fig. 1B).

To investigate more fully the relation
between GFAP-positive cells and myelin
sheaths, we processed large numbers of
vibratome sections for immunocyto-
chemistry and examined under electron
microscopy. At 13 to 15 weeks, many
cells exhibited the features of oligoden-
droglia, the cytoplasm and processes of
which, however, were strongly immuno-
reactive for GFAP (Fig. 2A). These pro-
cesses often extended into myelin
sheaths which, as judged from their thin-
ness and the small number of lamellae,
were relatively immature (Fig. 2B). By
17 to 18 weeks most of the axons within
this region were surrounded by multilay-
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Fig. 1. Photomicrographs showing adjacent 1-um sections of the ventral column of the HFSC at
16 weeks of age. The sections were prepared for (A) MBP and (B) GFAP immunocytochemistry
with the unlabeled antibody enzyme technique. Dark staining represents immune precipitate.
Immunoreactivity to MBP is localized primarily within myelin sheaths and within the processes
of immature oligodendrocytes, with which they are closely associated. These cells show dense
nuclear (N) and cytoplasmic staining and contain prominent nucleoli and marginated chromatin.
Nearly all of these cells show strong immunoreactivity for GFAP within their cytoplasm and
processes (thick arrow and arrowheads). Magnification, X 1350.
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