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Abstract--The leaf-cutting ant Atta cephalotes is a generalist herbivore of 
the neotropics and collects leaf material to cultivate a fungus. It appears that 
this fungus, a Basidiomycete, is responsible for the ability of the ants to 
utilize most of the available woody plant species. Tannins and other pheno- 
lics are ubiquitous secondary chemicals in woody plants, and Basidiomycete 
fungi produce enzymes, such as polyphenol oxidase, that are capable of poly- 
merizing and inactivating the phenolics. This study evaluates the effects of a 
condensed and a hydrolyzable tannin on the activity of polyphenol o• 
and the growth of the fungus. I hypothesized that low concentrations of tan- 
nin would not inhibit polyphenot oxidase activity but high concentrations 
would inhibit the enzyme. Consequently, I predicted that only high concen- 
trations of tannin would inhibit fungal growth. Laboratory assays with the 
fungus indicated that hydrolyzable tannin (tannic acid) and condensed tannin 
(quebracho tannin) differ in the mechanism of inhibition. Tannic acid does 
not inhibit polyphenol oxidase activity but does inhibit fungal growth. Que- 
bracho tannin, however, inhibits both polyphenol oxidase activity and fungal 
growth. As predicted, both tannic acid and quebracho tannin primarily inhibit 
the fungus at high concentrations. 

Key Words--Atta cephalotes, Hymenoptera, Formicidae, attine fungus, fun- 
gal perlormance, condensed tannin, hydrolyzable tannin, polyphenol oxi- 
dase. 

INTRODUCTION 

T h e  l e a f - c u t t i n g  ant ,  Atta cephalotes (L . )  ( H y m e n o p t e r a :  F o r m i c i d a e :  A t t i n i ) ,  

is a d o m i n a n t  h e r b i v o r e  in C e n t r a l  A m e r i c a  ( F e n n a h ,  1950;  C h e r r e t t ,  1968;  
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Rockwood, 1976, 1977) and may harvest up to 77 % of the plant species in their 
habitat (Rockwood, 1976). No other insect in the neotropics appears to be so 
polyphagous (Cherrett et al., 1989). Rather than consuming the leaf material 
directly, the ants use the harvested leaf material to support the growth of a 
symbiotic fungus. This fungus is the sole food source of the developing larvae 
(Quinlan and Cherrett, 1979). The fungus, a white-rotting Basidiomycete, may 
be responsible for the polyphagous nature of leaf-cutting ants because the fun- 
gus produces an array of enzymes that are capable of detoxifying secondary 
chemicals in leaves (Cherrett et al., 1989). For example, the fungus produces 
polyphenol oxidase, an enzyme capable of polymerizing and inactivating tan- 
nins and other phenolics (Powell, 1984). Yet tannins can inhibit the ants 
(Kawanashi and Raffauf, 1986; Howard, 1990; but see Littledyke and Cherrett, 
1976). Field studies indicate that only high concentrations of tannin inhibit the 
ants (Nichols-Orians and Schultz, 1990; Nichols-Orians, 1991a-c). Perhaps this 
is because only high concentrations of tannin inhibit the fungus and its enzymes. 

Tannins do inhibit fungal growth and fungal enzyme activity (Seaman, 
1984; Cherrett et al., 1989; Nichols-Orians and Schultz, 1990; Nichols-Orians, 
1991a). Hydrolyzable tannins have been shown to inhibit the growth of an attine 
fungus (Seaman, 1984), and condensed tannins appear to be even more inhib- 
itory (Cherrett et al., 1989). This result is consistent with the observation that 
condensed tannins are very effective inhibitors of fungi and their enzymes 
(Zucker, 1983). Only high concentrations of tannin appears to inhibit fungal 
growth (Seaman, 1984). I hypothesized that only high concentrations of tannin 
inhibit fungal growth because, at high concentrations, the tannin would inacti- 
vate the polyphenol oxidases, thereby limiting the degradation of the tannin. 

Thus this research investigated how two types of tannins at different con- 
centrations affect the activity of a polyphenol oxidase and the performance of 
the fungus. Evidence is presented indicating that tannic acid and quebracho 
tannin differ in their inhibition of polyphenol oxidase activity, yet both inhibit 
fungal growth. 

METHODS AND MATERIALS 

Ants-Fungus. Laboratory assays with the fungus were conducted at Penn 
State in 1989-1990 with fungus obtained from an Atta cephalotes colony col- 
lected from La Selva, Costa Rica, in January 1987. The colony was maintained 
at Penn State on a diet of frozen Forsythia and fresh cabbage prior to removal 
of the fungus. 

The attine fungus was isolated, maintained on potato dextrose agar plates, 
transferred to Sabaroud's dextrose broth (SDB), and later grown in a liquid 
medium designed to test for the effects of tannins on fungal performance (Sea- 
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man, 1984). This medium (modified FPT) contained the following components 
per liter of distilled water: (A) major components (g)--KH2PO4 (1); MgSO 4- 
7H20 (0.5); NaC1 (0.1); CaC12-2H20 (0.1); NH 4 tartrate (5.0); and dextrose 
(20); (B) minor components (mg)--ZnSO4-4H20 (4); MnSOa-4H20 (4); and 
ferric tartrate (4); (C) organic supplement (mg)--4-Methyl-5-thiazoleethanol 
(0.180); and 4-amino-5-aminomethyl-2-methylpyrimidine dihydrochloride 
(0.250). In these experiments, 500 ml of water was replaced with 500 ml of 
0.05 M dimethylglutaric acid buffer (pH 5.5) (Powell and Stradling, 1986). 

Three basic experiments were conducted. First, I quantified the relation- 
ship between the concentration of condensed or hydrolyzable tannin and the 
polyphenol oxidase (PPO) activity at different points in time (10, 30, 60, or 
120 min and 2, 7, or 21 days). There was one replication per concentration at 
each point in time, except at day 21 where there were three replicates per tannin 
concentration. Second, I determined whether tannic acid and quebracho tannin 
inhibit the enzymes directly or whether inhibition is merely a function of reduced 
fungal growth. Finally, I assessed how the two types of tannin affect fungat 
growth. 

Fungal Preparation. Fungus obtained from the agar plates was placed in 
65 ml of SDB and blended for I rain in a Vertis blender at low speed. Five 
milliliters of the fungal suspension was pipetted into Erlenmeyer flasks con- 
taining 45 ml of SDB. The cultures were then grown for 10 weeks in the dark. 
After 10 weeks, the fungus was filtered, resuspended in modified FPT (50 ml 
FPT/flask of fungus), and blended for 1 min at low speed. The fungus was kept 
evenly suspended using a stir bar and magnetic plate. 

One milliliter of fungal suspension was added to 8 ml of modified FPT in 
sterile test tubes, and placed for four days in the dark at room temperature. 
After four days, 1 ml of one of four tannin solutions, tannic acid, or quebracho 
tannin was added to the suspension to give a final concentration of 0, 0.0025, 
0.025, and 0.25% tannin. At various time intervals from 10 min to 21 days the 
activity of polyphenol oxidase (PPO) was determined (using the protocol 
described below). At day 21, the biomass of fungus was measured. 

PPO Activity. Catechol is commonly used as a substrate to measure PPO 
activity (Flurkey and Jen, 1978). Liquid cultures of fungus were centrifuged at 
1000 rpm for 10 min and the supenmtants placed on ice. In test tubes, 0.75 ml 
of the supernatant from the fungal cultures were combined with 2 ml 0.1 M 
citric acid-sodium citrate buffer (pH 5.5). Following the addition of 0.25 ml of 
eatechol (or distilled water for controls), test tubes were vortexed and incubated 
at 30~ for 30 min, and then the final absorbance was determined (420 nm) 
with a spectrophotometer. After subtracting the absorbance of the control, a 
relative PPO activity was obtained for each treatment. PPO activity is expressed 
as relative optical density (o.d.). 

Statistical Analyses. All statistical analyses were done using SAS (SAS 
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Institute, 1985). The effect of  increasing the concentration of  tannic acid or 
quebracho tannin on the activity of  PPO or the biomass of  fungus was analyzed 
with an two-way A N O V A  model with tannin type and tannin concentration as 
the main effects. Bonferroni 's test was used to determine whether differences 
in PPO activity were significant at P < 0.05. 

RESULTS 

Tannic acid and quebracho tannin have different effects on PPO activity. 
Initially, PPO activity was identical across the different concentrations of  tannic 
acid (Figure 1), but an increase in quebracho tannin concentration resulted in a 
decrease in PPO activity after only 10 min (Figure 2). These results suggest 
that tannic acid does not inhibit the enzymes directly but quebracho tannin does. 

Because I obtained these results by incubating the tannin with the fungus, 
the differences in PPO activity could have been due to direct effects on the 
fungus not on the enzymes directly. Consequently, I used supernatants from 

0 .48  

,~ 0 .38  
d 

er 
'~ 0 .28  

0 .18  

0 
~ 0.08 

- 0 . 0 2  

TANNIC ACID 
CONCENTRATION 

o 0% 

�9 . .0025% 

�9 .025% 

�9 .25% 

a 

| b  

8 

O 

ti 

i i i . " 

M 

c 

N d 

I I I I I l I 

10  30  60  1 2 0  2 7 21  

M I N U T E S  DAYS 

F~G. 1. The effects of tannic acid on the polyphenol oxidase (PPO) activity in liquid 
cultures at different points in time. N = 1 for each concentration of tannin at each point 
in time except at day 21 where N = 3. At day 21, values with different letters are 
different at P < 0.05. 
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FIG. 2. The effects of quebracho tannin on the polyphenol oxidase (PPO) activity in 
liquid cultures at different points in time. N = 1 for each concentration of tannin at each 
point in time except at day 21 where N = 3. At day 21, values with different letters are 
different at P < 0.05. (Reprinted from Nichols-Orians, 1991a.) 

tannin-free cultures to determine whether the addition of  either type of  tannin 
inhibited PPO activity directly. As indicated before, tannic acid did not inhibit 
PPO activity while quebracho tannin did inhibit PPO activity directly (Figure 
3). 

However,  by day 2 it was evident that PPO activity in cultures with tannin 
was lower for tannic acid as well as quebracho tannin (Figures 1 and 2). By 
day 21 it was clear that an increase in tannic acid resulted in a decrease in PPO 
activity (P < 0.05) (Figure 1). For quebracho tannin, the highest concentration 
caused a severe reduction in PPO activitY while the lower concentrations caused 
only a minimal reduction (P < 0.05) (Figure 2). Previously, I found that as 
fungal biomass increases so does PPO activity (Nichols-Orians, 1991a). There- 
fore, I suggest that the reason tannic acid affected PPO activity beginning around 
day 2 was due to the direct inhibition of  fungal growth, not of  enzyme activity. 

Indeed, both types of  tannin can inhibit fungal growth. At day 21, an 
increase in tannin concentration appeared to result in a decrease in fungal bio- 
mass (P < 0.001) (Figure 4). These differences in biomass are conservative 
estimates because it was not possible to accurately measure fungal biomass in 
cultures with tannin due to binding between the tannin and the fungus. In fact, 
at 0.25 % tannic acid, I was unable to even approximate fungal biomass because 
much of  the tannic acid had bound to the fungus and precipitated out of  solution. 
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TANNIN CONCENTRATION 

Direct inhibition of polyphenol oxidase (PPO) activity by tannic acid and que- 
bracho tannin. N = 1 at each concentration of tannin. 

DISCUSSION 

Tannins are ubiquitous secondary chemicals in plants and have a putative 
effect against many herbivores (see Schultz, 1989, for review). Tannins are 
most reactive as quinones. The fungus cultivated by the ants produces an 
enzyme, polyphenol oxidase, that appears capable of oxidizing quinones to a 
less reactive state (Cherrett et al., 1989). The effectiveness of the PPO may 
depend on the type and concentration of tannin (Zucker, 1983; Clausen et al., 
1990), since tannins can inhibit polyphenol oxidases (Lyr, 1962). 

Tannin type is important. According to Cherrett et al. (1989), Powell 
(1984) found that condensed tannins are more inhibitory of the fungus than 
hydrolyzable tannins. Here, I found that quebracho tannin (a condensed tannin) 
inhibits PPO activity directly while tannic acid (a hydrolyzable tannin) does not 
(Figure 1 and 2). This result is consistent with Zucker's (1983) claim that con- 
densed tannins are more effective inhibitors of fungal enzymes than hydrolyz- 
able tannins. However, these results do not indicate that quebracho tannin is 
more inhibitory of fungal growth than tannic acid (Figure 4). 

Tannin concentration is important as well. Seaman (1984) found that con- 
centrations of tannic acid below 0.03 % had little effect on the performance of 
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FIG. 4. The relationship between tannin concentration and the biomass of fungus at day 
21. N = 3 at each concentration of tannin. Values with different letters are different at 
P < 0.05. 

a related attine fungus. My results lend support to those of Seaman (1984). I 
found no difference in fungal biomass for 0% and 0.0025 % tannic acid but did 
measure a reduction in biomass at 0.025% tannic acid (Figure 4). At 0.25% 
tannic acid the fungus appeared dead. However, a change in the concentration 
of tannic acid did not affect PPO activity; there was no inhibition at all. Que- 
bracho tannin, on the other hand, inhibits both PPO activity and fungal growth 
but mostly at the highest concentration (Figures 2 and 4). 

In a previous study on the effects of quebracho tannin on the ants and the 
fungus (Nichols-Orians, 1991a), I had hypothesized that the PPO would be 
induced by the presence of quebracho tannin (sensu Mayer, 1987), so that in 
the absence of quebracho tannin there would be no PPO activity. It appeared 
from that study that PPO was produced constitutively and was not induced by 
the presence of quebracho tannin, yet the results were not definitive because 
quebracho tannin inhibited the enzymes directly. This could have made it 
impossible to detect elevated levels. In this study, it is possible to test for induc- 
tion because tannic acid does not inhibit PPO (Figure 3). PPO is not induced 
by tannic acid; PPO activity in control (no tannic acid) cultures is as high or 
higher than in cultures with tannic acid at all sampling times (Figure 1). 
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Growing attine fungus in liquid culture is ideal for testing how different 
types of  tannin affect PPO activity. It is not ideal, however, for testing how 
tannins would affect fungal performance under natural conditions. Fungal 
hyphae secrete PPOs externally, and presumably the enzymes begin degrading 
any tannin present in the leaves before the tannin contacts the fungus. Conse- 
quently, a particular type of  tannin would only come into contact with the fun- 
gus if it (1) inactivates the PPO, (2) is unaffected by the PPO, or (3) is present 
at extremely high concentrations and diffuses rapidly toward the fungal hyphae. 
Clearly, it is necessary to determine which wins, tannins or PPOs, under natural 
conditions. 

Nevertheless, there are a couple of  conclusions that can be drawn from this 
study. First, different types of  tannin will differ in their effects on the ant-fungus 
system. If  quebracho tannin and tannic acid are at all indicative of  other con- 
densed and hydrolyzable tannins, respectively, then it appears that only con- 
densed tannins would limit the ability of  the fungus to inactivate tannins. 
Hydrolyzable tannins would only be important if unaffected by the PPOs or if 
at such high concentration that they satiate the enzymes and subsequently con- 
tact the fungus. 

Second, tannins are not usually the only phenolics present in woody plants, 
and nontannin phenolics can have antimicrobial effects also (Harbome, 1988). 
Thus, the presence of  PPO-inhibiting tannins may limit the ability of  the fungus 
to inactivate other phenolics, Many terpenoids are toxic to the fungus (Hubbell 
et al., 1983; Howard et al., 1988), and perhaps the presence of  certain tannins 
could inhibit enzymes responsible for detoxifying a toxic terpenoid as well. 
This could enhance the toxicity of  that terpenoid. Clearly, comparative studies 
on the effects of  different types of  tannin, with and without other secondary 
chemicals, on the activity of  detoxification enzymes and the growth of  the fun- 
gus are warranted. Future experiments should try to mimic natural conditions 
as much as possible. 
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