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Abstract—-When adults of Porcellio scaber fed on litter prior to an artificial
diet containing 5% of commercially available tannic acid, 55% of the ingested
galloylglucose esters was excreted unchanged, about 25% was hydrolyzed, and
20% was oxidized during the gut passage. After reducing the counts of micro-
organisms in the gut of P. scaber, the data obtained indicated an important
role of ingested platable microorganisms in hydrolyzing gallotannins. Oxida-
tion of phenolics appeared to be mainly due to the endosymbiotic bacteria of
the hepatopancreas. Microbial counts in the hindgut were strongly reduced by
ingested galloylglucose esters, while gallic acid in the diet (2%) reduced the
number of palatable fungi and bacteria less strikingly, and increased the total
number of the gut microbiota. Hepatopancreatic bacteria were only slightly
affected by ingested tannic acid, since the hepatopancreas contained only few
galloylglucose esters. This may be due to the permeability of the hindgut cuti-
cle: the cuticle of the anterior hindgut was freely permeable to gallic acid,
while it was nearly impermeable to larger polyphenols. The cuticle of the pos-
terior hindgut was permeable to only about 4% of the gallic acid present in the
hindgut lumen. The results are discussed with respect to potentially harm-
ful effects of ingested hydrolyzable tannins and their digestion in Porcellio
scaber.
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INTRODUCTION

Tannins are naturally occurring water-soluble polyphenolic compounds capa-
ble of complexing proteins in vitro (Hagerman and Butler, 1991). The effects
of hydrolyzable and condensed tannins on consumption and digestion in phy-
tophagous insects have been examined in detail (summarized in Mole and Water-
man, 1987; Bernays, 1981; Hagerman and Butler, 1991). Effective physiological
counteractions have been described in the gut of caterpillars (e.g., Berenbaum,
1980; Martin et al., 1987). Hydrolysis of tannins may serve as a mechanism of
detoxification (Bernays and Chamberlain, 1980; Hagerman and Butler, 1991).
On the other hand, oxidative degradation of phenolics may lead to harmful
quinones or reactive oxygen species (Appel, 1993).

In contrast to phytophagous insects, little is known about the influence of
phenolic compounds in the litter on saprophagous soil animals. Although most
phenolics are readily removed from the litter by leaching (Kuiters and Sarink,
1986), effects of condensed tannins—still present in the litter after leaching—on
reproduction and mortality of terrestrial isopods (Isopoda: Oniscidea) have been
demonstrated recently (Zimmer and Topp, 1997a). However, no data on hydro-
lytic detoxification or oxidative activation of hydrolyzable tannins in the gut of
terrestrial isopods are available.

In phytophagous insects, the uptake of tannin components from the gut
lumen may be prevented by the peritrophic envelope (Bernays and Chamber-
lain, 1980; Bernays et al., 1980; Barbehenn and Martin, 1992, 1994, 1995). The
hindgut cuticle of terrestrial isopods (Lane, 1988) appears to have a similar
composition as the peritrophic envelope in insects (Brandt et al., 1978; Stamm et
al., 1978), and it apparently fulfills similar functions (cf. Fawcett, 1965).

The present study was conducted to determine the fate of ingested hydro-
lyzable tannins in the gut of the common terrestrial isopod, Porcellio scaber
Latreille. Commercially available tannic acid served as a simple model com-
pound that has previously been investigated in insects (e.g., Barbehenn and
Martin, 1992, 1994).

METHODS AND MATERIALS

Gut of Terrestrial Isopods. The gut of P. scaber can be divided into three
parts (Figure 1). Two pairs of midgut lobes (hepatopancreas) that secrete diges-
tive fluids and absorb nutrients fill up the body cavity along the alimentary canal
(Hassall and Jennings, 1975; Hames and Hopkin, 1989). The hepatopancreas is
characterized by abundant endosymbiotic bacteria (Wood and Griffiths, 1988)
that are involved in the digestion of cellulose (Zimmer and Topp, 1998a,b) and
lignins (Zimmer and Topp, 1998c). In the hindgut, an anterior and a posterior
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FIG. 1. Gut sections of terrestrial isopods (Porcellio scaber) referred to in the text.

part can be distinguished (e.g., Hassall and Jennings, 1975; Hames and Hopkin,
1989; cf. Figure 1). The anterior part is characterized by typhlosole infold-
ings and contains numerous microorganisms ingested with the food (Reyes and
Tiedje, 1976; Zimmer and Topp, 1998b). The posterior part of the hindgut is a
straight tube that can be subdivided morphologically, but was considered as one
section in this study. It is in this hindgut section that bacterial proliferation takes
place (Zimmer and Topp, 1998D).

Experimental Design. Individuals of P. scaber (Isopoda, Oniscidea) were
collected in a floodplain forest near Cologne, Germany. In the laboratory, the
woodlice were kept separately in small Petri dishes. Only adult specimens of
about 20-30 mg fresh wt were used in experiments. All experiments were carried
out at 15 °C and a photophase of 16L: 8D.

Prior to the experiments, the isopods were fed with litter from the forest
in which they were captured. By this method, the natural populations of gut
microbiota were expected to be maintained. Microorganisms in the guts of ter-
restrial isopods have been described in detail (Reyes and Tiedje, 1976; Griffiths
and Wood, 1985; Ullrich et al., 1991). Populations of gut microbiota are influ-
enced when woodlice feed on sterile artificial diet or on diet containing anti-
biotics (Zimmer and Topp, 1998b). Thus, to alter the microbial counts and their
activity in the gut of P. scaber, specimens were fed with a sterile chemically
defined artificial diet modified after Carefoot (1984). This diet was rich in cellu-
lose (30%), starch (25%), and simple carbohydrates (10% sucrose, and 5% each
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of glucose, lactose, and maltose). Casein (15%) served as a nitrogen source. A
mineral mix (5%) was added according to Retnakaran and Beck (1968).

The diet (1 g) was mixed thoroughly with agar (0.3 g) and suspended in
hot distilled water (2 ml). After cooling, the diet (pH 5.4) was kept at 4°C for
up to five days. To reduce microbial counts in the gut, antibiotics [1% w/w of
a mixture of oxytetracycline (Terramycin), Tegosept, Dithane and sorbic acid]
were used (Sigma, St. Louis, Missouri).

Gut Microbiota. After feeding on the described food sources, some spec-
imens were examined to determine the influence of the food source on micro-
bial counts in the gut. Counts of platable bacteria and fungi (platable microbial
counts, PMC) were determined as described in Treves and Martin (1994). Since
endosymbiotic bacteria of the hepatopancreas cannot be cultivated by this plating
technique (Wood and Griffiths. 1988; Zimmer, 1998), platable microorganisms
can be considered as ingested microbiota. Total microbial counts (TMC) that
reveal additional information on nonplatable microbiota, including hepatopan-
creatic endosymbionts, were estimated by the acridine orange method (Francisco
etal., 1973).

Phenolics in the Diet. For studies on the degradation of hydrolyzable tan-
nins in the gut of P. scaber, the artificial diet was enriched with 5% of commer-
cially available tannic acid (Sigma), resulting in a pH value of 5.5. A budget for
gallic acid was determined with a diet containing 2% gallic acid (Sigma), pH
5.4.

During the feeding experiment, artificial diet (30 mg fresh wt; 10 mg dry
wt) containing tannic acid was offered to individuals of P. scaber for five days.
Feces from the previous food source (litter or artificial diet without phenolics)
were removed from the Petri dishes twice a day. The feces derived from the
experimental diet were collected quantitatively twice a day and were stored at
—20°C until they were lyophilized and weighed. After five days of feeding, the
remaining diet was removed, lyophilized, and weighed to estimate the amount
of ingested diet (dry wt). From these values the amount of ingested gallotan-
nins could be calculated by using a standard curve of fresh diet (dry wt). As a
comparison between fresh diet and diet after five days of experimental treatment
indicated, changes in phenolic content that were due to chemical breakdown and
autoxidation were negligible. Litter was offered as subsequent food to collect fur-
ther feces derived from the tannin containing diet that were easily distinguished
by their color. Data of ingested diet and egested feces allowed the estimation
of consumption rates (RCR) and digestibility (AD) according to Waldbauer (1968).

Specimens of P. scaber were dissected to extract the described sections of
the gut. After lyophilizing the samples of diet, gut contents, and feces, the gal-
lotannins were extracted three times in 1000ul of 70% acetone containing 0.001
M ascorbic acid at 22 + 1°C. Extracts were centrifuged (4 min; 13,600 g), and
the supernatant solutions were pooled, concentrated under a stream of nitrogen,
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and lyophilized. Lyophilized extracts were resolubilized in 500 pl of 23% v/v
acetronitrile in double-distilled water containing 1 % acetic acid. After filtration
(0.45 pm, Gelman GHP), the qualitative and quantitative determination of the
compounds of tannic acid was performed by reverse-phase HPLC with a Waters
10-um C-18 column (4.6 x 250 mm). The mobile phase was 18% v/v aceto-
nitrile in double-distilled water containing 1% acetic acid. The flow rate of
the mobile phase was 1 ml/min. Samples (25-ul aliquots) were injected with
an autoinjector (Shimadzu). Peaks were detected with a Shimadzu UV-visible
detector (280 nm, 0.002 AUFS) and quantified with a Shimadzu C-R4A chro-
matopac. After correcting peak areas for interfering substances present in control
samples, the amount of phenolics was calculated from the peak area by using
standard curves of tannic acid and gallic acid. In this study, the fate of four
tannic acid compounds that eluted in the range of 3—10 min was noted (Figure
2a). One of these compounds (peak A, Figure 2a) was identified as gallic acid
by standards. According to Barbehenn and Martin (1994), gallic acid is present
in commercially available tannic acid as an impurity. The other compounds of
tannic acid are considered as galloylglucose esters (cf. Barbehenn and Martin,
1992), and are named peaks B, C, and D (Figure 2a). According to Barbehenn et
al. (1996), the number of galloyl groups, and thus, the molecular weight of
these compounds is positively correlated with their retention time.

To determine the extent of hydrolysis of gallotannins in the gut of P. scaber,
the ingested and egested amounts of gallic acid and galloylglucose esters were
used for a calculation of the tannin budget as described in Barbehenn et al.
(1996). The amount of oxidized gallotannins was estimated from the difference
between the total tannic acid ingested and the sum of the percentage of gal-
lotannins recovered and hydrolyzed. Furthermore, by measuring the amounts of
soluble brown pigments in the feces of isopods fed on tannic acid (Barbehenn et
al., 1996) relative data on the extent of tannin oxidation was obtained.

Permeability of Gut Cuticle. Isopods (N = 20) were fed with diet contain-
ing tannic acid as described above. An additional 10 adults fed on artificial diet
without phenolics served as a control. Either the anterior hindgut and the mid-
hindgut, or the mid-hindgut and the posterior hindgut were taken for the subse-
quent measurements. Under a dissecting microscope, these parts of the hindgut,
containing the ingested artificial diet, were ligated with fine silk sutures (Bar-
behenn and Martin, 1995). Afterwards, a small hole (0.1 £ 0.02 mm?) was cut
into the tissue of either the posterior hindgut or the ventral anterior hindgut,
where there are no typhlosole canals, to expose the cuticle. To measure the per-
meation of compounds in the gut lumen, the prepared guts were transferred into
1 ml of an incubation solution (3 mM NacCl, 227 mM KCl, 300 mM fructose,
175 mM NaH,PO,, 25 mM Na,HPO,) (Giordana and Sacchi, 1978) that was
roughly consistent with hemolymph composition (Wright et al., 1997; Ziegler
and Scholz, 1997) and stirred for 2 hr at 22 4+ 1°C. As controls, indicating that
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F1G. 2. Chromatogram of a tannic acid standard (a), illustrating the compounds observed
by reverse-phase HPLC, and representative chromatograms of (b): the anterior hindgut
(dotted line) and the surrounding incubation solution (solid line), and (c): the posterior
hindgut (dotted line) and the surrounding incubation solution (solid line), after substract-
ing control chromatograms of specimens fed on diet without tannic acid. Peak A: gallic
acid; peaks B-D: galloylglucose esters. No compounds eluted before 2 min.
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permeation of phenolics through the hindgut cuticle was observed, but not leach-
ing of phenolics at the sutured ends, five gut samples without exposed cuticles
were placed in the incubation solution. The incubation solutions, containing the
permeated compounds of tannic acid, were frozen at —20°C and subsequently
lyophilized. Phenolics were extracted from the gut contents as described above.

The permeability of the hindgut cuticle of P. scaber to gallic acid and
different galloylglucose esters was determined as the percent of these TA
compounds in the incubating solution, compared to the total amount initially
present in the anterior or posterior hindgut (Figure 2b and c) after feeding on
artificial diet containing tannic acid: permeability = [content in solution/(content
in gut + content in solution)].

Statistics. Most of the data showed deviations from the model of normal
distribution. To treat all data in the same manner, generally nonparametric statis-
tics were used. Hence, results are presented as median (M) + median absolute
deviation (MAD). Comparison of different treatments concerning consumption
and digestion of food and the formation of brown pigments were conducted by
the multivariate Kruskal-Wallis H test. Pairwise differences between treatments
were localized with the Mann-Whitney U test. In the case of results given in

percentages, data were transformed (x’ = arc sin /X ) and subsequently
compared as described above.

RESULTS

Effects of Tannic Acid on Consumption and Digestion. Consumption and
assimilation of the offered food are given in Table 1. After foraging on litter,
relative consumption rates (RCR) were reduced by feeding on artificial diet with
tannic acid (TA) compared to diet without TA (P < 0.001). A further reduction
of RCR occurred when P. scaber had previously fed on artificial diet (P < 0.001).
Antibiotics did not show any effect on the consumption rate. The effects of
ingested gallic acid (GA) on RCR differed only slightly from those of TA, when
the isopods had fed on litter (P < 0.1), and no differences between the effects
of GA and TA on RCR was observed in isopods fed on artificial diet (Table 1).

With respect to the approximate digestibility (AD) of the diet, ingested tan-
nic acid did not influence P. scaber when the isopods had previously fed on lit-
ter. However, foraging on artificial diet significantly reduced AD when TA was
ingested (P < 0.05). Antibiotics in the diet did not show any effects on AD.

GA in the diet strikingly increased AD compared to the corresponding TA
samples (P < 0.001) and in comparison to isopods feeding on artificial diet
without phenolics (P < 0.01). Again, antibiotics did not alter AD.

Effects of Tannic Acid on Gut Microbiota. Isopods that fed on artificial diet had
reduced numbers of gut microbiota compared to those that fed on litter, while



618 ZIMMER

TABLE 1. CONSUMPTION (RCR) AND DIGESTIBILITY (AD) OF DIFFERENT FOOD SOURCES
BY YOUNG ADULT (20-30 mg) Porcellio scaber *

Preexperimental Content of phenolics
diet in diet” RCR AD
Leaf litter 0% 0.20 £0.10a 30 £ 20a
Leaf litter 5% TA 0.09 + 0.05b 23 + 14a
Artificial diet” 5% TA 0.03 +0.02¢ 17+ 7b
Diet” + antibiotics 5% TA 0.03 + 0.02¢ 10+ 9b
Leaf litter 2% GA 0.04 £ 0.02d 65+ 5c¢
Artificial diet® 2 % GA 0.02+0.01c 86+ 9d
Diet’ + antibiotics 2 % GA 0.02 +0.01c 78 £ 13d

“TA: commercially available tannic acid; GA: gallic acid. Data are presented as median + MAD
(N=09). The results of statistical comparison (. = 0.05) are indicated by letters.
b Artificial diet after Zimmer and Topp (1998b).

the number of microorganisms in the hepatopancreas was not changed (Table
2). Antibiotics in the diet resulted in further decrease of microbial counts in the
hindgut (P < 0.001), and in addition, reduced the number of hepatopancreatic
bacteria (P < 0.05).

By contrast, gallic acid in the diet increased the number of these bacte-
ria (P < 0.01), while tannic acid slightly reduced microbial counts of the he-
patopancreas (P < 0.05). In the hindgut, tannic acid reduced the number of plat-
able microbiota (P < 0.001). In the anterior hindgut, total microbial counts were

TABLE 2. INFLUENCE OF ARTIFICIAL DIET (ad/), ARTIFICIAL DIET WITH 1%
ANTIBIOTICS (ad/+), 5% TANNIC ACID (ad/TA) OR 2% GALLIC ACID (ad/GA) ON
NUMBERS OF MICROBIOTA IN MIDGUT LOBES (Hepatopancreas) AND ANTERIOR AND
POSTERIOR HINDGUT OF Porcellio scaber “

Total microbial counts Platable microbial counts
Anterior Posterior Anterior Posterior
Food Hepatopancreas hindgut hindgut Hepatopancreas hindgut hindgut
ad/” 99a 71b 109a - 13b 73b
ad/+ 84b 32¢ 47b - 3c 12¢
ad/TA® 72b 151d 57b - 6¢ 20c
ad/GA* 145¢ 306e 173¢ - 38b 76b

“Data of microbial counts after feeding the above-mentioned diets are given as the percent of the
mean microbial counts of isopods fed on leaf litter (V' = 15). The results of statistical compar-
ison of absolute numbers of microbiota (ov = 0.05) are indicated by letters (microbial counts of
isopods fed on litter are indicated as a).

’As a proportion of litter-feeding isopods.

“As a proportion of ad/-feeding isopods.
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F1G. 3. Recovery of compounds of tannic acid (TA) from the feces of Porcellio scaber
having fed on TA-containing artificial diet after different pre-experimental diets. GA:
gallic acid., B-D: galloylglucose esters (cf. Figure 2a); TA: commercially available tannic
acid, including GA; GG: total of galloylglucose esters B-D. Asterisks mark differences
between one sample and the two of the comparable samples (o = 0.05; N = 10).

increased by feeding on tannic acid and gallic acid (P < 0.01). The latter com-
pound led to increased TMC in the posterior hindgut, too (P < 0.001), while
TMC significantly decreased after feeding on tannic acid (P < 0.001). Platable
bacteria and fungi in the hindgut were affected less strikingly by gallic acid than
by tannic acid (Table 2).

Degradation of Tannic Acid during Gut Passage. When P. scaber had fed
on litter prior to the experiments, about 60 + 9% of the ingested tannic acid could
be recovered from the feces. However, the observed TA compounds showed
remarkable differences concerning the recovery from the feces (Figure 3). About
25% was hydrolyzed in the gut of P. scaber.

The distribution of TA compounds in the gut of P. scaber is shown in Table
3. The hepatopancreas contained about 12% of the ingested GA, but only small
amounts of peak B (Figure 2a). No other compounds of tannic acid could be
detected in the hepatopancreas. The anterior and posterior hindguts did not differ
in their GA content, but the latter gut section did not contain any peak B, in
contrast to the anterior hindgut. The contents of the other galloylglucose esters
(peaks C and D in Figure 2a) were similar in both hindgut sections. Foraging
on artificial diet reduced the extent of hydrolysis of TA to about 16% of the
ingested amount (Figure 3).

The gallic acid content of the hepatopancreas (Figure 4) increased with
decreasing counts of ingested (= platable) microorganisms in the hindgut
[isopods fed on artificial diet (Table 2; P <0.05)]. A similar effect of pre-ex-
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TABLE 3. PERMEABILITY OF VARIOUS REGIONS OF HINDGUT CUTICLE TO COMPOUNDS OF
TANNIC ACID*

GA Peak B Peak C Peak D
Hindgut (%) (%) (%) (%)
Anterior 85+ 10a 20+ 5c¢ Oe Oe
Posterior 4+ 3b 2+ 2d Oe Oe

“GA: gallic acid; peaks B, C, and D: galloylglucose esters. Data are given as median + MAD
(N =9) of the percent recovered from an incubation solution to the amount of the compounds ini-
tially present in the corresponding section of the hindgut. The results of statistical comparison (o =
0.05) are indicated by letters.

perimental artificial diet was observed concerning peak B (P < 0.01). None of
the other galloylglucose esters of tannic acid were detected in the hepatopan-
creas of P. scaber after feeding on artificial diet prior to the experiment. The
amount of recovered galloylglucose esters in the hindgut increased with decreas-
ing microbial counts in the gut (P < 0.05). However, no peak B was detected in
the posterior hindgut. When the isopods fed on diet containing antibiotics prior
to the experiments, all of the ingested GA (103 + 20%) was excreted via the
feces (Figure 3). Only 6% of ingested TA was hydrolyzed in this case.

The content of gallic acid and peak B in the hepatopancreas (Figure 4)
strongly increased with decreasing counts of bacteria in the hepatopancreas
[isopods fed on antibiotics (Table 2; P < 0.01)]. Galloylglucose esters other
than peak B did not enter the hepatopancreas. Feeding on antibiotics prior to
the experiment resulted in a significantly increased content of GA in the anterior
hindgut (P < 0.01), but caused weak changes in the contents of galloylglucose
esters in this hindgut section: only the content of peak B significantly decreased
(P < 0.01). In contrast to pre-experimental food without antibiotics, about one
fourth of the ingested peak B was found in the posterior hindgut. Additionally,
a higher proportion of other galloylglucose esters was recovered (P < 0.05).

The oxidation of phenolics during the gut passage was indicated by brown
pigments present in the feces of isopods feeding on tannic acid. While there were
no brown pigments in control diet without phenolics and in feces from isopods
fed on this diet, small amounts of brown pigments were detected in the diet
containing TA (Figure 5). Significantly higher absorbance was measured in the
extract of feces obtained from isopods that had fed on litter (P < 0.01) and those
that had fed on artificial diet prior to the experiment (P < 0.01). After feeding
on antibiotics, the feces contained significantly less brown pigments (P < 0.01),
but still had higher absorbance than was obtained from the diet alone (P < 0.05).

Permeability of Hindgut Cuticle. The anterior and posterior hindgut dif-
fered remarkably in terms of the permeability of their cuticle (Table 3). While
nearly all (75-95%) ofthe gallic acid initially present in the anterior hindgut
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FIG. 5. Brown pigments, indicating phenol oxidation, in tannic acid-containing diet and
the feces of Porcellio scaber having fed this food source after different preexperimental
diets. Data are presented as mean + MAD of relative absorbance (A = 420 nm) per mg
(N = 10). The results of statistical comparison (o = 0.05) are indicated by letters.

was found in the surrounding incubation solution, significantly less of peak B
permeated the anterior hindgut cuticle of P. scaber than gallic acid, and higher
molecular weight galloylglucose esters did not at all pass through the anterior
hindgut cuticle.

Only 2-10% of the gallic acid present in the posterior hindgut permeated the
cuticle of this hindgut section. Little of peak B (0-10%) was found in the solution
surrounding the posterior hindgut. The higher molecular weight galloylglucose
esters of peaks C and D did not permeate the cuticle of the posterior hindgut.

DISCUSSION

Tannins mainly tend to adversely affect species that do not feed on plants
containing large quantities of phenolics (Bernays, 1981). Terrestrial isopods are
not confronted with high levels of phenolic compounds in their natural food,
because many kinds of phenolics are removed from leaf litter by leaching
(Kuiters and Sarink, 1986). In particular, gallotannins are present in overwin-
tered litter during the following spring and summer at only low concentrations
of 0.2-2.0 mg/g, while total phenolics can be found at concentrations of 1-10
mg/g (Zimmer, 1998). Thus, P. scaber can be expected not to have evolved
specific mechanisms for counteracting potentially harmful effects of tannins.

Condensed tannins in leaf litter (2-5 mg/g) caused increased mortality of
P. scaber (Zimmer and Topp, 1997a). Moreover, the development of juvenile P.
scaber is affected by condensed tannins in the food (Zimmer, unpublished data).
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Little is known about the effects of hydrolyzable tannins on isopods. Tannic acid
is thought to be toxic to many invertebrates, but not antidigestive (Bernays, 1981).
Alkalinity in the gut of many insects can reduce the protein-precipitating effects
of tannins (Berenbaum, 1980; Martin and Martin, 1983) and, consequently, their
digestibility-reducing features. Furthermore, surfactants in the gut of phytophages
prevent tannin binding of digestive enzymes in vivo (Martin et al., 1987; DeVeau
and Schultz, 1992). In terrestrial isopods, the gut content is slightly acidic, with
a pH level of about 6 (Hartenstein, 1964; Zimmer and Topp, 1997b), but surfac-
tants are present in P. scaber (Zimmer, 1997). Since gallic acid, as a product of
gallotannin hydrolysis, may be harmless to some phytophagous insects (Bernays
and Chamberlain, 1980; Hagerman and Butler, 1991), hydrolysis of gallotannins
might serve as a mechanism of detoxification in isopods also.

Deleterious effects of phenolics may be initiated by oxidation (Appel,
1993). On the other hand, enzymatic oxidation of phenolic compounds is re-
quired for the degradation of lignin (Ander and Eriksson, 1976; Sinsabaugh and
Linkins, 1987; Breznak and Brune, 1994), and this is important with respect
to cellulose digestion by saprophagous animals (Ljungdahl and Eriksson, 1985;
Breznak and Brune, 1994). Consequently, despite the potentially harmful effects
of oxidation products, phenol oxidation can be expected in isopods.

Tannin-Microbiota Interactions. The RCR of P. scaber fed on artificial
diet (0.20) was similar to that of adults of similar size feeding on poplar litter
(0.25-0.34) (Wieser, 1965). Tannic acid and gallic acid significantly reduced the
consumption rate of P. scaber. No determination was made as to whether this
was the result of feeding deterrence or some postingestive feedback mechanism.
In some phytophagous insects, similar effects of hydrolyzable tannins on RCR
have been observed (summarized in Mole and Waterman, 1987). In saprophagous
invertebrates, leaching of phenolics increased consumption of litter (Cameron and
LaPoint, 1978; Poinsot-Balaguer, 1993). In contrast to the present results on a
saprophagous isopod, TA and GA stimulated feeding in several phytophagous
species, although they deterred it in others (Bernays et al., 1980).

When P. scaber had been feeding on litter prior to the experiment, the
observed digestibility did not show an influence of ingested tannic acid. How-
ever, after reducing microbial counts in the anterior hindgut by pre-experimen-
tal artificial diet, AD significantly decreased, indicating an important role of gut
microbiota in digesting food (Hassall and Jennings, 1975; Reyes and Tiedje,
1976; Griffiths and Wood, 1985; Kukor and Martin, 1986). In contrast to tan-
nic acid, gallic acid only slightly reduced, or even increased microbial counts
in the gut and the hepatopancreas of P. scaber. Hence, antimicrobial effects
of hydrolyzable tannins are mainly due to galloylglucose esters. Furthermore,
ingested gallic acid increased digestibility, even if the woodlice had previously
fed on antibiotics. Consequently, TA can be expected to exert stronger effects
on saprophagous isopods than GA.
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Hydrolysis of galloylglucose esters results in GA and glucose. Probably,
these smaller compounds are drawn to the resorptive hepatopancreas together
with fluids containing other products of digestion (Hames and Hopkin, 1989).
By contrast, galloylglucose esters that may be more harmful than gallic acid
are excluded from entering the hepatopancreas. Presumably, the hindgut cuticle
serves as a filter in preventing the transport of these phenolics to the hepatopan-
creas (see below). While ingested tannic acid reduced the number of micro-
organisms in the hepatopancreas, GA led to increased microbial counts in the
midgut lobes. Considering the potential importance of the hepatopancreatic bac-
teria in digestive processes (Zimmer and Topp, 1998a—c), excluding galloylglu-
cose esters from entering the hepatopancreas leads to better conditions for food
utilization. Consequently, the increase in the number of hepatopancreatic bac-
teria after ingesting GA appears to be correlated with the increased AD of the
diet.

Compared to the results of other studies that have measured the fate of
ingested gallotannins in insects, P. scaber is intermediate between insects that
pass gallotannins through the gut unchanged (Barbehenn and Martin, 1992) and
insects that extensively oxidize (Barbehenn and Martin, 1994) or hydrolyze gal-
lotannins (Bernays and Chamberlain, 1980). Hydrolysis of hydrolyzable tan-
nins occurred in the gut of P. scaber by microorganisms that could be partially
eliminated by antibiotics. For the detoxification of tannins, extensive hydroly-
sis is required, resulting in nontoxic products, e.g., gallic acid and glucose (cf.
Barbehenn et al., 1996). The number of platable (ingested) microorganisms in
the hindgut was reduced by feeding on artificial diet in the experiment. Hence,
under natural conditions, hydrolysis of gallotannins may be more extensive than
was observed in the present study. In woodlice containing high numbers of gut
microbiota derived from feeding on litter, hydrolysis of galloylglucose esters
resulted in a high level of gallic acid in the anterior hindgut.

The net production of brown pigments in the feces when isopods were fed
diet containing TA clearly indicates phenol oxidation in the gut of P. scaber.
A reduction of platable microorganisms in the hindgut by feeding on artificial
diet prior to the experiment did not change the amount of brown pigments in
the feces. Thus, phenol oxidation does not seem to depend on ingested bacteria
or fungi. By contrast, antibiotics in the diet that reduced the number of bacteria
in the hepatopancreas resulted in strongly decreased phenol oxidation. Similar
results were obtained from feeding experiments for the estimation of gallic acid
digestion. After feeding on litter prior to the experiment, 15-35% of the ingested
GA could be recovered from the feces. The difference was assumed to have been
oxidized or absorbed. Similar values (15-25%) were obtained after feeding on
artificial diet prior to the experiment. Presumably, the reduced number of
hindgut microbiota did not influence the recovery of gallic acid. Antibiotics led
to 50-80% recovery of ingested GA. In this case, in addition to the platable
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microorganisms in the hindgut, microbial counts of the hepatopancreas were
reduced. These results suggest an involvement of the hepatopancreatic bacteria
in phenol oxidation. By contrast, hydrolysis of gallotannins is mainly brought
about by microorganisms ingested with the food.

The terrestrial isopod Oniscus asellus Linnaeus is capable of oxidatively
metabolizing several phenolic compounds to CO, (Neuhauser and Hartenstein,
1976). The authors suggested that the necessary enzymatic activity is attributable
to "the gut flora or other internal microbes, . . . since complete catabolism of aro-
matics has been obtained only for microbes" (Neuhauser and Hartenstein, 1976).
Zimmer and Topp (1998c) drew similar conclusions concerning the oxidation of
phenolics by hepatopancreatic bacteria in P. scaber.

Protective Function of Hindgut Cuticle. In many insects, a membranous
peritrophic envelope is supposed to assist digestive processes by allowing com-
partmentalization of the gut lumen (Terra et al., 1979; Santos and Terra, 1986).
Possibly, in terrestrial isopods the hindgut cuticle and an ectocuticular space
(Holdich and Mayes, 1975) that is formed by numerous "microvilli-like struc-
tures" of the epithelial cells (Lane, 1988) have similar functions. Given that the
hindgut cuticle is selectively permeable to certain compounds, fluids containing
the products of digestion will be compartmentalized from the gut lumen where
digestion takes place, and nutrients can be transported to the resorptive regions
of the hepatopancreas via the ectocuticular space or by absorbing nutrients into
the epithelial cells of the anterior hindgut (cf. Lane, 1988) and directly pass-
ing nutrients to the hepatopancreas via the hemolymph. By contrast, Hames and
Hopkin (1989) described gut fluids containing digested nutrients being drawn to
the hepatopancreas via the typhlosole canals. In this case, water-soluble com-
pounds of the food would he transported to the hepatopancreas. However, only
gallic acid and peak B were detected in these midgut lobes, while none of the
higher molecular weight galloylglucose esters was found there. These results are
in accord with the permeability of the hindgut cuticle towards TA compounds.
Obviously, the hindgut cuticle-besides allowing compartmentalization—serves as
a protective filter in keeping galloylglucose esters inside the hindgut lumen,
while exhibiting permeability to gallic acid. In some phytophagous insects, the
peritrophic envelope serves as a barrier to tannic acid (Barbehenn and Martin,
1992, 1994). These authors proved that the peritrophic envelope of lepidopteran
larvaec was permeable to gallic acid, but nearly impermeable to galloylglucose
esters (Barbehenn and Martin, 1992, 1994). However, the containment of gal-
lotannins inside the gut lumen is not sufficient to protect tannin-sensitive species
from the impact of tannins (Barbehenn and Martin, 1994). Gallic acid, which
freely penetrated the hindgut cuticle of P. scaber, has beneficial effects on the
growth of tree-feeding insects (Bernays et al., 1983) and probably is nontoxic
to isopods. Toxic effects of galloylglucose esters are prevented by surfactants in
the hindgut fluids of P. scaber (Zimmer, 1997).
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CONCLUSIONS

The present results show that ingested galloylglucose esters are kept inside
the endocuticular gut lumen. In contrast to galloylglucose esters, gallic acid pen-
etrates the hindgut cuticle and is transported to the hepatopancreas, where it sup-
ports the maintenance of high population densities of hepatopancreatic bacteria
involved in cellulose digestion (Zimmer and Topp, 1998a,b) and phenol oxida-
tion (Zimmer and Topp, 1998c; this study). In the hindgut lumen, galloylglucose
esters decrease the number of ingested microorganisms thought to be impor-
tant in digestion (Hassall and Jennings, 1975; Reyes and Tiedje, 1976; Griffiths
and Wood, 1985; Kukor and Martin, 1986) and hydrolysis of gallotannins (this
study). In phytophagous insects, inhibitory effects on gut microbiota have been
suspected to be the main reason for the impact of tannins (Martin et al., 1987).
The present results suggest that similar mechanisms are important in terrestrial
isopods.
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