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Abstract--The ecological activities of plant phenolics are diverse and highly 
variable. Although some variation is attributable to differences in concentra- 
tion, structure, and evolutionary history of association with target organisms, 
much of it is unexplained, making it difficult to predict when and where 
phenolics will be active. I suggest that our understanding is limited by a failure 
to appreciate the importance of oxidative activation and the conditions that 
influence it. I summarize examples of oxidative activation of phenolics in 
ecological interactions, and argue that physicochemical conditions of the envi- 
ronment that control phenolic oxidation generate variation in ecological activ- 
ity. Finally, I suggest that measurements of oxidative conditions can improve 
our predictions of phenolic activity and that experiments must be designed 
with conditions appropriate to the biochemical mode of phenolic action. 

Key Words--Phenolics, tannins, plant defense, plant-animal interactions, 
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oxidase. 

INTRODUCTION 

Phenol ics  are the only puta t ive  defens ive  molecules  ubiqui tous  in plants .  They 
have  p layed  a central  role  in theories  o f  p l an t -he rb ivo re  interact ions,  inc luding 

apparency  theory (Feeny ,  1976; Rhoades  and Cates ,  1976) and the resource 
avai lab i l i ty  hypothes is  (Coley  et a l . ,  1985). Despi te  over  30 years  o f  research 
on their  eco logica l  act ivi ty ,  however ,  there is s ignif icant  cont roversy  over  their  
impor tance  (Bernays ,  1981; Zucker ,  1983; Mole  and Wate rman ,  1987; Mar t in  
et  a l . ,  1987; B e m a y s  et al . ,  1989). This  cont roversy  is a result  o f  dramat ic  
incongrui t ies  be tween  the p roposed  and rea l ized effects o f  phenol ics  on orga-  
n isms and ecosys tems .  P roposed  ini t ial ly to have ecologica l  act ivi ty  as p lant  
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defenses against pathogens and herbivores (Kosuge, 1969; Feeny, 1969), their 
realized effects are much more diverse. They may influence detritivores as well 
as herbivores and pathogens and affect processes occurring at the ecosystem as 
well as organismal levels. Their effects may be positive as well as negative, and 
include feeding deterrence, feeding stimulation, digestion inhibition, digestion 
stimulation, toxicity, toxicity amelioration, disease resistance, signal inhibition, 
signal transduction, and nutrient cycle regulation (Schultz, 1989; Bemays et al., 
1989; Friend, 1981; Peters and Verma, 1990; Schlesinger, 1991; Schultz et al., 
1992). Furthermore, the type and magnitude of their effects vary with the sit- 
uation and the organism, such that it has been very difficult to predict when and 
where phenotics will be active. In this paper, I argue that the activity of plant 
phenolics is more predictable on the basis of their mode of action. 

I suggest that phenolics require oxidation for most of their ecological activ- 
ity; thus variation in phenolic activity often results from variation in oxidative 
conditions. Oxidative activation of phenolics has not received much attention, 
primarily because of the early assumption that ecological activity depends on 
hydrogen bonding (Feeny, 1968, 1969). However, there are many examples of 
ecological activity of oxidatively activated phenolics and, frequently, a high 
probability of phenolic oxidation in the environment. As a consequence, eco- 
logical activity can vary with the activity of enzymes and oxidants, even when 
the concentration and composition of phenolics are constant. Thus, oxidative 
activation may explain much of the variation observed in individual and eco- 
system-level responses to phenolics. Furthermore, we may be able to improve 
our predictions of the consequences of additions of phenolics to ecological sys- 
tems by measuring the oxidative strength of the environment. 

In this paper, I discuss sources of variation in phenolic activity, potential 
biochemical modes of action, and documented modes of action. I argue that (1) 
phenolics have several modes of action, but oxidative activation is the most 
common; (2) physicochemical conditions of the environment control phenolic 
oxidation and thus generate variation in ecological activity; (3) oxidative con- 
ditions can be used to predict the activity of phenolics; and (4) experiments 
must be designed with conditions appropriate to the mode of phenolic action. 

SOURCES OF VARIATION IN PHENOLIC ACTIVITY 

Variation in the activity of phenolics arises from three major sources: (1) 
evolutionary differences in tolerance among organisms, (2) variation in phenolic 
structure and concentration, and (3) variation in conditions influencing the mode 
of phenolic action, especially oxidative activation. Although I emphasize the 
importance of mode of action throughout this paper, differences in evolutionary 
history and phenolic structure and concentration account for some of the vari- 
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ation in the activity of phenolics in ecological systems, and are discussed briefly 
here. 

Evolutionary differences among organisms can explain some of the inter- 
specific variation in phenolic activity. In general, organisms with an evolutionary 
history of association with phenolics are less sensitive to their deleterious effects, 
and in some cases even benefit from them (e.g., Austin et al., 1989; Berenbaum, 
1984; Bernays et al., 1980; Lindroth et al., 1988; Karowe, 1989; Robbins et 
al., 1991; Steinberg and Van Altena, 1992; Steinberg et al., 1991). The mecha- 
nistic basis of this tolerance/benefit is largely unknown (Appel and Schultz, 
1992; McArthur et al., 1991). 

Temporal and spatial variation in structure can also explain some of the 
variation in phenolic activity (Zucker, 1983). Phenolics are an extremely diverse 
group of compounds with different modes of action, and, as a result, different 
ecological activities. Major structural classes of polymeric phenolics (e.g., 
hydrolyzable vs. condensed tannins) and monomers often differ in ecological 
activity, as do differently substituted compounds (Hagerman and Butler, 1991; 
Nichols-Orians, 1991; Keating et al., 1988; Harborne, 1988; Jones and Klocke, 
1987; Elliger et al., 1981). Even stereoisomeric differences can influence phe- 
nolic activity (Clausen et al., 1990). 

Variation in phenolic concentration can also influence activity, and studies 
must be done at ecologically appropriate concentrations. While this may seem 
obvious, there is a surprising number of studies in which single and/or ecolog- 
ically unrealistic concentrations are used. Ecological responses are invariably 
threshold phenomena, with ranges of sensitivity and tolerance. Even for orga- 
nisms that can tolerate high levels of dietary phenolics, there are thresholds 
beyond which negative effects are observed. Levels of plant phenolics are influ- 
enced by phenology (maturation of foliage and seasonal patterns of litter de- 
position), stress (e.g., nutrient, light, osmosis, acid rain, elevated CO2), dis- 
turbance (defoliation, deforestation, and fire), and genotype, all of which have 
been shown to influence herbivore performance (Waterman and Mole, 1989; 
Reimer and Whittaker, 1989; Bryant et al., 1991; Tallemy and Raupp, 1991; 
Cooper et al., 1988; Rossiter et al., 1988; Lindroth et al., 1992; Cole et al., 
1988). 

A potentially common and important source of variation in the ecological 
activity of phenolics, however, is variation in phenolic oxidation state. Activity 
often requires oxidation, which is influenced by many biotic and abiotic factors. 
Phenolics are readily oxidized by enzymes and oxidants found in leaves, de- 
tritus, soil, water, and the digestive tracts of herbivores and detritivores (Friend, 
1979, 1981; Vaughn and Duke, 1984; Duffey and Felton, 1989; Felton and 
Duffey, 1991a; Larson, 1988; Tate, 1987; Stevenson, 1982). Available data 
summarized in this paper indicate temporal and spatial variation in the amount 
and/or activity of these enzymes and oxidants. As a consequence, phenolic 
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activity may also exhibit temporal and spatial variation simply due to variation 
in phenolic oxidation state. 

POTENTIAL BIOCHEMICAL MODES OF PHENOLIC ACTION 

The ecological activity of phenolics depends on the physicochemical con- 
ditions in which phenolics occur, because these determine chemical modifica- 
tion(s) and modes of action. Here I provide a brief introduction to phenolic 
chemistry, modes of action, and modification by physicochemical conditions. 

Phenolics are a chemically diverse and widespread group of compounds. 
Although ubiquitous and diverse in plants, all organisms produce simple phe- 
nolics denovo or from aromatic amino acids. A phenolic is characterized only 
by the presence of an aromatic ring bearing one or more hydroxyls. Phenolics 
are found in chemical classes as diverse as alkaloids, flavonoids, terpenoids, 
and glycosides as products of a large number of metabolic pathways. There are 
excellent reviews of several of these structural groups (Hagerman and Butler, 
1991; Harborne, 1991a,b). 

The broad chemical reactivity of phenolics arises from the transformations 
they undergo in the presence of enzymes and under different conditions of pH 
and E h. Phenolics may be oxidized to quinones, or ionized to phenolate ions 
(Figure 1). All three forms may participate in reactions with other molecules. 
Phenolics can act as reducing agents (electron donors), and quinones as oxidiz- 
ing agents (electron acceptors). In fact, phenolics such as tocopherol and ascor- 
bic acid are used extensively as electron donors (antioxidants) in food and 
manufacturing (Schuler 1990). 

Phenolics occur in both monomeric and polymeric forms. The polymeric 
form, or "tannin" was initially ascribed the greater ecological importance 
because of its ability to bind proteins in vitro (Feeny, 1976; Rhoades and Cates, 
1976; Swain, 1979). However, monomeric phenolics also have ecological activ- 
ity (Harborne, 1991a; Jones and Klocke, 1987; Isman and Duffey, 1982; Reese, 
1978), and, in some cases may be more active than polymers, particularly 
towards pathogenic microbes (Schultz et al., 1992). 

phenolic phenolate ion 

protonated ionized 

O 

4 3  
quinone 

oxidized 

Fic. 1. The oxidation states of phenolics. 
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The toxicity of phenolics results from several different modes of action, 
including binding and oxygen radical formation. Phenolic binding has received 
the bulk of experimental attention and occurs readily in vitro with many types 
of molecules, including proteins, lipids, metals, and carbohydrates (Takechi and 
Tanaka, 1987). When these molecules are nutrients, enzymes, morphological 
features, or pathogens, binding can have a dramatic impact on digestion and 
disease resistance. 

Phenolics can participate in four major types of bonds; hydrophobic, hydro- 
gen, ionic, and covalent, in order of  increasing strength (Table 1 and Figure 2) 
(Ebbing, 1987). Hydrophobic bonds are formed by attraction between the aro- 
matic ring of the phenolic and hydrophobic regions of other compounds, like 
aliphatic and aromatic side chains of amino acids and aliphatic side chains of 
fatty acids (Oh et al., 1980). Unlike other types of bonds, hydrophobic bonds 
result from changes in entropy rather than enthalpy, and the entropic factors are 
determined primarily by the solvent, rather than the solute. Hydrophobic bonds 
are reversible, and independent of pH. 

TABLE 1. CHARACTERISTICS OF BONDS IN WHICH PHENOLICS PARTICIPATE 

Type of bond 

Characteristic Hydrophobic Hydrogen Ionic Covalent 

Strength (kJ/mol) <4 10-40 100-1000 100-1000 
Reversibility reversible reversible  reversible irrevers. 
Oxidation state phenolic phenolic phenolate ion phenolic or quinone 
pH of formation any < 8 > 8 > 8 

HO .==/~ ~ -O ~ O 

o / \ \ 
li _ = ~  

tto H ~  CH~CHC-- protein \ O 

protein I 8- 8+ protein 
. . . . .  

hydrophobic w a  H P r~ ~ ionic covalent 

hydrogen 

FIG. 2. Potential modes of phenolic binding. 
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Hydrogen bonds are formed by sharing of the phenolic proton with other 
compounds, like the numerous amide carbonyl groups of proteins. Hydrogen 
bonds are reversible, and occur only when the phenoxyl hydrogen is present, 
i.e., at pHs below its pK a of approximately 9. 

Ionic bonds are formed only when the phenolic is ionized to a phenolate 
ion, i.e., when the hydrogen ion is removed from the phenoxyl group, leaving 
a net negative charge. Phenolate ions are highly reactive because they are readily 
oxidized, Ionic bonds are formed by attraction between the phenolate ion and 
cationic portions of other compounds. Ionic bonds are reversible and formed 
nonenzymatically at alkaline pHs, i.e., above the hydroxyl pKa of approximately 
9, 

Covalent bonds are formed between a ring carbon of a phenolic or quinone 
and other compounds. Covalent bonds involving phenolics form by electrophilic 
substitution at the ortho and para positions. Covalent bonds involving quinones 
form by conjugate additions to the unsaturated carbonyl moiety. The differences 
in the type and position of substitutions are a result of differences in electron 
densities and distributions in phenolics and quinones. Phenolics may also poly- 
merize by covalent bonds by oxidative processes that generate phenoxyl radicals, 
or by condensation reactions between polyfunctional nucleophiles (including the 
anions derived from polyphenols) and quinones. Covalent bonds are irreversible, 
and may form enzymatically and nonenzymatically. 

The formation of oxygen radicals is another important mode of phenolic 
action. Almost any oxidation of phenolics can generate superoxide anion radicals 
because the reactive semiquinone can donate an electron to molecular oxygen 
(Figure 3a). Superoxide anion radicals can generate additional radical species, 
including hydroxyl radicals, by forming and reacting with hydrogen peroxide 

(a) 

(b) 

OH 

2 0 2 +  2H + 

O- O 

02 O~- 

(superoxide anion radical) 

02 + H202 (hydrogen peroxide) 

0 2 + H202 + H § ~ 02 + H20 + HO' (hydroxyl radical) 

FZG. 3. Oxygen radical formation by phenolic oxidation: (a) formation of superoxide 
anion radicals by phenolic oxidation; (b) formation of hydrogen peroxide and hydroxyl 
radicals by reactions of superoxide anion radicals. 
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(Figure 3b). Radical oxygen species are extremely dangerous to cells because 
they can cause enzyme inactivation, membrane lipid peroxidation, and strand 
breaks in DNA (Bendich, 1989; Smith, 1985). Although all cells possess antiox- 
idant enzyme systems to scavenge oxygen radicals, the capacity of these systems 
to mop up radicals can be exceeded. 

Thus, it is clear that the particular mode of action will depend on whether 
phenolics are protonated, ionized, or oxidized (Table 1 and Figure 2). While 
hydrogen and hydrophobic bonds require protonated phenolics, ionic bonds 
require ionized phenolics and oxygen radicals require oxidized phenolics. Co- 
valent bonds can form with either protonated or oxidized phenolics (quinones). 
The oxidation and ionization of phenolics depend on phenolic structure, the 
physicochemical conditions under which reactions take place, including the 
hydrogen ion availability or pH, electron availability or Eh (redox potential), 
and the concentration of oxidative enzymes, nonenzymatic oxidants and reduc- 
tants. Phenolics of different structure differ in redox potential under similar 
experimental conditions (Evans, 1978; Parker et al., 1979). In addition, the 
stability of phenolate ions, and hence their reactivity with other compounds, 
depends on phenolic structure. Due to increased resonance stabilization, stability 
is improved by electron withdrawing ortho and para substitutions, and by 
increasing the length of those substituents. 

Physicochemical conditions influence both the type of binding and the 
availability of molecules to which the phenolic will bind. For example, under 
oxidizing conditions or at alkaline pHs, hydrogen bonds will not form, but ionic 
and covalent bonds will. Similarly, under reducing or acid-neutral conditions 
ionic bonds will not form, but hydrogen and hydrophobic bonds, and, to a lesser 
extent, covalent bonds, will. Oxygen radicals will only be formed when phe- 
nolics are oxidized; thus, they can occur at any pH, but are more likely under 
alkaline conditions. 

The type of bond formed may be critical to activity. For example, non- 
covalent binding of chlorogenic acid to dietary proteins in vitro improves enzy- 
matic digestion but covalent binding inhibits it (Barbeau and Kinsella, 1985; 
Mole and Waterman, 1985). 

The activity of enzymes and oxidants that activate phenolics is also influ- 
enced by the pH and redox conditions, as is the availability of substrates to 
which phenolics bind. For example, proteins are more likely to form hydrogen 
bonds at pHs near their isoelectric point, because protein-protein repulsion is 
minimized when their net charge is zero. In contrast, proteins are more likely 
to form covalent bonds at pHs above the pKa of the amino (9-10) or sulfhydryl 
(8) groups that participate in the nucleophilic attack on quinones. Thus, even 
without details of a particular reaction, one can exclude some modes of phenolic 
action and predict others to occur simply on the basis of general physicochemical 
conditions in which reactions occur. 
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Phenolics are readily oxidized in the environment by enzymes and oxidants 
in plants, soil, sediments, water, and the digestive tracts of herbivores and 
detritivores (Friend, 1979, 1981; Harborne, 1991a; Vaughn and Duke, 1984; 
Duffey and Fetton, 1989; Felton and Duffey, 1991a; Larson, 1988; Tate, 1987; 
Stevenson, 1982). There are numerous enzymes produced by plants and microbes 
that oxidize phenolics, including monophenol oxidases or tyrosinases (EC 
1.14.18.1), diphenol oxidases or catechol oxidases (EC 1.10.3.2), laccases (EC 
1.10.3.1), and peroxidases (EC 1.11.1.7) (Mayer, 1987; Robb, 1984). Simi- 
larly, many molecules produced by plants and microbes can oxidize phenolics, 
including tocopherols, flavonoids, chromenes, benzofurans, furanocoumarins, 
organic peroxides, and metal cations. Oxidized phenolics may oxidize other 
phenolics of lower redox potentials, initiating chain reactions of oxidation and 
polymerization, such as those proposed to drive the formation of humus in soils 
and sediments (Dennisov and Khudyakov, 1987; Tate, 1987). Because there are 
many conditions and compounds that promote autoxidation (e.g., alkaline pH, 
metal catalysts), phenolic oxidation may proceed rapidly in the absence of 
enzyme activity. 

REALIZED BIOCHEMICAL MODES OF PHENOLIC ACTION 

Because phenolics are ubiquitous in plants and their potential modes of 
action involve oxidation that occurs readily in the environment, one would 
expect oxidized phenolics to mediate many ecological interactions. This is, in 
fact, true; in the literature there are numerous examples from diverse systems 
in which the ecological activity of phenolics depends on oxidative activation. 
In the next sections I summarize examples for herbivores, detritivores, plant 
pathogens, plant mutualists, plant competitors, and ecosystems. Herbivores are 
emphasized because I am most familiar with them and because this is the area 
in which the importance of oxidative activation has been least appreciated. 

Oxidative Activation in Herbivores 

Plant phenolics infuence the food preference and performance of many 
different herbivores, including insects (Schultz, 1989; Bemays et al., 1989), 
isopods, gastropods, and sea urchins (Hay and Fenical, 1988; Steinberg and 
Van Altena, 1992), crayfish (Lodge, 1991), amphibians (Freda et al., 1990), 
fish (Boettcher and Targett, 1992; Van Alstyne and Paul, 1990), birds (Jakubas 
et al., 1989; Jakubas and Gullion, 1990), and mammals (Bemays et al., 1989; 
Palo and Robbins, 1991). Phenolics may have negative, neutral, or positive 
effects on herbivores, depending on the organism and situation. Phenolics may 
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affect the herbivore directly or indirectly through its natural enemies or sym- 
bionts. In cases where the biochemical mode of action has been identified, it 
has often been shown to require oxidatively activated phenolics. 

Negative Direct Effects on Herbivores. Phenolics may have direct negative 
effects on herbivores as feeding deterrents, binding agents, and generators of 
oxygen radicals. Phenolic feeding deterrency is assumed to result from the 
astringent sensation of phenolics when they bind to the mucopolysaccharides of 
saliva, chemosensory cells, and/or epidermis (Haslam, 1989). Feeding deter- 
rency is positively correlated with chemical astringency, the ability of phenolics 
to precipitate protein (Bate-Smith, 1977). The acid to neutral pH of the oral 
cavity of most organisms is conducive to hydrogen bond formation, and the 
strong ecological correlations with astringency suggest that hydrogen bonding 
may be the primary mode of action in feeding deterrency. However, there are 
examples of covalent phenolic binding with epidermal proteins. Oxidized uru- 
shiol from poison ivy binds covalently to epidermal proteins to cause contact 
dermatitis (Benezra, 1988; Kalish and Johnson, 1990), although the impact of 
this on feeding deterrence has not been examined. 

Digestion inhibition is usually assumed to result from the formation of 
hydrogen bonds with dietary protein or digestive enzymes in herbivore guts. 
This mode of action was proposed by Feeny (1969, 1970) because tannins can 
precipitate proteins in vitro in this way. Although there are numerous examples 
of digestion inhibition on phenolic diets (Schultz, 1989; Bernays et al., 1989; 
Salunkhe et al., 1990; McArthur et al., 1991), there are few demonstrations of 
the mode of binding, which requires treatment of the complexes with reagents 
that disassociate bonds of different types. In mammals, there is indirect evidence 
that hydrogen bond formation is common. Some mammals protect dietary pro- 
tein by production of salivary "trap" proteins that bind to phenolics by hydrogen 
bonds stable throughout the digestive tract (Mehansho et al., 1987; Austin et 
al., 1989; Mole et al., 1990), although their capacity can be exceeded (Robbins 
et al., 1991). Hydrogen bond formation may often be inhibited by gut surfactants 
(Martin and Martin, 1984; Martin et al., 1987; Tugwell and Branch, 1992), 
although high levels of dietary phenolics may precipitate them (De Veau and 
Schultz, 1992). Alkaline gut conditions (pH > 9) also inhibit hydrogen bond 
formation, making it unlikely to occur in the digestive tract of many insect 
herbivores. 

Digestion inhibition can also result from the formation of covalent bonds 
with dietary proteins or digestive enzymes. In caterpillars, covalent bonds of 
the monomeric phenolic chlorogenic acid with protein inhibit the digestion of 
amino acids (Felton et al., 1989; Felton and Duffey, 1991b). Chlorogenic acid 
requires oxidative activation by foliar phenol oxidases, which retain half their 
activity in the alkaline (pH 8-9) gut (Felton et al., 1989). The observation that 
phenolic precipitation of gut fluid surfactants is higher at alkaline pHs suggests 
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that phenolics may also impair lipid digestion by covalent binding (De Veau 
and Schultz, 1992). In plant glandular hair secretions, covalent binding poly- 
merizes monomeric phenolics, oxidatively activated by foliar enzymes, into 
sticky polymers that immobilize small insect herbivores (Ryan et al., 1982). 

Phenolic toxicity is frequently invoked to explain reductions in growth on 
phenolic-containing diets when there is no digestion inhibition (Iason and Palo, 
1991; Clausen et al., 1990). Oxygen radicals, generated during phenolic oxi- 
dation, are thought to disrupt membrane integrity and metabolism in the gut 
epithelium and are probably responsible for the gut lesions observed in herbi- 
vores exposed to novel tannins (Steinly and Berenbaum, 1985; Bernays, 1978; 
Raubenheimer, 1992; McArthur et al., 1991). Oxidized phenolics can also inhibit 
antioxidant enzyme systems of herbivores (Lee, 1991), thereby enhancing the 
effect of oxygen radicals they generate. 

Positive Direct Effects on Herbivores. Phenolics can have positive effects 
on herbivores when they are detoxified and/or used in defense. Some insect 
herbivores appear to hydrolyze phenolics for nutrients (Bernays et al., 1983), 
while others promote phenolic oxidation and polymerization to improve food 
quality: Some aphids polymerize monophenolics with salivary phenol oxidases 
to strengthen the stylet sheath and facilitate feeding (Peng and Miles, 1988a,b; 
Miles and Peng, 1989). Some grasshoppers may polymerize and inactivate phe- 
nolic resins using midgut phenol oxidases (Rhoades, 1977). We have recently 
discovered endogenous PPO activity in lepidopteran gut lumens, which may 
serve a similar purpose (Appel, unpublished). Oxidized plant phenolics are 
important components of the defensive secretions and immune responses of some 
herbivores, including grasshoppers (Jones et al., 1986) and beetles (Blum, 1981). 

Effects on Natural Enemies and Symbionts of Herbivores. Plant phenolics 
influence the interactions of herbivores with their microbial pathogens, mutual- 
ists, and predators. As with direct effects, phenolics can have negative, neutral, 
or positive indirect effects. Where examined, the phenolics often require oxi- 
dative activation. 

Phenolics influence the microbial pathogens of invertebrate herbivores. 
Several phenolics inhibit infection of insect herbivores by naturally occurring 
baculoviruses consumed with foliage. The monophenolic chlorogenic acid inhib- 
its infection of several noctuid caterpillars by a baculovirus consumed on tomato 
(Felton et al., 1987; Felton and Duffey, 1990). Chlorogenic acid forms covalent 
bonds with the virus following oxidation by tomato phenol oxidases in the gut 
lumen. Polymeric oak phenolics (tannins) inhibit viral infection of gypsy moth 
caterpillars, probably by the same mechanism, as phenol oxidase inhibitors 
reduce the tannin effect (Schultz and Keating, 1991; Appel, unpublished). 

The toxicity of the protein delta endotoxin produced by Bacillus thurin- 
giensis (B0 is modified by plant phenolics. Chlorogenic acid increases the tox- 
icity of Bt following oxidative activation by tomato phenol oxidases (Ludlum 
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et al., 1991). Polymeric phenolics appear to have an effect opposite that of 
monophenolics on Bt, as tannins reduce Bt toxicity in gypsy moths feeding on 
oaks and aspen (Appel, unpublished). Tannins also reduce the susceptibility of 
gall-forming flies on oak to pathogenic fungi (Taper et al., 1986). 

Phenolics also influence the parasitoids of insect herbivores. The growth 
and survival of ichneumonid and tachinid parasitoids of caterpillars are reduced 
when phenolics are included in the host diet (Bloem and Duffey, 1990; Bour- 
chier, 1991). In these cases, parasitoid growth is reduced by reductions in host 
growth and not by toxicity to the parasitoid. As there is evidence from other 
studies for oxidative activation of phenolics in these insects, the impact on the 
parasitoid is probably indirectly dependent on oxidation. 

Phenolics also influence the pathogens and mutualists of vertebrate herbi- 
vores. There is a large medical literature on the antimicrobial properties of 
phenolics (see review by Schultz et al., 1992), but the ecological significance 
and importance of oxidative activation to pathogenicity has not been examined 
in nonhuman systems. In humans, oxygen radicals can be mutagenic, carcino- 
genic, and anticarcinogenic, and they are used in the immune system to destroy 
pathogens (Smith, 1985; Bendich, 1989). The digestive symbionts of vertebrates 
are sensitive to dietary phenolics (Barry and Manley, 1986), but some verte- 
brates possess microbial symbionts capable of degrading tannin-protein com- 
plexes (Osawa, 1992; Osawa and Sly, 1992). 

Control of Oxidative Activation in Herbivores. The probability of phenolic 
oxidation will depend on characteristics of the plant and the herbivore. These 
characteristics include the amount and activity of plant oxidases and oxidants, 
and the physicochemical conditions of the herbivore gut. There is substantial 
interspecific, developmental, seasonal, and morphological variation in plant oxi- 
dases and oxidants that can influence phenolic activity independent of phenolic 
concentration, and these are discussed on p. 1536. 

Physicochemical conditions in the digestive tracts of herbivores may be 
influenced by foliage, but at least some insect herbivores regulate gut conditions 
within fairly narrow margins (Appel, unpublished). Although all digestive tracts 
have morphologically and functionally specialized regions that differ in pH and 
redox potential, there is significant variation among herbivore species in those 
conditions. For example, vertebrate guts do not usually exceed pH 8 (Hofmann, 
1989; Horn, 1989; Cork and Foley, 1991) and thus are not likely to promote 
phenolic oxidation in the absence of active foliar oxidases. However, some 
herbivorous fish and many insect herbivores, including caterpillars, sawflies, 
and some Orthoptera (e.g., walking sticks), maintain midgut pHs ranging from 
8 to 12 (see Horn, 1989; Appel and Schultz, 1992; Appel, 1993), which promote 
autoxidation of ingested phenolics. While it would appear at first maladaptive 
to maintain an alkaline gut in the presence of phenolics, the advantages gained 
in extracting protein at these pHs (Felton and Duffey, 1991b) and inactivating 
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foliar enzymes may outweigh the risks. Furthermore, some organisms appear 
to inactivate ingested phenolics by oxidative polymerization (Rhoades, 1977; 
Appel, unpublished). 

There is significant variation among herbivores in the redox conditions of 
th e gut, l~nging from highly reducing to highly oxidizing (Appel and Martin, 
1990; Appel, unpublished). Conditions are reducing in fermentation chambers 
found in some beetles, ruminants, macropods, marsupial arboreal folivores, and 
certain primates, but are oxidizing elsewhere in the digestive tract (Crowson, 
1981; McArthur et al., 1991). Oxidizing conditions in the gut are likely to 
promote phenolic autoxidation, and reducing conditions prevent it. These dif- 
ferences suggest that herbivores may have multiple strategies for dealing with 
foliar phenolics: a "reducing strategy" in which reducing conditions in the gut 
prevent phenolic oxidation, and an "oxidative polymerization strategy" in which 
phenolics are oxidized and rapidly polymerized. Evolution of one strategy or 
another may depend on several dietary traits, including phenolic concentration, 
structure-based differences in the propensity of phenolics to oxidize and poly- 
merize, and nutrient constraints on the production of sulfur- and nitrogen-rich 
reducing agents. For example, herbivores feeding on foliage with high concen- 
trations of readily oxidized and polymerized phenolics and low concentrations 
of nutrients (e.g., many trees) may use the oxidative polymerization strategy. 
Conversely, herbivores feeding on foliage with low concentrations of phenolics 
but high concentrations of nutrients for reducing potential (e.g., many herbs) 
may employ the reducing strategy. 

Herbivores can influence the activity of oxidized phenolics by conjugation, 
oxidation, hydrolysis, or antioxidant action, Conjugation of phenolics with glu- 
curonic or sulfuric acid (vertebrates) and glutathione or glucose (invertebrates) 
increases their hydrophilicity and facilitates egestion and/or excretion (Salunkhe 
et al., 1990; McArthur et al., 1991; Lindroth, 1991). Phenolics may be meth- 
ylated at the hydroxyl group (Booth et al., 1959) to prevent the formation of 
covalent bonds or oxygen radicals, but this may facilitate absorption by enhanc- 
ing lipophilicity. 

The degradation of phenolics by hydrolysis or oxidation is a potentially 
important detoxification mechanism in herbivores, although hydrolysis can also 
activate phenolics when they are conjugated as glycosides (Lindroth, 1991; 
McArthur et al., 1991). The degree to which phenolics are degraded in the gut 
depends on gut conditions, phenolic structure, and enzyme activity. In general, 
monomers are more readily hydrolyzed than polymers, and hydrolyzable tannins 
more readily than condensed tannins, although there is evidence that degradation 
of all three occurs in some herbivore species (Clausen et al., 1990; Bernays and 
Chamberlain, 1980; Bourchier, 1991). Hydrolyzable tannins (gallotannins and 
ellagitannins) are readily hydrolyzed nonenzymatically under acidic and basic 
conditions (Hagerman and Butler, 1991), such as those encountered in many 
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herbivore guts. They may also be hydrolyzed by esterases, but this has not been 
documented. Condensed tannins are oxidatively degraded under strongly acid 
conditions in the presence of metal catalysts (Hagerman and Butler, 1991), such 
as those encountered in the stomachs and fermentation chambers of some mam- 
mals (McArthur et al., 1991) and fish (Horn, 1989). 

Herbivores have enzyme systems that reduce oxidized phenolics or detoxify 
the oxygen radicals generated during oxidation. Quinone reductases, also known 
as NADPH dehydrogenases (EC 1.6.99.2) catalyze the two-electron reduction 
of quinones to hydroquinones (Yu, 1987). There are several antioxidant enzyme 
systems that scavenge oxygen radicals generated by phenolic oxidation. The 
first, found in vertebrate and invertebrate herbivores, consists of superoxide 
dismutase (EC 1.15.1. l), catalase (EC 1.11.1.6), glutathione peroxidase (EC 
1.1 l. 1.9), and glutathione reductase (EC 1.6.4.2) (Halliwell and Gutteridge, 
1989; Lindroth, 1991). The second, found in invertebrates only, consists of 
ascorbate-free radical reductase (EC 1.6.5.4), dehydroascorbate reductase (EC 
1.8.5.1), and glutathione reductase (Felton and Duffey, 1992). The value of an 
antioxidant enzyme system depends on its location relative to where the oxygen 
radicals are generated. If radicals are generated in the gut lumen, then a system 
in the gut epithelium may be of little benefit in preventing membrane damage 
or enzyme inactivation. Unfortunately, investigators routinely assay enzyme 
activity of whole insects or specific tissues, and not the gut lumen. I expect 
luminal activities to be high in herbivores, except where reducing redox con- 
ditions prevent oxygen radical formation. 

Oxidative Activation in Detritivores 

Phenolics reduce the palatability and colonization of detritus by snails, 
nematodes, earthworms, mites, isopods, and stream invertebrates (Heal and 
Dighton, 1986; Taylor and Murant, 1966; Lee, 1985; Cameron and LaPoint, 
1978; Rietsma et al., 1988; Stout, 1989). They are thought to do this, in part, 
by slowing microbial conditioning of detritus; palatability increases with micro- 
bial conditioning (Anderson and Cargill, 1986; Werner and Dindal, 1986), and 
high-phenolic leaves are conditioned more slowly (Stout, 1989). Phenolic inhi- 
bition of some microbial enzymes is well documented in vitro and is thought to 
require oxidatively activated phenolics (Tate, 1987). Phenolics may also influ- 
ence detritivores directly as feeding deterrents, toxins, or binding agents, but 
this has not been examined (Newman, 1991). 

Control o f  Oxidative Activation in Detritivores. The importance of oxida- 
tion to phenolic activity in detritivores depends on oxidative conditions of the 
food and the gut. As with herbivores, enzymes and oxidants may play a major 
role in determining the oxidation state, mode of action, and activity of phenolics. 
Microbial rather than foliar enzymes are active in detritus, as foliar activity is 
rapidly lost during leaf senescence. 
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The oxidation state and persistence of phenolics in soils and sediments will 
depend on rates of release and metabolism, which are influenced by levels in 
foliage, secretion rate by roots, litter type, soil type, and microbial metabolism 
(Muller et al., 1989; Schmidt, 1988; Williamson and Weidenhamer, 1990; Blum 
et al., 1991; Kuiters and Sarink, 1986; Racon et al., 1988). There are numerous 
opportunities for phenolic oxidation in soils, and thus for oxidative activation. 
There is likely to be substantial spatial and temporal variation in soil constituents 
influencing phenotic oxidation, but this is rarely investigated. 

A large number of soil microorganisms produce phenolic-oxidizing enzymes 
extracellularly to acquire nutrients or inactivate phenolic defenses (Szklarz et 
al., 1989). Although oxidized phenolics can inhibit microbial enzymes, oxida- 
tion may be necessary for substrate digestion or defense inactivation. Microbial 
oxidation of phenolics is modified by interactions with soil particles (Ruggiero 
and Radogna, 1988; Claus and Filip, 1990), phenolics (Baldwin et al., 1983; 
Harrison, 1971), and metals (Illman, 1991). Phenolic activity can be influenced 
by shifts in the microflora composition from phenolic-sensitive to phenolic- 
tolerant species (Shafer and Blum, 1991). This may also be true for the micro- 
fauna of soils, although it has not been examined. 

Microbial decomposers secrete phenol oxidases active towards a variety of 
phenolic substrates (Tate, 1987; Stevenson, 1982), which are thought to reduce 
phenolic inhibition of microbial enzyme activity. These enzymes may oxidize 
phenolics released from detritus by leaching or feeding. Like foliar enzymes, 
they have a pH optimum of about 7.0 and may be active prior to ingestion or 
after ingestion in the detritivore gut. Phenol oxidase and peroxidase activity 
have been obtained from homogenates of detritivores as diverse as earthworms, 
isopods, diplopods, mollusks, oligochaetes, and insects with activity at neutral 
to alkaline pHs, although it is not clear whether the enzymes are ingested or 
endogenous (Hartenstein, 1982). There is an extensive literature on the activity 
of microbial enzymes in the guts of invertebrate detritivores (Martin, 1987), 
although the activity of phenol oxidases has not been examined. 

The oxidation state of detrital phenolics may also be influenced by nonen- 
zymatic oxidants present in detritus and associated soil particles. Metal cations 
are catalysts of nonenzymatic oxidations of soil phenolics (Tate, 1987) and are 
used by brown-rot fungi to generate oxygen radicals for cellulose depolymer- 
ization (Illman, 1991). Although there are no quantitative estimates of their 
significance, they are likely to be important. 

The gut conditions of detritivores are not well characterized, but gut pH 
appears to vary significantly among groups. Isopod, stone fly (Plecoptera), and 
caddisfly (Trichoptera) larvae have neutral to slightly alkaline midguts (Martin 
et al., 1980, 1981a,b; Kukor and Martin, 1986; Badocher, 1983), which are 
not likely to promote autoxidation of phenolics. However, cranefly (Tipulidae), 
mosquito, and blackfly (Simuliidae) larvae have highly alkaline guts, ranging 
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from pH 8-11 (Martin et al., 1980; Dadd, 1975; Lacey and Federici, 1979; 
Undeen, 1979) in which autoxidation of phenolics is likely. Gut redox conditions 
may also be important to phenolic activity but have not been determined in any 
detritivores. 

Oxidative Activation in Plant Pathogens, Parasites, Mutualists, and 
Competitors 

Phenolics have diverse effects within plants and on the interactions of plants 
with other organisms. Real and proposed functions within plants include regu- 
lating photosynthesis and gene expression (Peters and Verma, 1990) and eth- 
ylene production (Elstner et al., 1976), screening ultraviolet radiation, preventing 
water loss, and metabolic storage (Seigler and Price, 1976). In addition to the 
interactions of plants with herbivores and detritivores covered in the previous 
sections, phenolics influence interactions between plants and pathogens, mutual- 
ists, and competitors (allelopathy). In many cases in which the biochemical 
mode of phenolic action has been identified, it has been shown to require oxi- 
dative activation. 

Effects on Plant Pathogens. Phenolics are important to the defense strategy 
of plants at several stages, including host celt death and necrosis, accumulation 
of toxins, modification of cell walls, and synthesis of specific antibiotics (Matem 
and Kneusel, 1988). Their participation in each stage varies with plant and 
pathogen (Nicholson and Hammerschmidt, 1992). Host cell death and necrosis 
can be caused by phenolic-generated oxygen radicals (Adam et al., 1990; Doke 
et al., 1991). Phenolics can act directly as toxins at the site of infection, probably 
by enzymatic oxidation and covalent binding of foliar quinones to microbial 
proteins (Mink and Saksena, 1971; Byrd et al., 1960; Friend, 1979; Dix, 1979; 
Blakeman and Atkinson, 1981). Modification of cell walls requires enzymati- 
cally oxidized phenolics as substrates for lignin biosynthesis, resulting in numer- 
ous positive correlations between pathogen resistance and activity of phenol 
oxidases and peroxidases (e.g., Graham and Graham, 1991; Southerton and 
Deverall, 1990; Bashan et al., 1987; Ye et al., 1990; Smith et al., 1991). Many 
antibiotics synthesized in response to pathogens are phenolic, including some 
phytoalexins (Kumar et al., 1991; Phan, 1991; Friend, 1981). Although the 
biochemical mode of action of phenolic phytoalexins has not received much 
attention (Anderson, 1991), recent evidence suggests that cytotoxicity depends 
on autoxidation by transition metals (Stipanovic et al., 1991). Phenolics pro- 
duced in response to wounding may also serve as within-plant signals of infec- 
tion (Doke et al., 1991; Daub and Hangarter, 1983) and stimulate-the expression 
of virulence genes in pathogens (Peters and Verma, 1990). 

Effects on Plant Parasites, Mutualists, and Competitors. Oxidized phe- 
nolics are required for host recognition by some parasitic plants. Seed germi- 
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nation and haustofia formation of several parasitic angiosperms are regulated by 
oxidatively activated phenolics (Fate et al., 1990; Smith et al., 1990; Lynn and 
Chang, 1990). Phenolics are also important in host recognition by microbial 
symbionts, although the importance of phenolic oxidation state has not been 
investigated (Peters and Verma, 1990). 

A large number of plant phenolics has been proposed to be allelopathic by 
inhibiting the germination and/or growth of other plants (Rice, 1984; Einhellig, 
1986; Putnam and Tang, 1986). Unfortunately, most studies are not designed 
to evaluate allelopathic effects in the field and are thus difficult to interpret in 
an ecological context (Dao, 1987). The importance of oxidation state has been 
investigated for two allelopathic phenolics, juglone (Rietveld, 1983) and sor- 
goteone (Einhellig and Souza, 1992). Produced in a reduced form in the plant, 
they are rapidly oxidized to the more stable and active quinone form when 
released as tissue leachates or root exudates. 

Control o f  Oxidative Activation in Plants. There are substantial differences 
among genotypes, developmental stages, and tissues in plant constituents influ- 
encing phenolic oxidation. Phenol oxidase and peroxidase enzymes exist in 
many different isozymic forms, with different substrate specificities, pH optima, 
localization, and response to stress. Activities may vary as much as sevenfold 
among genotypes, as much as eightfold between young and mature leaves and 
fruits, and up to eightfold between epidermal and mesophyll tissues and between 
intracellular and extracellular compartments (Lanker et al., 1987; del Grosso et 
al., 1987; Lee et al., 1990; Fetton et al., 1989; Janovitz-Klapp et al., 1989; 
Bassuk et al., 1981; Gentile et al., 1988; Kojima and Conn, 1982; van den 
Berg and Huystee, 1984; van Huystee and Cairns, 1980). Furthermore, these 
enzymes are inducible by stresses, including pathogens (Patra and Mishra, 1979; 
Ye et al., 1990; Bashan et al., 1987; Southerton and Deverall, 1990). There is 
also variation in the pH optimum and pH dependence of phenoloxidases that 
influences their activity under different physicochemical environments. Although 
pH optima can vary genotypically and seasonally (Sanchez-Ferrer et al., 1989), 
most are near neutrality but retain significant activity up to pH 9 (Felton et al., 
1989; Owusu-Ansah, 1989; Fujita and Tono, 1988; Oda et al., 1989). In addi- 
tion, conformational changes from inactive to active forms can be pH dependent 
(Valero and Garcia-Carmona, 1992). 

There is also substantial variation in the levels of oxidants and reductants 
(antioxidants). Species differ up to fourfold in ascorbate content, and up to 70- 
fold in /3-carotene (Duke and Atchley, 1986). In addition, levels of oxidants 
and reductants vary with stress and time of day. Glutathione, a major reductant 
involved in cellular redox cycling (Meister, 1981), increases in concentration 
in response to extremes of temperature, drought, herbicides, and air pollutants 
(Alscher, 1989) and can increase twofold on a diumal basis (Koike and Patter- 
son, 1988). Chlorogenic acid, a ubiquitous and readily oxidized monophenolic 
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in plants, can vary up to 15-fold with genotype, development, and stress (drought, 
nitrogen deficiency, UV exposure) (del Moral, 1972; Cole et al., 1987; Parfit 
et al., 1986; Cilliers et al., 1990; Chemey et al., 1990; Griffiths et al., 1992). 

The activity of antioxidant enzyme systems also varies substantially with 
genotype, development, and stress. In general, levels are lower in older tissue 
and higher in plants under pathogen and oxidative stress (extreme temperatures, 
anaerobiosis, UV radiation, high light intensity, elevated SO2 and 03) (Scan- 
dalios, 1990; Anderson et al., 1992). 

Ecosystems and Nutrient Cycling 

Phenolics have an important influence on the rates of nutrient cycling in 
terrestrial and aquatic environments (Schlesinger, 1991). Because they can com- 
plex toxins as well as nutrients, their effects may be positive or negative, depend- 
ing on the substance bound and the consequences of that binding for the 
organisms involved. Their modes of action are comparatively well documented, 
and most require oxidation. 

Phenolics are a major component of humus and are responsible for most 
of its physicochemical and biological properties. By complexing nutrients, phe- 
nolic (and phenolic acid) monomers and humic polymers influence rates of 
productivity and nutrient turnover in soils, sediments, lakes, streams, estuaries, 
and oceans (Munster and Chrost, 1990; Aiken et al., 1985; Wetzel, 1991). 
Humus formation requires oxidatively activated phenolics. Quinones, oxidized 
by microbial enzymes or mineral catalysts, covalently bind with amino acids, 
sugars, and minerals to form a matrix recalcitrant to microbial digestion (Ste- 
venson, 1982; Tate, 1987; Flaig, 1988; Hayes, 1989). 

Phenolic acids not incorporated in humus regulate the cation exchange 
capacity of soil and water by weathering and complexing minerals (Kalisz and 
Stone, 1980; Gillman, 1985; McColl et al., 1990). Phenolics increase the avail- 
ability of phosphorus to terrestrial plants and phytoplankton by competing for 
anion adsorption sites on humus and clay and by binding with soluble aluminum, 
iron, and manganese that would otherwise bind phosphate (Kafkafi et al., 1988; 
Tan and Binger, 1986; Lopez-Hemandez et al., 1979; Aiken et al., 1985). By 
binding to aluminum, phenolics reduce the aluminum toxicity of soils and water 
(McColl and Pohlman, 1986; DriscoU et al., 1985; Hue et al., 1986; Freda et 
al., 1990). Phenolic binding to minerals is largely responsible for the high 
productivity of estuaries; the flocculation, deposition, and retention of minerals 
in estuaries is caused by the replacement of hydrogen ions on the exchange sites 
of phenolic acids with cations of seawater (Schlesinger, 1991). Phenolic binding 
to minerals sometimes requires oxidative activation; mineral complexation occurs 
either by adsorption, a process involving hydrophobic/etectrostatic interactions 
between minerals and nonoxidized phenolics, or by organometallic complex 
formation, a process involving ionic binding (Tate, 1987). 
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The ability of oxidized phenolics to complex nutrients is beginning to be 
used to human advantage in the management and recovery of ecosystems. 
Nutrient retention of soils in agroecosystems is being improved by use of phe- 
nolic-containing mulch crops (Fox et al., 1990; Palm and Sanchez, 1991). 
Predictions of the metabolism and movement of toxins of human origin through 
soil and water can be improved by accounting for phenolic complexation (Bol- 
lag, 1991; Chiou, 1990). Similarly, the ability of phenol oxidases to polymerize 
and precipitate phenolics is being tested in the removal of phenolic-based toxins 
from aquatic systems (Shannon and Bartha, 1988; Davis and Bums, 1990). 

DISCUSSION 

Oxidative Activation of Phenolics is Common 

With the exception of studies of phenolics in nutrient cycling, the ecological 
consequences of phenolic oxidation have been largely ignored and remain 
peripheral to current theory. In this paper, however, I provide numerous exam- 
pies from a diversity of systems that indicate that biological activity resulting 
from phenolic oxidation is widespread. Oxidatively activated phenolics influence 
critical aspects of the survival, growth, and reproduction of organisms, including 
dietary preferences, host recognition, nutrient acquisition, disease resistance, 
predation and parasitism, and competitive interactions. 

There are situations in which oxidative activation is not important to phe- 
nolic activity, and some of those situations are described in individual sections 
above. To understand variable phenolic activity in these, it will be necessary to 
identify other characteristics promoting an alternative mode of action; this may 
be the absence of conditions promoting oxidation or something else altogether. 
There may be situations in which activity results from both reduced and oxi- 
datively activated phenolics in a single organism. There may also be situations 
in which factors other than phenolics are overriding in importance. 

Oxidative activation of phenolics in ecological interactions has several 
important consequences. First, it means that variation in oxidative conditions 
can regulate phenolic activity and can be used to explain some of the variation 
we observe. Second, it means that the design of laboratory and field experiments 
must include components that normally accomplish this oxidation. 

Oxidative Conditions May Regulate Phenolic Activity 

Basic chemistry dictates that the physicochemical conditions of the imme- 
diate environment will determine the oxidation state of phenolics, and hence 
their activity when oxidative activation is required. This means that the oxidative 
conditions of the immediate environment are as important to phenolic activity 
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as are the levels of phenolics themselves. Thus, in herbivores, phenolic activity 
can vary with the levels of oxygen and of foliar and herbivore enzymes and 
oxidants. In detritivores, activity can vary with the levels of oxygen and micro- 
bial/soil and detritivore enzymes and oxidants. Similarly, in plants, activity can 
vary with the level of oxygen and foliar and microbial/soil enzymes and oxi- 
dants, and in ecosystems, with the level of oxygen and microbial/soil enzymes 
and oxidants. While these represent a large number of individual factors and 
possible interactions, they are likely to be major ones that drive phenolic oxi- 
dation and thus predict their activity. 

Using Oxidative Conditions to Predict Phenolic Activity 

Oxidative conditions may be described by either summary characteristics 
of oxidative strength or the levels of specific enzymes and oxidants. The avail- 
ability of electrons exchanged in redox reactions can be measured with pH and 
redox probes, respectively. Although these values represent the sum of all redox 
reactions in the system, they provide an indication of the likelihood of particular 
ones, including phenolic oxidation. Electrodes for pH and redox measurements 
are widely available in macro to ultramicro sizes. 

This approach has been used by soil scientists to predict the turnover of 
inorganic metals in soils, as metal ions differ in mobility in soils of different pH 
and redox potentials (Bartlett, 1986). I am using this approach in my own work 
on plant phenolics and insect herbivores. By characterizing the oxidative con- 
ditions in the guts of herbivores, I can predict the mode of action of ingested 
phenolics, and likely physiological adaptations to them. Once demonstrated, the 
mode of action and inactivation become the basis for testable predictions about 
the evolution of adaptations to dietary phenolics. 

Specific enzymes and oxidants must also be measured once their importance 
to phenolic activity has been identified. There are spectrophotometric, gas chro- 
matographic, and liquid chromatographic techniques to quantify enzyme activity 
and oxidant levels. We can expect oxidation to be more likely in the presence 
of enzymes like phenol oxidases, tyrosinases, laccases, and peroxidases. Sim- 
ilarly, we can expect oxidation to be more likely at alkaline pHs, and in the 
presence of oxidants, like tocopherols, chromenes, benzofurans, furanocoumar- 
ins, organic peroxides, metal cations, and phenolics with lower redox potentials. 
Felton et al. (1989) have used this approach to predict the activity of monomeric 
phenolics in insect herbivores. Having shown that the phenolics require oxida- 
tive activation by foliar phenol oxidases, they can predict phenolic activity on 
the basis of phenolic and enzyme levels. We are also using this approach to 
characterize the impact of oak phenolics on the gypsy moth, a system in which 
both plant and insect enzymes appear to be important (Appel and Schultz, 1992). 
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Oxidative Activation Influences Experimental Design 

A failure to appreciate the importance of oxidation to phenolic activity can 
lead to significant flaws in experimental design. If phenolic activity requires 
oxidation, then our measures of phenolics must include measures of compounds 
that oxidize them. In other words, levels of oxidative enzymes, oxidants, and 
reductants of foliage, litter, or soil may need to be measured in addition to 
phenolics to accurately assess phenolic activity in correlative studies. The dis- 
covery that plant enzymes retain activity in the digestive tracts of herbivores 
(Felton et al., 1989) makes their inclusion in phenolic studies imperative. 

The importance of enzymes and oxidants to phenolic activity also means 
that experimental studies in which phenolic levels are manipulated must include 
the components that normally oxidize them in the field or in vivo. Foliar or 
microbial enzymes and oxidants and the pH and redox conditions of digestive 
tracts must be incorporated into the experimental design of laboratory and in 
vitro studies. For example, experiments with tissue culture or sterile soil lacking 
the constituents responsible for oxidation in situ may provide no information on 
phenolic activity in ecological contexts. Similarly, the widespread use of arti- 
ficial diets may provide little information on the actual activity of phenolics 
consumed in leaves unless the diets contain foliar enzymes and oxidants. 

Given the potential importance of enzymes and oxidants to phenolic activity 
and the rarity of their inclusion in experimental design, it is not surprising that 
conelative, or even manipulative, studies have failed to provide a clear picture 
of phenolic action. Indeed, the best predictive understanding of phenolics is in 
nutrient cycling, in which the importance of oxidative activation in humus for- 
mation is recognized. 

A New Understanding of Phenolics 

Phenolics clearly have more diverse and variable effects on ecological inter- 
actions than originally conceived. Their treatment as generalized defenses of 
woody plants with a uniform mode of action is no longer appropriate. Not only 
are their effects and modes of action diverse, but they include small phenolic 
molecules produced by plants of all growth forms. 

Phenolics also clearly require oxidative activation for much of their activity. 
Their treatment as allelochemicals operating independently of other foliage or 
soil constituents is not tenable in most situations. Their activity must be exam- 
ined in the context of the components that activate them. 

The potential biochemical interactions of phenolics with other compounds 
are diverse and complex. As the biochemistry of most organisms in an ecological 
context is poorly known, characterization of the metabolism of phenolics in any 
detail is often impossible, except in rare collaborations of ecologists with bioche- 
mists or toxicologists. However, in the absence of detailed biochemical knowl- 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1541 

edge ,  an  apprec i a t ion  for  the  m o d e  o f  pheno l i c  ac t ion  may  p rov ide  the  on ly  

m e a n s  to u n d e r s t a n d  and  pred ic t  the  act iv i ty  o f  these  ub iqu i tous ,  d iverse  c h e m -  

icals  in eco log ica l  in te rac t ions .  

Acknowledgments--I thank J.C. Schultz for lengthy discussions on this topic; A.E. Hagerman, 
M.D. Hunter, R.L. Lindroth, M.M. Martin, J.C. Schultz, and E.H. Yerger for helpful comments 
on the manuscript; K. Williams for library work; and L. Maines for assistance with figures. The 
work was supported by USDA grants 9100392 and 9100926. 

REFERENCES 

ADAM, A., ERSEK, T., BARNA, B., and KIRALY, Z. 1990. Role of oxidative stress in plants on the 
development of necrosis induced by pathogens, pp. 1-18, in B. Matkovics, L. Karmazsin and 
H. Kalasz (eds.). Radicals, Ions and Tissue Damage. Akademiai Kiado, Budapest. 

AIKEN, G.R., MCKNIGHT, D.M., and WERSHAW, R.L. (eds.). 1985. Humic substances. In Soil, 
Sediment, and Water. Geochemistry, Isolation, and Characterization. Wiley-Interscience, New 
York. 

ALSCHER, R.G. 1989. Biosynthesis and antioxidant function of glutathione in plants. Physiol. Plant. 
77:457-464. 

ANDERSON, A.J. 1991. Phytoalexins and plant resistance, pp. 569-594, in R.P. Sharma and D.K. 
Salunkhe (eds.). Mycotoxins and Phytoalexins. CRC Press, Boca Raton, Florida. 

ANDERSON, J.V., CHEVONE, B.I., and HESS, J.L. 1992. Seasonal variation in the antioxidant system 
of eastern white pine needles. Plant Physiol. 98:501-508. 

ANDERSON, N.H. and CARGILL, A.S. 1986. Nutritional ecology of aquatic detritivorous insects, pp. 
903-924, in F. Slansky, Jr. and J.G. Rodriguez (eds.). Nutritional Ecology of Insects, Mites, 
Spiders, and Related Invertebrates. John Wiley & Sons, New York. 

APPLE, H.M. 1993. The herbivore gut lumen: physicochemical conditions and their impact on plant 
nutrients, allelochemicals, and insect pathogens, in E.A. Bernays (ed.). Insect-Plant Interac- 
tions, Vol. IV. CRC Press, Boca Raton, Florida. In press. 

APPLE, H.M., and MARTIN, M.M. 1990. Gut redox conditions in herbivorous lepidopteran larvae. 
J. Chem. Ecol. 16:3277-3290. 

APPLE, H.M., and SCHULTZ, J.C. 1992. Activity of phenolics in insects may require oxidation, pp. 
609-620, in R.W. Hemingway (ed.). Plant Polyphenols: Biogenesis, Chemical Properties, and 
Significance. Plenum Press, New York. 

AUSTIN, P.J., SUCHAR, L.A., ROBBINS, C.T., and HAGERMAN, A.E. 1989. Tannin-binding proteins 
in saliva of deer and their absence in saliva of sheep and cattle. J. Chem. Ecol. 15:1335-1347. 

BALDWIN, I.T., OLSON, R.K., and REINERS, W.A. 1983. Protein binding phenolics and the inhibition 
of nitrification in subalpine balsam fir soils. Soil Biol. Biochem. 15:419-424. 

BARBEAU, W.E., and KINSELLA, J.E. 1985. Effects of free and bound chlorogenic acid on the in 
vitro digestibility of ribulose bisphosphate carboxylase from spinach. J. Food Sci. 50:1083- 
1087. 

BARLOCHER, F. 1983. Seasonal variation of standing crop and digestibility of CPOM in a Swiss 
Jura stream. Ecology 64:1266-1272. 

BARRY, T.N., and MANLEY, T.R. 1986. Interrelationships between the concentrations of total con- 
densed tannin, free condensed tannin and lignin in Lotus sp. and their possible consequences 
in ruminant nutrition. J. Sci. Food Agric. 37:248-254. 

BARTLETT, N.J. 1986. Soil redox behavior, pp. 179-207, in D.L. Sparks (ed.). Soil Physical 
Chemistry. CRC Press, Boca Raton, Florida. 



1542 APPEL 

BASHAN, Y., Or~oN, Y., and HENIS, Y. 1987. Peroxidase, polyphenoloxidase, and phenols in 
relation to resistance against Pseudomonas syringae pv. tomato in tomato plants. Can. J. Bot. 
65:366-372. 

BASSUK, N.L., HUNTER, L.D., and HOWARD, B.H. 1981. The apparent involvement of polyphenol 
oxidase and phloridzin in the production of apple rooting cofactors. J. Hortic. Sci. 56:313- 
322. 

BATE-SMITH, E.C. 1977. Astringent tannins of Acer species. Phytochemistry 16:1421-1426. 
BENDtCH, A. 1989. Antioxidant nutrients and immune functions--Introduction, pp. 1-12, in A. 

Bendich, M. Phillips, and R.P. Tengerdy (eds.). Antioxidant Nutrients and Immune Functions. 
Plenum Press, New York. 

BENEZRA, C. 1988. Plants causing adverse skin reactions, pp. 395-400, in V. Cody, E. Middleton, 
Jr., J.B. Harbome, and A. Beretz (eds.). Plant Flavonoids in Biology and Medicine II: Bio- 
chemical, Cellular, and Medicinal Properties. Alan R. Liss, New York. 

BERENBAUM, M. 1984. Effects of tannins on growth and digestion in two species of papilionids. 
EntomoL Exp. Appt. 34:245-250. 

BERNAYS, E.A. 1978. Tannins: An alternative viewpoint. Entomol. Exp. Appl. 34:245-250. 
BERNAYS, E,A. 1981. Plant tannins and insect herbivores: An appraisal. Ecol. Entomol. 6:353- 

360. 
BERNAYS, E.A., and CHAMBERLAIN, D.J. 1980. A study of tolerance of ingested tannin in Schis- 

tocerca gregaria. J. Insect Physiol. 26:415-420. 
BERNAYS, E.A., CHAMBERLAIN, D.J., and MCCARTHY, P. 1980. The differential effects of ingested 

tannic acid on different species of Acridoidea. Entomol. Exp. Appl. 28:158-166. 
BERNAYS, E,A., CHAMBERLAIN, D.J., and WOODHEAD, S. 1983. Phenols as nutrient for a phyto- 

phag0us insect Anacridium melanorhodon. J. Insect Physiol. 29:535-539. 
BERNAYS, E,A., COOPER DRIVER, G., and BILGENER, M. 1989. Herbivores and plant tannins. Adv. 

Ecol. Res. 19:263-302. 
BLAKEMAN, J.P., and ATKINSON, P. 1981. Antimicrobial substances associated with the aerial sur- 

faces of plants, pp. 245-263, in J.P. Blakeman (ed.). Microbial Ecology of the Phylloplane. 
Academic Press, New York. 

BLOEM, K.A., and DUFFEY, S.S. 1990. Interactive effect of protein and rutin on larval Heliothis 
zea and the endoparasitoid Hyposoter exiguae. Entomol. Exp. Appl. 54:149-160. 

BLUM, M.So 1981. Chemical Defenses of Arthropods. Academic Press, New York. 
BLUM, U., WENTWORTH, T.R., KLEIN, K., WORSHAM, A.D., KING, L.D., GERIG, T.M., and LYE, 

S.W. 1991. Phenolic acid content of soils from wheat-no till, wheat-conventional till, and 
fallow-conventional till soybean cropping systems. J. Chem. Ecol. 17:1045-1068. 

BOETrCHER, A., and TARrETT, N. 1992. The role of polyphenolic molecular size in the reduction 
of assimilation efficiency in the herbivorous marine fish Xiphister mucosus. Ecology 74:891- 
903. 

BOLLAC, J. 1991. Enzymatic binding of pesticide degradation products to soil organic matter and 
their possible release, pp. 122-132, in L. Somasundaram and J.R. Coats, (eds.). Pesticide 
Transformation Products. American Chemical Society Symposium Series No. 459, Washing- 
ton, D.C. 

BOOTH, A.N., MASHI, M.S., ROBBINS, D.J., EMERSON, O.H., JONES, F.T., and DEEDS, F. 1959. 
The metabolic fate of gallic acid and related compounds. J. Biol. Chem. 234:3014-3016. 

BOURCHIER, R.S. 1991. Growth and development of Compsilura concinnata (Meigan) (Diptera: 
Tachinidae) parasitizing gypsy moth larvae feeding on tannin diets. Can. Entomol. 123:1047- 
1055. 

BRYANT, J .P ,  KUROPAT, P.J., REICHARDT, P.B., and CLAUSEN, T.P. 1991. Controls over the 
allocation of resources by woody plants to chemical antiherbivore defense, pp. 83-102, in 
R.T. Palo and C.T. Robbins (eds.). Plant Defenses Against Mammalian Herbivory. CRC 
Press, Boca Raton, Florida. 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1543 

BYRD, R.J.W., FIELDING, A.H., and WILLIAMS, A.H. 1960. The role of oxidized polyphenols in 
the varietal resistance of apples to brown rot, pp. 95-99, in J.B. Pridham (ed.). Phenolics in 
Plants in Health and Disease. Pergamon Press, London. 

CAMERON, G.N., and LAPOINT, T.W. 1978. Effects of tannins on the decomposition of chinese 
tallow leaves by terrestrial and aquatic invertebrates. Oecologia 32:349-366. 

CHERNEY, J.H., CHERNEY, D.J.R., SOLLENBERGER, L.E., PATTERSON, J.A., and WOOD, K.V. 1990. 
Identification of 5-O-caffeoylquinic acid in limpograss and its influence on fiber digestion. J. 
Sci. Food Agric. 38:2140-2143. 

CHIOU, C.T. 1990. Roles of organic matter, minerals, and moisture in sorption of nonionic com- 
pounds and pesticides in soil, pp. 111-160, in P. MacCarthy, C.E. Clapp, R.L. Malcolm and 
P.R. Bloom (eds.). Humic Substances in Soil and Crop Sciences: Selected Readings. American 
Society of Agronomists, Inc. and Soil Science Society of America, Inc., Madison, Wisconsin. 

CILLIERS, J.J.L., SINGLETON, V.L., and LAMUELA-RAVENTOS, R.M. 1990. Total polyphenols in 
apples and ciders; correlation with chlorogenic acid. J. Food Sci. 55:1458-1459. 

CLAUS, H., and FILIP, Z. 1990. Effects of clays and other solids on the activity of phenoloxidases 
produced by some fungi and actinomycetes. Soil Biol. Biochem. 22:483-488. 

CLAUSEN, T.P., PROVENZA, F.D., BURRITT, E.A., REICHARDT, P.B., and BRYANT, J.P. 1990. 
Ecological implications of condensed tannin structure: a case study. J. Chem. Ecol. 16:2381- 
2392. 

COLE, R.A., PHELPS, K., ELLIS, P.R., and HARDMAN, J.A. 1987. The effects of time of sowing 
and harvest on carrot biochemistry and the resistance of carrots to carrot fly. Ann. AppL Biol. 
110:135-143. 

COLE, R.A., PHELPS, K., ELLIS, P.R., HARDMAN, J.A., and ROLLASON, S.A. 1988. Further studies 
relating chlorogenic acid concentration in carrots to carrot fly damage. Ann. Appl. Biol. 112:13- 
18. 

COLEY, P.D., BRYANT, J.P., and CHAPIN, F.S., III. 1985. Resource availability and plant anti- 
herbivore defense. Science 230:895-899. 

COOPER, S.M., OWEN-SMITH, N., and BRYANT, J.P. 1988. Foliage acceptability to browsing rum- 
inants in relation to seasonal changes in the leaf chemistry of woody plants in a South African 
savanna. Oecologia 75:336-342. 

CORK, S.J., and FOLEY, W.J. 1991. Digestive and metabolic strategies of arboreal mammalian 
folivores in relation to chemical defense in temperate and tropical forests, pp. 133-166, in 
R.T. Palo and C.T. Robbins (eds.). Plant Defenses Against Mammalian Herbivory. CRC 
Press, Boca Raton, Florida. 

CROWSON, R.A. 1981. The Biology of the Coleoptera. Academic Press, New York. 
DADD, R.H. 1975. Alkalinity within the midgut of mosquito larvae with alkaline-active digestive 

enzymes. J. Insect Physiol. 21:1847-1853. 
DAD, T.H. 1987. Sorption and mineralization of plant phenolic acids in soil, pp. 358-370, in G.R. 

Waller (ed.). Allelochemicals: Role in Agriculture and Forestry. American Chemical Society 
Symposium Series No. 330, Washington, D.C. 

DAUB, M.E., and HANGARTER, R.P. 1983. Production of singlet oxygen and superoxide by the 
fungal toxin, cercosporin. Plant Physiol. 73:855-857. 

DAVIS, S., and BURNS, R.G. 1990. Decolorization of phenolic effluents by soluble and immobilized 
phenol oxidases. Appl. Microbiol. Biotechnol. 32:721-726. 

DEL GROSSO, E., GRAZIA, S., and MARALDI, A.C. 1987. Peroxidase activity in Phaseolus vulgaris 
seedling tissues and callus cultures: A comparison of genotypes and developmental stages. 
Environ. Exp. But. 27:387-394. 

DEL MORAL, R. 1972. On the variability of chlorogenic acid concentration. Oecologia 9:289-300. 
DENNISOV, E., and KHUDYAKOV, I.V. 1987. Mechanisms of action and reactivities of the free 

radicals of inhibitors. Chem. Rev. 87:1313-1357. 



1544 APPEL 

DE VEAU~ E,J.I., and ScrtUL'rZ, J.C. 1992. Reassessment of the interaction between gut detergents 
and phenolics in Lepidoptera and significance for gypsy moth larvae. J. Chem. Ecol. 18:1437- 
1453. 

DIX, N J .  1979. Inhibition of fungi by gallic acid in relation to growth on leaves and litter. Trans. 
Br: MycoL Soc. 73:32-336. 

DOKE, N., MIURA, T., CHAI, H., and KAWAKITA, K. 1991. Involvement of active oxygen in 
induction of plant defense response against infection and injury, pp. 84-96, in E. Pell and K. 
Steffen (eds.). Active Oxygen/Oxidative Stress and Plant Metabolism. American Society of 
Plant Physiology, Penn State University, University Park, Pennsylvania. 

DRISCOLL, C.T.~ VAN BREEMEN, N., and MULDER, J. 1985. Aluminum chemistry in a forested 
spodosol. Soil ScL Soc. Am. J. 49:437-444. 

DUFFEY~ S.S., and FELTON, G.W. 1989. Plant enzymes in resistance to insects, pp. 166-197, in 
J.R. Whitaker and P.E. Sonnett (eds.). Biocatalysis in Agricultural Biotechnology. American 
Chemical Society Symposium Series, Washington, D.C. 

DUKE, 3,A., and ATCHLEY, A.A. 1986. Handbook of Proximate Analysis Tables of Higher Plants. 
CRC Press, Boca Raton, Florida. 

EBEtNa, D.D. 1987. General Chemistry. Houghton-Mifflin, New York. 
EINNELLIG, F.A. 1986. Mechanisms and modes of action of allelochemicals, pp. 171 - 186, in A.R. 

Putnam and C. Tang (eds.). The Science of Allelopathy. John Wiley & Sons, New York. 
EINNELLIG, F.A., and SOUZA, I.F. 1992. Phytotoxicity of sorgoleone found in grain sorghum root 

exudates. J~ Chem. Ecol. 18:1-11. 
ELLIGER, C.A., CHAN, B.C., and WAISS, A.C. 1981. Flavonoids as larval growth inhibitors: Struc- 

tural factors governing toxicity. Naturwissenschaften 67:358-360. 
ELSTNER, E.F., KONZE, J.R., SELMAN, B.R., and STOFFER, C. 1976. Ethylene formation in sugar 

beet leaves. Plant Physiol. 58:163-168. 
EVANS, D.H. 1978. Carbonyl compounds, pp. 3-259, in A.J. Bard, (ed.). Encyclopedia of Elec- 

trochemistry of the Elements, Vol. 12. Marcel Dekker, New York. 
FATE, G.~ CHANG, M., and LYNN, D.G. 1990. Control of germination in Striga asiatica: Chemistry 

of spatial definition. Plant Physiol. 93:201-207. 
FEENY, P. 1968. Effect of oak leaf tannins on larval growth of the winter moth Operophtera brumata. 

J. Insect Physiol. 14:805-817. 
FEENY, P. 1969. Inhibitory effect of oak leaf tannins on the hydrolysis of proteins by trypsin. 

Phytochemistry 8:2119-2126. 
FEENY, P. 1970~ Seasonal changes in oak leaf tannins and nutrients as a cause of spring feeding by 

winter moth caterpillars. Ecology 51:565-581. 
FEENY, P. 1976. Plant apparancy and chemical defence, pp. 1-40, in J.W. Wallace and R.L. 

Mansell (eds,). Biochemical Interactions Between Plants and Insects. Plenum Press, New York. 
FELTON, G.W., and DUFFEY, S.S. 1990. Inactivation of baculovirus by quinones formed in insect- 

damaged plant tissues. J. Chem. Ecol. 16:1221-1236. 
FELTON, G.W., and DUFFEY, S.S. 1991a. Enzymatic antinutritive defenses of the tomato plant 

against insects, pp. 166-197, in P. Hedin (ed.). Naturally Occurring Pest Bioregulators. Amer- 
ican Chemical Society Symposium Series 449, Washington, D.C. 

FELTON, G.W., and DUEFEY, S.S. 199 lb. Reassessment of the role of gut alkalinity and detergency 
in insect herbivory. J. Chem. Ecol. 17:1821-1836. 

FELTON, G.W., and DUFEEY, S.S. 1992. Ascorbate oxidation reduction in Helicoverpa zea as a 
scavenging system against dietary oxidants. Arch. Insect Biochem. Physiol. 19:27-37. 

FELTON, G.W., DUFFEY, S.S., VAIL, P.V., KAYA, H.K., and MANNING, J. 1987. Interaction of 
nuclear polyhedrosis virus with catechols: potential incompatibility for host-plant resistance 
against noctuid larvae. J. Chem. Ecol. 13:947-957. 

FELTON, G.W., DONATO, K., DEE VECCHIO, R.J., and DUFFEY, S.S. 1989. Activation of plant 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1545 

foliar oxidases by insect feeding reduces nutritive quality of foliage for noctuid herbivores. J. 
Chem. Ecol. 12:2667-2694. 

FLAIG, W. 1988. Generation of model chemical precursors, pp. 75-92, in F.H. Frimmel and R.F. 
Christman (eds.). Humic Substances and Their Role in the Environment. Wiley, Chichester. 

Fox, R.H., MEYERS, R.J.K., and VALLIS, I. 1990. The nitrogen mineralization rate of legume 
residues in soil as influenced by their polyphenol, ligin, and nitrogen contents. Plant Soil 
129:251-259. 

FREDA, J., CAVDEK, J., and McDONALD, D.G. 1990. Role of organic complexation in the toxicity 
of aluminum to Rana pipiens embryos and Bufo americanus tadpoles. Can. J. Fish. Aquat. 
Sci. 47:217-224. 

FRIEND, J. 1979. Phenolic substances and plant disease, pp. 557-588, in T. Swain, J.B. Harbome, 
and C.F. Van Sumere (cds.). Biochemistry of Plant Phenolics. Plenum Press, New York. 

FRIEND, J. 1981. Plant phenolics, lignification and plant disease. Prog. Phytochem. 7:197-261. 
FUJITA, S. and TONO, T. 1988. Purification and some properties of polyphenoloxidase in eggplant 

(Solanum melongena). J. Sci. Food Agric. 46:115-123. 
GENTILE, I.A., FERRARIS, L., and MATTA, A. 1988. Variations of phenoloxidase activities as a 

consequence of stresses that induce resistance to Fusarium wilt of tomato. J. Phytopathol. 
122:45-53. 

GILLMAN, G.P. 1985. Influence of organic matter and phosphate content on the point of zero charge 
of variable charge components in oxidic soils. AuNt. J. Soil Res. 23:643-646. 

GRAHAM, M.Y., and GRAHAM, T.L. 1991. Rapid accumulation of anionic peroxidases and phenolic 
polymers in soybean cotyledon tissues following treatment with Phytophthora megasperma f. 
sp. Glycinea wall glucan. Plant Physiol. 97:1445-1455. 

GRIFF1THS, D.W., BA1N, H., and DALE, M.F.B. 1992. Development of a rapid colorimetric method 
for the determination of chlorogenic acid in freeze-fried potato tubers. J. Sci. Food Agric. 
58:41-48. 

HAGERMAN, A.E., and BUTLER, L.G. 1991. Tannins and lignins, pp. 355-388, in G.A. Rosenthal 
and M.R. Berenbaum (eds.). Herbivores: Their Interactions with Secondary Plant Metabolites, 
2nd ed., Vol. 1: The Chemical Participants. Academic Press, San Diego, California. 

HALLIWELL, B., and GUTTERIDGE, J.M.C. (eds.). 1989. Free Radicals in Biology and Medicine, 
2rid ed. Oxford University Press, New York. 

HARBORNE, J.B. 1988. Flavonoids in the environment: structure-activity relationships, pp. 17-27, 
in V. Cody, E. Middleton, Jr., J.B. Harborne, and A. Beretz (eds.). Plant Flavonoids in 
Biology and Medicine II: Biochemical, Cellular, and Medicinal Properties. Alan R. Liss, New 
York. 

HARBORNE, J.B. 1991a. Flavonoid pigments, pp. 389-429, in G.A. Rosenthal and M.R. Berenbaum 
(eds.). Herbivores: Their Interactions with Secondary Plant Metabolites, 2nd ed., Vol. 1: The 
Chemical Participants. Academic Press, San Diego, California. 

HARBORNE, J.B. 1991b. The chemical basis of plant defense, pp. 45-59, in R.T. Palo and C.T. 
Robbins (eds.). Plant Defenses against Mammalian Herbivory. CRC Press, Boca Raton, Flor- 
ida. 

HARRISON, A.F. 1971. The inhibitory effect of oak leaf litter tannins on the growth of fungi, in 
relation to litter decomposition. Soil Biol. Biochem. 3:167-172. 

HARTENSTEIN, R. 1982. Soil macroinvertebrates, aldehyde oxidase, catalase, cellulase and peroxi- 
daNe. Soil Biol. Biochem. 4:387-391. 

HASLAM, E. 1989. Plant polyphenols: Vegetable tannins revisited. Cambridge University Press, 
Cambridge, U.K. 

HAY, M.E., and FENICAL, W. 1988. Marine plant-herbivore interactions: The ecology of chemical 
defense. Annu. Rev. Ecol. Syst. 19:111-145. 



1546 APPEL 

HAYES, M.H.B. (ed.). 1989. Humic Substances II, in Search of Structure. John Wiley & Sons, 
New York. 

HEAL, O.W, and DmHTON, J. 1986. Nutrient cycling and decomposition in natural terrestrial 
ecosystems, pp. 14-73, in Microfloral and Faunal Interactions in Natural and Agro-ecosystems. 
Martinus Nijhoff/Dr. W. Junk, Dordrecht. 

HOFMANN, R.R. 1989. Evolutionary steps of ecophysiological adaptation and diversification of 
ruminants: A comparative view of their digestive system. Oecologia 78:443-457. 

HORN, M:H. 1989. Biology of marine herbivorous fishes. Oceanogr. Mar. Biol. Annu. Rev. 27:167- 
272. 

HUE, N.V., CRADDOCK, G.R., and ADAMS, F. 1986. Effect of organic acids on aluminum toxicity 
in subsoils. Soil Sci. Soc. Am. J. 50:28-34. 

IASON, G.R., and PALO, R.T. 1991. Effects of birch phenolics on a grazing and a browsing mammal: 
A comparison of hares: J. Chem. Ecol. 17:1733-1743. 

ILLMAN, B.L. 1991. Oxidative degradation of wood by brown-rot fungi, pp. 97-106, in E. Pell and 
K. Steffen (eds.). Active Oxygen/Oxidative Stress and Plant Metabolism. American Society 
of Plant Physiology, Penn State University, University Park, Pennsylvania. 

ISMAN, M.B., and DUFFEY, S.S. 1982. Toxicity of tomato phenolic compounds to the fruitworm, 
Heliothis zea. Entomol. Exp. Appl. 31:370-376. 

JAKUBAS, WJ. ,  and GULLION, G.W. 1990. Coniferyl benzoate in quaking aspen. A ruffed grouse 
feeding deterrent. J. Chem. Ecol. 16:1077-1087. 

JAKUBAS, N.J.,  GULLION, G.W., and CLAUSEN, T.P. 1989. Ruffed grouse feeding behavior and its 
relationship to secondary metabolites of quaking aspen flower buds. J. Chem. Ecol. 15:1899- 
1917. 

JANOVITZ-KLAPP, A., RICHARD, F., and NICOLAS, J. 1989. Polyphenoloxidase from apple, partial 
purification and some properties. Phytochemistry 28:2903-2907. 

JONES, C.G., HESS, T.A., WHITMAN, D.W., SILK, P.J., and BLUM, M.S. 1986. Idiosyncratic 
variation in chemical defenses among individual generalist grasshoppers. J. Chem. Ecol. 12:749- 
761. 

JONES, K.C., and KLOCKE, J.A. 1987. Aphid feeding deterrency of ellagitannins, their phenolic 
hydrolysis products and related phenolic derivatives. Entomol. Exp. Appl. 44:229-232. 

KAFKAFI, U., BAR-YosEF, B., ROSENBERG, R., and SPOSITO, G. 1988. Phosphorous adsorption by 
kaolinite and montmorillonite: II. Organic anion competition. Soil. Sci. Soc. Am. J. 52:1585- 
1589. 

KALISH, R.S, and JOHNSON, K.L. 1990. Enrichment and function of urushiol (poison ivy) -specific 
T lymphocytes in lesions of allergic contact dermatitis to urushiol. J. Immunol. 145:3706- 
3713. 

KALISZ, P.J., and STONE, E.L. 1980. Cation exchange capacity of acid forest humus layers. Soil 
Sci. Soc. Am. J. 44:407-413. 

KAROWE, D.N. 1989. Differential effect of tannic acid on two tree-feeding Lepidoptera: Implications 
for theories of plant anti-herbivory chemistry. Oecologia 80:507-512. 

KEATING, S.T., YENDOL, W.G., and SCHULTZ, J.C. 1988. Relationship between susceptibility of 
gypsy moth larvae (Lepidoptera: Lymantriidae) to a baculovims and host plant foliage con- 
stituents. Environ. Entomol. 17:952-958. 

KOmE, S., and PATTERSON, B.D. 1988. Diurnal variation of glutathione levels in tomato seedlings. 
Hortic. Sci. 23:713-714. 

KOJIMA, M., and CONN, E.E. 1982. Tissue distributions of chlorogenic acid and of enzymes involved 
in its metabolism in leaves of Sorghum bicolor. Plant Physiol. 70:922-925. 

KOSUGE, T. 1969. The role of phenotics in host response to infection. Annu. Rev. Phytopathol. 
7:195-222. 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1547 

KUKOR, J.J., and MARTIN, M.M. 1986. The effect of acquired enzymes on assimilation efficiency 
in the common woodlouse Tracheoniscus rathkei. Oecologia (Berlin) 69:360-366. 

KUMAR, A., JADHAV, S.J., and SALUNKHE, D.K. 1991. Solarium phytoalexins, pp. 511-558, in 
R.P. Sharma and D.K. Salunkhe (eds.). Mycotoxins and Phytoalexins. CRC Press, Boca 
Raton, Florida. 

KUITERS, A.T., and SARINK, H.M. 1986. Leaching of phenolic compounds from leaf and needle 
litter of several deciduous and coniferous trees. Soil Biol. Biochem. 18:475-480. 

LACEY, L.A., and FEDERICI, B.A. 1979. Pathogenesis and midgut histopathology of Bacillus thu- 
ringiensis in Simulium vitattum (Diptera: Simulidae). J. In vert. Pathol. 33:171-182. 

LANKER, T., KING, T.G., ARNOLD, S.W., and FLURKEY, W.I-I. 1987. Active, inactive and in vitro 
synthesized forms of polyphenoloxidase during leaf development. Physiol. Plant. 69:323-329. 

LARSON, R.A. 1988. The antioxidants of higher plants. Phytochemistry 27:969-978. 
LEE, C.Y., KAGAN, V., JAWORSK1, A.W., and BROWN, S.K. 1990. Enzymatic browning in relation 

to phenolic compounds and polyphenoloxidase activity among various peach cultivars. J. Sci. 
Food Agric. 38:99-101. 

LEE, K. 1991. Glutathione S-transfemse activities in phytophagous insects: Induction and inhibition 
by plant phototoxins and phenols. Insect Biochem. 21:353-361. 

LEE, K.E. 1985. Earthworms: Their Ecology and Relationships with Soils and Land Use. Academic 
Press, Sydney. 

LINDROTH, R.L. 1991. Differential toxicity of plant allelochemicals to insects: roles of enzymatic 
detoxification systems, pp. 2-33, in E.A. Bemays (ed.). Insect-Plant Interactions, Vol. m.  
CRC Press, Boca Raton, Florida. 

LINDROTH, R.L., SCRIBER, J.M., and HSA1, M.T.S. 1988. Chemical ecology of the tiger swallowtail: 
Mediation of host use by phenolic glycosides. Ecology 69:814-822. 

LINDROTH, R.L., KINNEY, K.K., and PLATZ, C.L. 1992. Responses of forest trees to elevated 
atmospheric CO2: Productivity, phytochemistry, and insect performance. Ecology. 74:763- 
777. 

LODGE, D.M. 1991. Herbivory on freshwater macrophytes. Aquat. Bot. 41:195-224. 
LOPEZ-HERNANDEZ, D., FLORES, D., SIEGERT, G., and RODRIGUEZ, J.V. 1979. The effect of some 

organic anions on phosphate removal from acid and calcareous soils. Soil Sci. 128:321-326. 
LUDLUM, C.T., FELTON, G.W., and DUFFEY, S.S. 1991. Plant defenses: chlorogenic acid and 

polyphenol oxidase enhance toxicity of Bacillus thuringiensis subsp. Kurstaki to Heliothis zea. 
J. Chem. Ecol. 17:217-237. 

LYNN, D.G., and CHANG, M. 1990. Phenolic signals in cohabitation: Implications for plant devel- 
opment. Annu. Rev. Plant Physiol. 41: 497-526. 

MARTIN, J.S., MARTIN, M.M., and BERNAYS, E.A. 1987. Failure of tannic acid to inhibit digestion 
or reduce digestibility of plant protein in gut fluids of insect herbivores: Implication for theories 
of plant defense. J. Chem. Ecol. 13:605-621. 

MARTIN, M.M. 1987. Invertebrate-Microbial Interactions. Comell University Press, Ithaca, New 
York. 

MARTIN, M.M., and MARTIN, J.S. 1984. Surfactants: Their role in preventing the precipitation of 
proteins in insect guts. Oecologia 61:342-345. 

MARTIN, M.M., MARTIN, J.S., KUKOR, J.J., and MERRITT, R.W. 1980. The digestion of protein 
and carbohydrate by the stream detritivore Tipula abdominalis (Diptera, Tipulidae). Oecologia 
46:360-364. 

MARTIN, M.M., MARTIN, J.S., KUKOR, J.J., and MERRITT, R.W. 1981a. The digestive enzymes 
of detritus-feeding stonefly nymphs (Plecoptera, Pteronarcyidae). Can. J. Zool. 59:1947-1951. 

MARTIN, M.M., KUKOR, J.J., MARTIN, J.S., LAWSON, D.L., and MERRITT, R.W. 1981b. Digestive 
enzymes of larvae of three species of caddisflies (Tdchoptera). Insect Biochem. 11:501-505. 

MAYER, A.M. 1987. Polyphenol oxidases in plants--recent progress. Phytochemistry 26: I 1-20. 



1548 APPEL 

MATERN, U., and KNEUSEL, R.E. 1988. Phenolic compounds in plant disease resistance. Phyto- 
parasitica 16:213-226. 

MCARTHUR, C., HAGERMAN, A., and ROBBINS, C.T. 1991. Physiological strategies of mammalian 
herbivores against plant defenses, pp. 103-1t4, in R.T. Palo and C.T. Robbins (eds.). Plant 
Defenses against Mammalian Herbivory. CRC Press, Boca Raton, Florida. 

McCOLL, J.G., and POHLMAN, A.A. 1986. Soluble organic acids and their chelating influence on 
A1 and other metal dissolution from forest soils. Water, Air, Soil Pollut. 31:917-927. 

McCOLL, J.G., POHLMAN, A.A., JERSAK, J.M., TAM, S.C., and NORTHUP, R.R. 1990. Organics 
and metal solubility in Califomia forest soils, pp. 178-195, in S.P. Gessel, D.S. Lacate, G.F. 
Weetman, and R.F. Powers (eds.). Sustained Productivity of Forest Soils. Proceedings, 7th 
North American Forest Soils Conference, University of British Columbia, Faculty of Forestry 
Publication, Vancouver, British Columbia. 

MEHANSHO~ H., BUTLER, L.G., and CARLSON, D.M. 1987. Dietary tannins and salivary proline- 
rich proteins: Interactions, induction and defense mechanisms. Annu. Rev. Nutr. 7:423-440. 

MEISTER, A. 1981. Metabolism and functions of glutathione. Trends Biochem. Sci. 6:231-234. 
MINK, G.I. and SAKSENA, K.N. 1971. Studies on the mechanism of oxidative inactivation of plant 

viruses by o-quinones. Virology 45:755-763. 
MILES~ P~W., and PENG, Z. 1989. Studies on the salivary physiology of plant bugs: detoxification 

of phytochemicals by the salivary peroxidase of aphids. J. Insect Physiol. 35:865-872. 
MOLE, S., and WATERMAN, P.G. 1985. Stimulatory effects of tannins and cholic acid on tryptic 

hydrolysis of proteins: ecological implications. J. Chem. Ecol. 11:1323-1332. 
MOLE; S., and WATERMAN, P.G. 1987. Tannins as antifeedents to mammalian herbivores--still an 

open question?, pp. 572-587, in G.R. Waller (ed.). Allelochemicals: Role in Agriculture and 
Forestry. ACS Symposium Series 330. American Chemical Society, Washington, D.C. 

MOLE, S.M., ROGLER, J.C., MORELL, J., and BUTLER, L.G. 1990. Herbivore growth reduction by 
tannins: use of Waldbauer ratio techniques and manipulation of salivary protein production to 
elucidate mechanisms of action. Biochem. Syst. Ecol. 18:183-197. 

MULLER, R.N., KALXSZ, P.J., and LUKEN, J.O. 1989. Fine root production of astringent phenolics. 
Oecologia 79:563-565. 

MUNSTER, U., and CHROST, R.J. 1990. Origin, composition and microbial utilization of dissolved 
organic matter, pp. 8-46, in Aquatic Microbial Ecology: Biochemical and Molecular 
Approaches. Springer-Veflag, New York. 

NEWMAN, R.M. 1991. Herbivory and detritivory on freshwater macrophytes by invertebrates: A 
review. J. North Am. Benth. Soc. 10:89-114. 

NICHOLS-ORIANS, C. 1991. Differential effects of condensed and hydrolyzable tannin on polyphenol 
oxidase activity of attine symbiotic fungus. J. Chem. Ecol. 17:1811-1819. 

NICHOLSON, R.L., and HAMMERSCHMIDT, R. 1992. Phenolic compounds and their role in disease 
resistance. Annu. Rev. Phytopathol. 30:369-389. 

ODA, Y., KATO, H., ISODA, Y., TAKAHASHI, N., YAMAMOTO, T., TAKADA, Y., and KUDO, S. 
1989. Purification and properties of phenoloxidase from spinach leaves. Agric. Biol. Chem. 
53:2053-2061. 

On, H.I., HOFF, J.E., ARMSTRONG, G.S., and HAFF, LA.  1980. Hydrophobic interaction in tannin- 
protein complexes. J. Agric. Food Chem. 28:394-398. 

OSAWA, R. 1992. Tannin-protein complex-degrading enterobacteria isolated from the alimentary 
tracts of koalas and a selective medium for their enumeration. Appl. Environ. Microbiol. 
58:1754-1759. 

OSAWA, R., and SLY, L.I. 1992. Occurrence of tannin-protein complex degrading Streptococcus 
sp. in feces of various animals. Syst. Appl. Microbiol. 15:144-147. 

OWUSU-ANSAH, Y.J. 1989. Polyphenoloxidase in wild rice (Zizania palustris). J. Sci. Food AgHc. 
37:901-904. 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1549 

PALM, C.A., and SANCHEZ, P.A. 1991. Nitrogen release from the leaves of some tropical legumes 
as affected by their lignin and polyphenol contents. Soil Biol. Biochem. 23: 83-88. 

PALO, R.T., and ROBBINS, C.T. (eds.). 1991. Plant Defenses Against Mammalian Herbivory. CRC 
Press, Boca Raton, Florida. 

PARFITT, D.E., FOx, G.J., and BROSZ, J.D. 1986. Relationship of chlorogenic acid concentration 
in sunflower achenes to bird predation of sunflower. Can. J. Plant Sci. 66:11-17. 

PARKER, N.O., SUNDHOLM, C., SVANHOLM, N., RONLAN, A., and HAMMERICH, O. 1979. Hydroxyl 
compounds, pp. 181-340, in A.J. Bard and J. Lund (eds.). Encyclopedia of Electrochemistry 
of the Elements, Vol. 11. Marcel Dekker, New York. 

PATRA, H.K., and MISHRA, D. 1979. Pyrophosphatase, peroxidase and polyphenoloxidase activities 
during leaf development and senescence. Plant Physiol. 63: 318-323. 

PENG, Z., and MILES, P.W. 1988a. Acceptability of catechin and its oxidative condensation products 
to the rose aphid, Macrosiphum rosae. Entomol. Exp. Appl. 47:255-265. 

PENG, Z., and MILES, P.W. 1988b. Studies on the salivary physiology of plant bugs: Function of 
the catechol oxidase of the rose aphid. J. Insect Physiol. 34:1027-1033. 

PETERS, N.K., and VERMA, D.P.S. 1990. Phenolic compounds as regulators of gene expression in 
plant-microbe interactions. Mol. Plant-Microbe Interact. 3:4-8. 

PHAN, C.T. 1991. Phenolics and polyketides in carrots, pp. 559-568, in R.P. Sharma and D.K. 
Salunkhe (eds.). Mycotoxins and Phytoalexins. CRC Press, Boca Raton, Florida. 

PIERPOINT, W.S. 1969a. o-Quinones formed in plant extracts. Their reactions with amino acids and 
peptides. Biochem. J. 112:609-616. 

PIERPOINT, W.S. 1969b. o-Quinones formed in plant extracts. Their reaction with bovine semm 
albumin. Biochem. J. 112:619-629. 

PUTNAM, A.R., and TANG, C. 1986. The Science of Allelopathy. John Wiley and Sons, New York. 
RACON, L., SADAKA, N., GIL, G., LE PETIT, J., MATHERON, R., POINSOT-BALAGUER, N., SIGOILLOT, 

J.C., and WOLTZ, P. 1988. Histological and chemical changes in tannic compounds of ever- 
green oak leaf litter. Can. J. Bot. 66:663-667. 

RAUBENHEIMER, D. 1992. Tannic acid, protein, and digestible carbohydrate: Dietary imbalance and 
nutritional compensation in locusts. Ecology 73:1012-1027. 

REIMER, J., and WHITTAKER, J.B. 1989. Air pollution and insect herbivores: Observed interactions 
and possible mechanisms, pp. 73-105, in E.A. Bernays (ed.). Insect-Plant Interactions, Vol. 
I. CRC Press, Boca Raton, Florida. 

REESE, J.C. 1978. Chronic effects of plant allelochemics on insect nutritional physiology. Entomol. 
Exp. Appl. 24: 425-431. 

RHOADES, D.F. 1977. The antiherbivore chemistry of Larrea, pp. 135-175, in T.J. Mabry, J.H. 
Hunziker, and D.R. DiFeo (eds.). Creosote Bush: Biology and Chemistry of Larrea in the 
New World Deserts. Dowden, Hutchinson & Ross, Stroudsburg, Pennsylvania. 

RHOADES, D.F., and CATES, R.G. 1976. Toward a general theory of plant antiherbivore chemistry. 
Recent Adv. Phytochem. 10:168-213. 

RICE, E.L. 1984. Allelopathy. Academic Press, Orlando, Florida, 422 pp. 
RIETSMA, C.S., VALIELA, J., and BUCHSBAUM, R. 1988. Detrital chemistry, growth, and food choice 

in the salt-marsh snail (Melampus bidentatus). Ecology 69:261-266. 
RIETVELD, W.J. 1983. Allelopathic effects of juglone on germination and growth of several her- 

baceous and woody species. J. Chem. Ecol. 9:295-308. 
ROBB, D.A. 1984. Tyrosinase, pp. 208-241, in R. Lontie (ed.). Copper Proteins and Copper 

Enzymes. CRC Press, Boca Raton, Florida. 
ROBB1NS, C.T., HAGERMAN, A.E., AUSTIN, P.J., MCARTHUR, C., and HANLEu T.A. 1991. Vari- 

ation in mammalian physiological responses to a condensed tannin and its ecological impli- 
cations. J. Mammol. 72:480-486. 



1550 APPEL 

ROSSITER, M.C., SCHULTZ, J.C., and BALDWIN, I.T. 1988. Relationships among defoliation, red 
oak phenolics, and gypsy moth growth and reproduction. Ecology 69:267-277. 

RUGGIERO, P., and RADOGNA, V.M. 1988. Humic acids-tyrosinase interactions as a model of soil 
humic-enzyme complexes. Soil Biol. Biochem. 20:353-359. 

RYAN, J.D., GREGORY, P., and TINGEY, W.M. 1982. Phenolic oxidase activities in glandular 
tfichomes of Solanum berthaultii. Phytochemistry 21 : 1885-1887. 

SALUNKHE, D.K., CHAVAN, J.K., and KADAM, S.S. 1990. Dietary Tannins: Consequences and 
Remedies. CRC Press, Boca Raton, Florida. 

SANCI-IEZ-FERRER~ A., BRU, R., VALERO, E.,. and GARCIA-CARMONA, F. 1989. Changes in pH- 
dependent grape polyphenoloxidase activity during maturation. J. Sci. Food Agric. 37:1242- 
1245. 

SCANDALIOS~ LG. 1990. Response of plant antioxidant defense genes to environmental stress. Adv. 
Genet. 28:1-41~ 

SCHLESINGER~ W.H. 1991. Biogeochemistry: An Analysis of Global Change. Academic Press, San 
Diego, California. 

SCrlMIDT, S.K. 1988. Degradation of juglone by soil bacteria. J. Chem. Ecol. 14:1561-1571. 
SCHULER~ P. 1990. Natural antioxidants exploited commercially, pp. 99-170, in B.J.F. Hudson 

(ed.). Food Antioxidants. Elsevier Science Publ., Amsterdam. 
SCHOLTZ, J.C. 1989. Tannin-insect interactions, pp. 417-433, in R.W. Hemingway and J.J. Kar- 

ehesy (eds.). Chemistry and Significance of Condensed Tannins. Plenum Press, New York. 
SCHULTZ, J.C., and KEATING, S.T. 1991. Host-plant mediated interactions between the gypsy moth 

and a baculovirus, pp. 489-506 in R. Barbosa, V.A. Krischik, and C.G. Jones (eds.). Microbial 
Mediation of Plant-Herbivore Interactions. John Wiley & Sons, New York. 

SCHULTZ, J.C., HUNTER, M.D., and APPEL, H.M. 1992. Antimicmbial activity of polyphenols 
mediates plant-herbivore interactions, pp. 621-637, in R.W. Hemingway (ed.). Plant Poly- 
phenols: Biogenesis, Chemical Properties, and Significance. Plenum Press. 

SEIGLER, D., and PRICE~ P.W. 1976. Secondary compounds in plants: primary functions. Am. Nat. 
110:101-105. 

SHAFER, S.R., and BLUM, U. 1991. Influence of phenolic acids on microbial populations in the 
rhizosphere of cucumber. J. Chem. Ecol. 7:369-389. 

SHANNON, MJ.R.,  and BARTHA, R. 1988. Immobilization of leachable toxic soil pollutants by using 
oxidative enzymes. Appl. Environ. Microbiol. 54:1719-1723. 

SMITH, E.S., DUDLEY, M.W., and LYNN, D.G. 1990. Vegetative/parasitic transition: Control and 
plasticity in Striga development. Plant Physiol. 93:208-215. 

SMITH, J.A., HAMMERSCHMIDT, R., and FULBRIGHT, D.W. 1991. Rapid induction of systemic 
resistance in cucumber by Pseudomonas syringae pv. syringae. Physiol. Mol. Plant Pathol. 
38:223-235. 

SMITH, M.T. 1985. Quinones as mutagens, carcinogens, and anticancer agents: Introduction and 
overview. J. Toxicol. Environ. Health 16:665-672. 

SOUTHERTON, S;G., and DEVERALL, B.J. 1990. Changes in phenylalanine ammonia-lyase and per- 
oxidase activities in wheat cultivars expressing resistance to the leaf-rust fungus. Plant Pathol. 
39:223-230. 

STEINBERG, P.D., and VAN ALTENA, F.A. 1992. Tolerance of marine invertebrate herbivores to 
brown algal phlorotannins in temperate Australasia. Ecol. Monogr. 62:189-222. 

STEINBERG, P.D., EDYVANE, K., DE NYS, R., BIRDSEY, R., and VAN ALTENA, F.A. 1991. Lack 
of avoidance of phenolic rich brown algae by tropical herbivorous fishes. Mar. Biol. 109:335- 
343. 

STEINLY, B.A., and BERENBAUM, M. 1985. Histopathological effects of tannins on the midgut 
epithelium of Papilio polyxenes and Papilio glaucus. Entomol. Exp. Appl. 39:3-9. 



PHENOLICS IN ECOLOGICAL INTERACTIONS 1551 

STEVENSON, F.J. 1982. Humus Chemistry. Genesis, Composition, Reactions. John Wiley & Sons, 
New York. 

STIPANOVIC, R.D., MACE, M.E., ELISSALDE, M.H., and BELL, A.A. 1991. Desoxyhemigossypol, 
a cotton phytoalexin, structure-activity relationship, pp. 336-351, in P.A. Hedin (ed.). Natu- 
rally Occurring Pest Bioregulators. American Chemical Society Symposium Series 449, Wash- 
ington, D.C. 

STOUT, R.J. 1989. Effects of condensed tannins on leaf processing in mid-latitude and tropical 
streams: A theoretical approach. Can. J. Fish. Aquat. Sci. 46:1097-1106. 

SWAIN, T. 1979. Tannins and lignins, pp. 657-718, in G.A. Rosenthal and D.H. Janzen (eds.). 
Herbivores: Their Interactions with Secondary Plant Metabolites, 2nd ed., Vol. 1: The Chem- 
ical Participants. Academic Press, San Diego, California. 

SZKLARZ, G.D., ANTmUS, R.K., SINSABAUGH, R.L., and LINKINS, A.E. 1989. Production of phenol 
oxidases and peroxidases by wood-rooting fungi. Mycologia 81:234-240. 

TAKECHI, M., and TANAKA, Y. 1987. Binding of 1,2,3,4,6-pentagalloylglucose to proteins, lipids, 
nucleic acids and sugars. Phytochemistry 26:95-97. 

TALLEMY, D.W., and RAUPP, M.J. 1991. Phytochemical Induction by Herbivores. Wiley Intersci- 
ence, New York. 

TAN, K.H., and BINGER, A. 1986. Effect of humic acid on aluminum toxicity in corn plants. Soil 
Sci. 141:20-25. 

TAPER, M.L., Z1MMERMAN, E.R., and CASE, T.J. 1986. Sources of mortality for a cynipid gall- 
wasp [Dryocosmus dubiosus (Hymenoptera: Cynipidae)]: The importance of the tannin/fungus 
interaction. Oecologia 68:437-445. 

TATE, R.L., III. 1987. Soil Organic Matter: Biological and Ecological Effects. John Wiley & Sons, 
New York. 

TAYLOR, C.E., and MURANT, A.F. 1966. Nematicidal activity of aqueous extracts from raspberry 
canes and roots. Nematology 12:488-494. 

TUGWELL, S., and BRANCH, G.M. 1992. Do polyphenols in marine algae reduce digestibility? 
Ecology 73:205-215. 

UNDEEN, A.H. 1979. Simulid larval midgut pH and its implications for control. Mosquito News 
39:391-392. 

VALERO, E-, and GARCIA-CARMONA, F. 1992. Hysteresis and cooperative behavior of a latent plant 
polyphenoloxidase. Plant Physiol. 98:774-776. 

VAN ALSTYNE, K.L., and PAUL, V.J. 1990. The biogeography of polyphenolic compounds in marine 
macroalgae: Temparate brown algal defenses deter feeding by tropical herbivorous fishes. 
Oecologia 84:158-163. 

VAN DEN BERG, B., and VAN HUYSTEE, R.B. 1984. Rapid isolation of plant peroxidase. Purification 
of peroxidase a from Petunia. Physiol. Plant. 60:299-304. 

VAN HUYSTEE, R.B. and CAIRNS, W.L. 1980. Appraisal of studies on induction of peroxidase and 
associated porphyrin metabolism. Bot. Rev. 46:429-446. 

VAUGHN, K.C., and DUKE, S.O. 1984. Function of polyphenol oxidase in higher plants. Physiol. 
Plant. 60:106-112. 

WATERMAN, P.G., and MOLE, S. 1989. Extrinsic factors influencing production of secondary metab- 
olites in plants, pp. 107-134, in E.A. Bemays (ed.). Insect-Plant Interactions, Vol. I. CRC 
Press, Boca Raton, Florida. 

WERNER, R.M., and DINDAL, D.L. 1986. Nutritional ecology of soil arthropods, pp. 815-836, in 
F. Slansky, Jr., and J.G. Rodrigruez, (eds.). Nutritional Ecology of Insects, Mites, Spiders, 
and Related Invertebrates. John Wiley & Sons. New York. 

WETZEL, R.G. 1993. Humic compounds from wetlands: Complexation, inactivation, transport, and 
reactivation of microbial extracellular enzymes. I/erh. lnternat. Verein. Limnol. In press. 



1552 APPEL 

WILLIAMSON, G.B., and WEIDENHAMER, J.D. 1990. Bacterial degradation of juglone: Evidence 
against allelopathy? J. Chem. Ecol. 16:1739-1741. 

YE, X.S., PAN, S.Q., and Kuc, J. 1990. Activity, isozyme pattern, and cellular localization of 
peroxidase as related to systemic resistance of tobacco to blue mold (Peronospora tabacina) 
and to tobacco mosaic virus. Phytopathology 80:1295-1299. 

Yu, S.J. 1987. Quinone reductase of phytophagous insects and its induction by allelochemicals. 
Comp. Biochem. Physiol. 87B:621-624. 

ZUCKER, W.V. 1983. Tannins: Does structure determine function? An ecological perspective. Am. 
Nat. 121:335-365. 


