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Summary. The digestive tract of the common woodlouse, 
Tracheoniscus rathkei Brandt (Isopoda: Oniscoidea), con- 
tains digestive enzymes active against ~-l,4-glucans, which 
are the chief storage polysaccharides of vascular plants, 
algae, fungi, and animals, and fi-l,3-glucans, which are 
present in algae and fungi. Digestive tract extracts also ex- 
hibit significant activity toward xylan and carboxymethyl- 
cellulose but negligible activity toward microcrystalline cel- 
lulose, substrates representative of the major structural 
polysaccharides of vascular plants. Low activity was de- 
tected toward pectin, and no activity was detected toward 
chitin. Activity toward xylan is due in part to microbial 
enzymes acquired from the leaf litter which was the isopod's 
normal food. Although ingested microbial xylanases are 
stable and active in the gut fluid, they do not make a quanti- 
tatively significant contribution to the isopod's ability to 
assimilate the hemicellulosic component of its diet. How- 
ever, the assimilation of carbon from labeled plant fiber 
is enhanced in isopods which have acquired a cellulase by 
ingestion of leaf litter amended with a commercial prepara- 
tion of the cellulase complex from the fungus, Penicillium 
funiculosum. This result demonstrates the potential contri- 
bution of acquired enzymes to the digestion of plant fiber 
in terrestrial detritivores. We urge caution, however, in as- 
signing an important digestive function to ingested enzymes 
on the basis of  evidence that only indicates that such en- 
zymes are present in the gut fluid without additional evi- 
dence that their presence results in an enhancement of di- 
gestive efficiency. 

vores to select high quality over low quality food. Although 
the amount of microbial biomass is generally insufficient 
to make more than a minor contribution to the require- 
ments for macronutrients of a detritus-feeding invertebrate 
(Baker and Bradnam 1976; Cummins and Klug 1979; Fin- 
dlay et al. 1984; Martin and Kukor 1984), microbial tissue 
would be a rich source of micronutrients, minerals, and 
easily assimilated protein. However, another possible bene- 
fit that might accrue to a detritivore ingesting microbe-rich 
substrates is the acquisition of hydrolytic enzymes of micro- 
bial origin which are more effective than its own at degrad- 
ing the refractory components of detrital food. 

Secreted microbial hydrolytic enzymes are stable mole- 
cules that are distributed widely in detrital systems, either 
in solution or as parts of molecular complexes adsorbed 
onto particulate organic matter, humic substances, or clay 
colloids (Burns 1978; Linkins et al. 1978; Sinsabaugh et al. 
1981). Ingested fungal enzymes play a crucial role in the 
digestion of wood in the alimentary tract of  the fungus- 
growing termite, Macrotermes natalensis (Martin and Mar- 
tin 1978, 1979), the siricid woodwasp, Sirex cyaneus (Kukor 
and Martin 1983), and the cerambycid beetle, Monochamus 
marmorator (Kukor and Martin 1986). In this study we 
have assessed the possible contribution of ingested micro- 
bial enzymes to the digestion of detritus in the gut of the 
common woodlouse, Tracheoniscus rathkei. Earlier studies 
have indicated that woodlice are able to digest hemicellulose 
but not cellulose (Reyes and Tiedje 1976b), and that in- 
gested microbial enzymes (Hassall and Jennings 1975) and 
bacteria (Reyes and Tiedje 1976a, b) may be present and 
active in the gut fluids. 

Detritus (particulate organic matter and its associated mi- 
crobial biomass) is generally considered to be a resource 
of low nutritive value owing to the high content of refracto- 
ry polysaccharides and the considerable extent to which 
nutrients are complexed with lignins and other polyphenols 
(Swift et al. 1979). Microbial biomass is the most nutritious 
and digestible component of detritus, and numerous studies 
have demonstrated a preference on the part of detritivores 
for litter which supports a rich culture of microorganisms 
(Berrie 1976; Anderson and Sedell 1979; Cummins and 
Klug 1979). This preference for microbially colonized sub- 
strates has usually been interpreted as an ability of  detriti- 
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Methods and materials 

Collection and maintenance of animals 

T. rathkei, a common isopod in northern deciduous forests, 
was collected from woodlots around Ann Arbor and was 
maintained in loosely covered glass jars in a darkened incu- 
bator at 26 ~ C. The bottom of each jar contained a 2 cm 
bed of water-soaked vermiculite, which provided moisture 
for the animals. The isopods were fed leaf litter taken from 
the collection sites. In experiments that involved animals 
reared on an artificial diet, isopods in groups of 100 were 
kept for 4-8 weeks on autoclaved pellets of Purina rabbit 
chow. 



Extract preparation and enzyme assays 

The digestive tract, excluding the hepatopancreas, was re- 
moved by securing the animal with forceps and pulling pos- 
teriorly on the terminal body segments with another for- 
ceps. Since the pi t  of  the digestive tract fluid ranged be- 
tween 6.5 and 7.1, extracts were prepared in 50 m M  BIS- 
TRIS-PROPANE buffer (1,3-bis[tris(hydroxylnethyl)- 
methylamino]propane) (Sigma), pH 6.8. Digestive tracts 
were homogenized in a chilled glass mortar in BIS-TRIS- 
PROPANE buffer (extraction buffer) containing 20 m M  
sodium tetraborate; 25 m M  sodium ascorbate, 5 m M  sodi- 
um metabisulfite, and 5 m M  diethyldithiocarbamate. Insol- 
uble polyvinylpolypyrrolidone (PVP) was added to the ex- 
tract to a final concentration of 5% (weight/volume) and 
the slurry was stirred for I hr at 4 ~ C under nitrogen. The 
addition of borate, ascorbate, metabisulfite, diethyldithio- 
carbamate, and PVP to the extraction buffer was necessary 
to prevent rapid browning of the extract and loss of enzy- 
matic activity (Kelley and Adams 1977). Following centrif- 
ugation (10,000 x g, 30 min, 4 ~ C), the supernatant solution 
was filtered through a 0.2 gm membrane and was stored 
at - 7 0  ~ C. For enzyme assays, extracts were made of the 
pooled digestive tracts from 10-50 isopods. For purification 
of the xylanases from T. rathkei, the digestive tracts from 
400 animals were pooled. 

The leaf litter extract was prepared by grinding 1 kg 
(wet weight) of frozen leaves with alumina in a chilled mor- 
tar, with the gradual addition of liquid nitrogen. The pul- 
verized leaves were added to 2 liters of BIS-TRIS-PRO- 
PANE extraction buffer containing 5% PVP, and the slurry 
was stirred at 4~ for 18 hrs. This extraction procedure, 
modified from Kelley and Adams (1977), was effective in 
reducing loss of  enzymatic activity by reaction with pheno- 
lics in the leaves. Insoluble materials were removed by filtra- 
tion through cheesecloth followed by centrifugation 
(10,000 x g, 4 ~ C, 30 min). The supernatant fluid was con- 
centrated tenfold in a Pellicon cassette (PTGC membrane, 
Millipore), sterilized by filtration through a 0.2 gm mem- 
brane, and stored at - 7 0  ~ C. 

Activities toward larchwood xylan (United States Bio- 
chemical), carboxymethylcellulose (CMC) (Sigma), micro- 
crystalline cellulose (Polysciences), citrus pectin (Sigma), 
potato amylose (Calbiochem), and laminarin (United States 
Biochemical) were assayed by measuring the rate of libera- 
tion of reducing groups (maltose equivalents), using the 
3,5-dinitrosalicylic acid reagent (Bernfeld 1955) as adapted 
by Martin et al. (1980, 1981). 

Enzyme purification and analysis 

Xylanases from leaf litter and T. rathkei digestive tracts 
were purified by a combination of ion exchange chromato- 
graphy, chromatofocusing, and gel filtration chromatogra- 
phy. 

For anion exchange chromatography, the leaf litter or 
isopod extract was applied to a column (2.6 x 15 cm) of 
DEAE-Sepharose CL6B (Pharmacia) equilibrated with 
50 m M  BIS-TRIS-PROPANE buffer, pH 6.8. Unbound 
proteins were eluted with 100 ml of BIS-TRIS-PROPANE 
buffer, and bound proteins were eluted (in 10 ml fractions) 
with a 0-1.5 M linear NaC1 gradient in 300 ml of BIS- 
TRIS-PROPANE buffer. Protein concentration was moni- 
tored by absorbance at 280 nm. 
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For chromatofocusing, the xylanase fractions which 
were eluted from the anion exchange column by 0.6-0.7 M 
NaC1 were combined, concentrated, and dialyzed against 
Polybuffer 74 (Pharmacia), pH 4.0, and applied to a column 
(1 x35 cm) of PBE 94 (Pharmacia) equilibrated with 
25 m M  imidazole-HCl buffer, pH 7.4. Proteins with pI 
values between pH 7 and 4 were eluted (in 5 ml fractions) 
with 400 ml of Polybuffer 74 (0.0094 m M  per pH unit per 
ml). Proteins with pI values below pH 4 were eluted with 
50 ml of 1 M NaC1 in Polybuffer 74, pH 4.0. 

The low pI xylanase fractions (pI less than pH 4) ob- 
tained by chromatofocusing were further purified by gel 
filtration chromatography on a Varian TSK-G3000SW col- 
umn (7.5 x 300 mm) attached to a DuPont HPLC system. 
The column was equilibrated, and proteins were eluted with 
50 m M  BIS-TRIS-PROPANE buffer, pH 6.8, containing 
10 m M  NaC1. 

Discontinuous-SDS-gradient gel electrophoresis was 
performed on 7.5-15% polyacrylamide gels using the sys- 
tem of Neville, as modified by Piccioni et al. (1982). Gels 
were stained with Brilliant Blue R250 (Sigma). Analytical 
isoelectric focusing was performed on ultrathin polyacryl- 
amide gels (Servalyt Precotes, Serva Fine Biochemicals), 
as previously described (Kukor and Martin 1983). 

Assimilation efficiency on natural leaf litter 

Isopods in groups of 30, randomized for size and sex, were 
placed on a 2.5 mm mesh polyethylene screen in a covered 
polyethylene container. The screen supported the animals 
and their food, but allowed fecal pellets to fall into the 
lower compartment of the container. The animals were pro- 
vided daily with 2-3 grams (fresh weight) of  autoclaved, 
de-veined leaf litter fragments. Uneaten food and fecal pel- 
lets were also removed daily. A moistened sponge, attached 
to the inside of the container lid, provided moisture. The 
containers were kept in a darkened incubator at 26 ~ C. Each 
experiment lasted 7 days and was replicated 6 times. Ap- 
proximate digestibility (or assimilation efficiency) was cal- 
culated on a dry weight basis from the expression, AD 
(%)=  100 (food ingested - feces)/food ingested. Assimila- 
tion efficiency measurements were made with two groups 
of isopods: (1) those reared for 4 weeks on normal leaf 
litter, and (2) those reared for 2 weeks on rabbit chow fol- 
lowed by 2 weeks on autoclaved leaf litter. 

Culturing isopods on a diet of leaf litter to which fungal 
cellulase had been added 

Disks (1.5 cm diam) were cut from dead autoclaved black 
walnut (Juglans nigra) leaf litter, collected from the ground 
in October. The disks were soaked for 24 hr at 4~  in 
250 ml of a solution of Penicillium funiculosum cellulase 
(Sigma) (20 units/ml). A second group of leaf disks was 
soaked in a solution of heat-inactivated (autoclaved) cellu- 
lase. Specific activity of adsorbed cellulase was determined 
by extracting weighed portions of leaf disks with BIS-TRIS- 
PROPANE buffer and assaying the extract for activity to- 
ward microcrystalline cellulose. Groups of 20 isopods were 
cultured for 2 weeks on each of the leaf disk preparations. 
Fecal pellets were removed and fresh leaf disks were pro- 
vided daily. At the end of 2 weeks, 10 animals from each 
group were sacrificed and their gut fluids were assayed for 
cellulase activity. 



362 

Assimilation efficiency on dual-labeled leaf litter by animals 
reared on a cellulase-amended diet 

Dual-labeled leaf litter was prepared by incubating 4 gms 
(dry weight) of leaf disks cut from autoclaved, dead black 
walnut leaves at 15 ~ C for 18 hr in 250 ml of a solution 
of 51CrC13 (ICN) (7.8 x 1 0  4 kBq) in 0.01 N HC1. The disks 
were rinsed 3 times in water to remove excess CrC13 and 
were then immersed in 20 ml of a warm agar solution con- 
taining 1 gm of pulverized [U-14C] wheat straw (0.67 x 104 
kBq/gm) (Reyes and Tiedje 1976b). The specific activity 
of the dual-labeled disks was determined from individually 
weighed portions of dried, pulverized leaves, which were 
added to 3.5% Cab-o-sil (Cabot Corp.) in ACS scintillation 
cocktail (Amersham) and counted by liquid scintillation 
spectrometry (Herscowitz and McKillip 1974), using chan- 
nel 1 (0-300) to count 51Cr and channel 2 (300-670) to 
count 14C. Efficiency determinations (10-15% for 51Cr and 
70-75% for 14C) and quench corrections were made by 
the H-number method of external standardization. Ten 
isopods that had been cultured for 2 weeks on black walnut 
leaf litter which had been amended with fungal cellulase 
were placed in an airtight 125 ml flask containing the dual 
labeled black walnut leaf litter disks. The control flask con- 
tained 10 isopods that had been cultured for 2 weeks on 
black walnut leaf litter which had been amended with heat 
inactivated fungal cellulase. While the isopods were feeding 
on the dual-labeled leaf litter disks, the flasks were periodi- 
cally flushed with air, and the 14CO 2 (along with other 
volatiles) in the exit gas was trapped in phenethylamine- 
methanol (1:1, vol/vol) in ACS for scintillation counting. 
After 3 days of feeding on the dual-labeled leaf disks, the 
isopods were transferred to unlabeled leaf disks for an addi- 
tional 24 hour so that residual labeled material in the gut 
might be voided and collected. At the end of the experiment, 
all fecal pellets and uneaten labeled leaf disks were separate- 
ly dried and pulverized. Weighed portions were added to 
a Cab-o-sil-ACS cocktail for scintillation counting. 
51Cr: 14C ratios were calculated for leaf disks and fecal 
pellets, and assimilation efficiency was determined by the 
procedure of Calow and Fletcher (1972). At the end of 
the experiment, the digestive tracts of the isopods were ho- 
mogenized in BIS-TRIS-PROPANE buffer and assayed for 
activity against microcrystalline cellulose. 

Results 

Isopod and leaf litter carbohy&ases 

The digestive tract of T. rathkei contains enzymes active 
against a variety of substrates representative of major class- 
es of polysaccharides that occur naturally in vascular 
plants, algae, fungi and animals (Table 1). e-Amylose (an 
~-l,4-glucan) is the substrate toward which highest activity 
was observed. Although e-l,4-glucans are a minor constitu- 
ent of dead tissues derived from vascular plants, they are 
a major class of storage polysaccharide in fungi, animals, 
and live vascular plant tissue. Thus, to the extent that fungal 
tissue, invertebrate prey and foliage are included in the diet, 
digestive e-l,4-glucanases are of adaptive value to T. rath- 
kei. 

Considerable enzymatic activity was detected toward 
xylan and carboxymethylcellulose (CMC). Activity toward 
these two substrates is slightly lower (P<0.05) in isopods 

maintained in the laboratory for four weeks on leaf litter 
than in individuals collected directly from natural popula- 
tions. Activity toward larchwood xylan indicates the pres- 
ence of enzymes required to degrade arabino-4-O-methyl- 
glucuronoxylans, which are a major class of hemicelluloses 
present in vascular plants. Activity toward carboxymethyl- 
cellulose indicates the presence of endoglucanases (Cx-cellu- 
lases) which attack soluble degradation products of cellu- 
lose or amorphous regions of the predominantly crystalline 
structure of native cellulose. Activity toward carboxymeth- 
ylcellulose is not necessarily indicative of an ability to digest 
cellulose, however, since the degradation of native cellulose 
requires the synergistic action of a complex of enzymes 
(Ljungdahl and Erikkson 1985). Indeed, enzymatic activity 
toward microcrystalline cellulose was barely detectable in 
the digestive tract fluid of T. rathkei, indicating that these 
animals do not possess a complete cellulase complex. These 
results are compatible with the conclusions of Reyes and 
Tiedje (1976b) that T. rathkei is able to digest hemicellulose 
but not cellulose. 

Extracts of T. rathkei digestive tracts also possess low 
enzymatic activity toward citrus pectin, a methyl esterified 
galacturonan found in plant tissues, and laminarin, a fl-l,3- 
glucan present in algae and fungi. No activity was detected 
toward chitin, a major structural polymer found in fungal 
cell walls and arthropod cuticle. 

In summary, the digestive capabilities of T. rathkei are 
similar to those reported for other terrestrial detritivores 
with omnivorous feeding habits (Nielsen 1962, 1963; Swift 
et al. 1979; Taylor 1982), including related species of terres- 
trial isopods (Paris 1963; Hartenstein 1964; White 1968; 
Edney et al. 1974; Shachak et al. 1976). 

Since the leaf litter on which isopods feed is rich in 
decomposer microorganisms, it is possible that some of the 
enzymatic activity toward plant cell wall polysaccharides 
observed in the digestive tract of T. rathkei might be due 
to ingested microbial enzymes. Indeed, the leaf litter from 
which T. rathkei was collected in this study was found to 
have high levels of xylanase activity (Table 1). Isopods kept 
for four weeks on a microbe-free, enzyme-free diet of rabbit 
chow have a level of xylanase activity significantly lower 
(P < 0.05) than in either isopods collected from natural pop- 
ulations or ones cultured for four weeks on leaf litter in 
the laboratory (Table 1). When isopods maintained on rab- 
bit chow were transferred from the artificial diet to auto- 
claved leaf litter, xylanase activity remained at reduced lev- 
els, demonstrating that the secretion of additional enzymes 
with activity toward xylan is not induced by heat-stable 
components of normal litter. These observations are com- 
patible with the suggestion that isopods might acquire en- 
zymes by ingestion, but they are by no means compelling 
evidence in favor of such a proposal. 

Purification and comparison of  isopod 
and leaf litter xylanases 

When subjected to anion exchange chromatography, 14% 
(75 out of 520 units) of the total activity toward xylan in 
the gut fluid of T. rathkei reared on natural leaf litter eluted 
at 0.67 M NaC1 in a broad protein peak (Table 2). This 
protein peak and the enzyme activity it contained were com- 
pletely absent from the gut fluid extract from isopods reared 
sequentially on a rabbit chow diet and then on autoclaved 
leaf litter. Enzymes present in this fraction are, therefore, 
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Table 1. Enzymatic activity of extracts of Tracheoniscus rathkei digestive tracts and leaf litter toward various polysaccharides. The 
pH of the gut fluid ranged between 6.5 and 7.1 

Source of Extract Enzymatic activity [units per milligram (dry weight) of dissolved solids in extract] ~ 

Amylase Xylanase CMCase Cellulase Pectinase Laminarinase 
Complex 

T. rathkei 

Collected from natural 21.1 +3.4 15.7_+ 1.7" 7.7+_1.0 d* 0.04+_0.02 2.0+_0.6 1.7+0.3 
leaf litter (8) (7) (7) (7) (8) (8) 

Cultured for 4 weeks in the ND b 10.3_+0.5b 2.9+0.5 e ND ND ND 
laboratory on leaf litter (7) (7) 

Cultured for 4 weeks on ND 7.7+0.5 c 2.0___0.3 ef ND ND ND 
rabbit chow (7) (7) 

Cultured for 2 weeks on rabbit ND 8.2_+ 0.6 c 1.6 + 0.3 f ND ND ND 
chow then for 2 weeks on (7) (7) 
autoclaved leaf litter 

Natural leaf litter 3.0-t-0.4 12.0+0.8 4.4+_0.5 0.1 +0.07 2.8-+0.4 6.2-+0.9 
(52) (53) (53) (8) (52) (53) 

o.o(1) o.o0) o.o0) o.o(1) o.o(t) o.o0) Autoclaved leaf litter 

a A unit of activity is the amount of enzyme required to liberate 1 micromole of maltose equivalents per hour under the conditions 
of the assay (37 ~ C, pH 5.5, incubation volume 1.0 ml). Each value is the mean+standard error of the mean for the number of 
replicates in parenthesis 

b ND=no t  determined 
* Values within a column followed by the same letter are not significantly different (P < 0.05, ANOVA) 

Table 2. Summary of the xylanase purification sequences for ex- 
tracts of natural leaf litter and digestive tracts of Tracheoniseus 
rathkei. Each value is the number of units of enzymatic activity 
(as defined in Table 1) contained in the fraction 

Fraction T. rathkei T. rathkei Leaf 
from leaf from rabbit litter 
litter chow and 

autoclaved 
leaf litter 

Crude extract 520 590 300 
Elution from ion exchange 310 470 20 

column by NaC1 up to 
0 .6M 

Elution from ion exchange 75 0 250 
column by 0.6~0.7 M NaC1 

Elufion from chromato- 30 ND ~ 60 
focusing column between 
pH 7 and pH 4 

Elution from chromato- 40 ND 170 
focusing column 
by 1 M NaCl 

ND = not determined 

candidates for acquired microbial  enzymes derived from 
the leaf litter. In suppor t  of  this possibility, we observed 
that  when a leaf  litter extract was subjected to a similar 
separat ion sequence, a large prote in  peak  eluted between 
0.6 and 0.7 M NaC1 which contained 83% (250 out  o f  
300 units) of  the total  xylanase activity of  the original ex- 
tract. 

When  the xylanase fractions from T. rathkei and leaf 
litter eluting between 0.6 and 0.7 M NaC1 from the ion 
exchange column were further f ract ionated on a preparat ive  

chromatofocusing column, only 40% (30 out  of  75 units) 
and 24% (60 out  of  250 units) of  the xylanase activity from 
the isopods and the leaf  litter, respectively, were eluted in 
the p H  range between p H  7 and p H  4. Mos t  o f  the xylanase 
activity (40 out  of  75 units in the T. rathkei prepara t ion  
and 170 out  of  250 units in the leaf  lit ter prepara t ion)  re- 
mained adsorbed to the gel at  p H  4, indicating that  these 
proteins have pI  values less than pH 4. These low-pI xylan- 
ases were eluted from the chromatofocusing column with 
a I M NaC1 solution. The xylanase activity present in this 
low pI  fraction const i tuted 8% (40 out  o f  520 units) of  
the total  xylanase activity in the original extract  derived 
from T. rathkei. 

The low-pI xylanases from the isopods and the leaf litter 
were subjected to H P L C  gel permeat ion chormatography  
as a final purif icat ion step. In both  preparat ions ,  the xylan- 
ase emerged from the column in comparable  fractions as 
a single, symmetrical  protein peak. 

A compar ison  of  the low-pI xylanase fraction from the 
isopod and leaf litter prepara t ions  was made by isoelectric 
focusing and discontinuous,  denaturing-gel  electrophoresis. 
In an analytical  isoelectric focusing gel (nominal  pH range 
of  3-6), the leaf litter and i sopod xylanase fractions focused 
as a single band  at the anodic  end of  the gel (Fig. 1). Unfor-  
tunately, the proximity  to the anode prevented an accurate 
determinat ion of  pI. On an SDS-gradient  gel, the low-pI 
xylanase fractions from leaf litter and T. rathkei digestive 
tract  showed identical pat terns  (Fig. 2), with a major  pro-  
tein band  having an est imated naolecular mass o f  72.8 kilo- 
daltons.  

These comparisons of  leaf litter and isopod enzymes 
show that  at least one xylanase present  in the digestive 
fluids of  T. rathkei reared on natura l  leaf litter is identical 
to a xylanase found in the leaf  lit ter on which the isopods 
feed. This enzyme is absent  from the digestive fluids of  
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Fig. 1. Isofocusing gel of the low-pI xylanase from leaf litter L 
and Tracheoniscus rathkei T. The nominal pH range of the gel 
is 3-6. The pI marker standards S are amyloglucosidase (pI = 3.50) 
and glucose oxidase (!oi = 4.15) 

Table 3. Approximate digestibility of autoclaved leaf litter by Tra- 
eheoniscus rathkei 

Diet immediately prior Approximate digestibility 
to experiment (%)*" 

Four weeks on natural leaf litter 30.7_+ 1.2 
(6) 

Two weeks on rabbit chow 39.0___2.9 
followed by two weeks on (6) 
autoclaved leaf litter 

* Each value is the mean_+ standard error of the mean for the 
number of replicates in parenthesis. Differences between means 
are significant, P<0.05, T-test 

a Duration of experiment was one week 

not  contain  active microbial  enzymes still have high levels 
of  xylanase activity in their gut fluids. Fur thermore ,  most  
of  the xylanase activity in the isopods '  gut fluid (310 out  
of  520 units or  470 out  of  590 units) elutes from the anion 
exchange column in a fraction which contains only a small 
por t ion  o f  the activity extracted from leaf litter (20 out  
of  300 units). 

Assimilation efficiency on natural leaf  litter 

In order  to assess the impor tance  of  the acquired microbial  
xylanase to T. rathkei, we compared  the efficiencies of  as- 
similat ion o f  autoclaved leaf lit ter by animals  reared on 
natura l  leaf litter containing microbial  xylanase and animals 
reared on an enzyme-free diet o f  rabbi t  chow and auto-  
claved litter. Animals  reared on natura l  leaf litter digested 
approximate ly  30% of  the dry mat ter  in their food, while 
animals cultured on an enzyme-free diet digested 39% (Ta- 
ble 3). This result shows that  the acquisi t ion of  microbial  
xylanases by the isopods does not  make  them more  efficient 
at  digesting their natural  food. Apparen t ly  the ingested mi- 
crobial  xylanases are redundant  to the xylanases already 
present  in the gut fluid, and consequently do not  add  to 
the animals '  abil i ty to digest the hemicellulosic component  
of  fiber. 

Fig. 2. SDS-gradient gel of the low-pI xylanase from leaf litter 
L and Tracheoniscus rathkei T, and of selected molecular weight 
standards S. The apparent molecular mass of the major band (indi- 
cated by the carat) is 72.8 kilodaltons 

isopods reared on sterile rabbi t  chow and autoclaved leaf 
litter. These results demonst ra te  that  the isopods can ac- 
quire digestive enzymes by the ingestion of  microbial  en- 
zymes present in their food. 

I t  is also clear from the da ta  in Tables 1 and 2, however, 
that  most  of  the xylanase activity in the gut fluid of  T. 
rathkei is not  due to enzymes acquired from the detr i tal  
food. Animals  mainta ined  for a month  on a diet that  does 

Assimilation efficiency on dual-labeled leaf  litter by animals 
reared on a cellulase-amended diet 

Since the isopods used in this study lacked the full comple-  
ment  of  enzymes that  make  up the cellulase complex, it 
seemed possible that  the ingestion of  microbial  cellulases 
might  enhance their capacity to digest their natura l  food. 
Therefore, we assessed the effect of  ingesting a food that  
contained microbial  cellulases on the efficiency with which 
the animals assimilated p lant  fiber. 

When  a group o f  T. rathkei was al lowed to feed for 
two weeks on black walnut  leaf disks amended with a prep-  
arat ion of  cellulase from Penicillium funiculosum, the di- 
gestive fluids of  the animals acquired a level of  cellulase 
activity comparable  to that  present  on the leaf disks that  
were being used as food (Table 4). Animals  reared on leaf 
disks amended with a heat- inact ivated cellulase prepara t ion  
did not  acquire elevated levels of  cellulase activity. These 
experiments demonst ra te  that  the acquisi t ion of  a cellulo- 
lytic capaci ty  by T. rathkei is possible if their food contains 
the requisite enzymes of  the cellulase complex. 



Table 4. Enzymatic activity toward microcrystalline cellulose of gut 
extracts from isopods fed natural leaf litter and black walnut leaf 
disks amended with Penicilliurn funiculosum cellulase and of ex- 
tracts of natural litter and black walnut leaf disks amended with 
cellulase 

Source of extract Enzymatic activity 
[units per milligram 
(dry weight) of 
dissolved solids 
in extract] a 

T. rathkei 

Collected from natural leaf litter 

Cultured for 2 weeks on leaf disks plus 
cellulase (immediately prior to transfer 
of isopods to dual labeled leaf litter) 

Cultured for 2 weeks on leaf disks 
plus cellulase (four days after transfer 
of isopods to duaI labeled leaf litter) 

Cultured for 2 weeks on leaf disks 
plus heat-inactivated cellulase 

Food 

Natural leaf litter 

Leaf disks plus cellulase 

Leaf disks plus heat-inactivated cellulase 

0.04 + 0.02 
(7) 
1.40_+0.10 
(5) 

0.99 -+ 0.20 
(5) 

0.09 _+ 0.02 
(5) 

0.10-t-0.07 
(8) 

1.31_+0.10 
(5) 

0.0 

" A unit of activity is the amount of enzyme required to liberate 
1 micromole of maltose equivalents per hour under the condi- 
tions of the assay (37 ~ C, pH 5.5, incubation volume 1.0 ml). 
Each value is the mean_+ standard error of the mean for the 
number of replicates in parenthesis 

Table 5. Assimilation efficiency of [ U -  14C]-wheat straw by Tra- 
cheoniscus rathkei 

Diet immediately prior to experiment Assimilation 
efficiency * 

Two weeks on cellulase-amended leaf disks 24.7 • 0.2 
Two weeks on cellulase-free leaf disks 6.4 • 0.1 

* Each value is the mean_+ standard error of the mean for six 
replicate analyses of the 51Cr: x4C ratio in the food and fecal 
material from a single feeding trial. Differences between means 
are significant, P,~ 0.05, T-test 

When fed leaf disks labeled with 51CRC13 (an unassimi- 
lated marker) and 14C-wheat straw, the T. rathkei popula- 
tion reared on cellulase-amended leaves assimilated 24% 
of the carbon in the labeled wheat straw (Table 5), whereas 
the isopods reared on cellulase-free leaves assimilated only 
6% of  the label. Thus, the efficiency of  utilization of  plant 
structural polysaccharides by T. rathkei was significantly 
increased following the ingestion o f  fungal cellulase. 

Discussion 

Ingested microbial enzymes have been shown to play an 
important  role in the digestion of  wood by macrotermitine 
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termites (Abo-Khatwa 1978; Martin and Martin 1978, 
1979), siricid woodwasps (Kukor and Martin 1983), and 
cerambycid beetles (Kukor and Martin 1986). Enzymes 
originating in microbe-rich substrates have also been re- 
ported in a number of  detritus-feeders, but to date there 
has been no compelling demonstration that ingested en- 
zymes make a significant contribution to digestion in any 
of  these species. Our finding that an ingested xylanase is 
stable and active in the alimentary tract of  T. rathkei, but 
that it fails to make a quantitatively significant contribution 
to fiber digestion, emphasizes the need for caution in assign- 
ing an important  digestive function to ingested enzymes 
merely on the basis of  evidence that points to their presence 
in gut fluid. Thus, while it is possible that a C~-cellulase 
present in the alimentary tract of  larvae of  the sciarid fly, 
Triehosia pubescens, may be an ingested microbial enzyme 
(Espinoza-Fuentes et al. 1984), there is no reason to pre- 
sume that it contributes to fiber digestion until it is estab- 
lished that these animals are actually able to digest cellulose. 
In fact, it is quite unlikely that this enzyme would be active 
under the highly alkaline conditions which prevail in the 
midgut of  this species. Hassall and Jennings (1975) make 
a compelling case that a Cx-cellulase in the gut fluid of  
the terrestrial isopod, Philoscia muscorum, is derived from 
the food, but in this species also there is no evidence for 
cellulose digestion, and hence no basis for postulating that 
this ingested enzyme contributes in any way to digestive 
processes occurring in the animal. The amphipod, Gamrnar- 
usfossarum (Bfirlocher 1982), and the stonefly, Pteronarcys 
proteus (Sinsabaugh et al. 1985), are able to digest cellulose, 
and there is evidence that cellulolytic enzymes present in 
the gut fluids of  both species originate from the food. Thus, 
a plausible case can be made that acquired enzymes are 
contributing to cellulose digestion in these species. How- 
ever, until it is demonstrated experimentally that the effi- 
ciency of  cellulose or fiber assimilation is higher in individ- 
uals with acquired enzymes than in ones lacking them, the 
evidence for a significant contribution to cellulose digestion 
by ingested enzymes falls short of  being compelling. Taylor 
(1982) provides convincing evidence that cellulose and 
hemicellulose digestion in the millipedes, Orthoporus orna- 
tus and Comanchelus sp., are mediated by bacterial en- 
zymes, but it seems likely that these are enzymes secreted 
by bacteria already in the gut, not  enzymes acquired from 
the food. 

For  an ingested enzyme to contribute to improved effi- 
ciency of  food utilization by the organism ingesting it, four 
conditions must be met: (1) the enzyme must be stable 
in the gut milieu, (2) the enzyme must be active in the gut 
milieu, (3) the food must contain a substrate on which the 
enzyme can act, and (4) the enzyme must be of  a type 
not produced in significant amounts by the ingesting organ- 
ism or by endosymbionts of  the ingesting organism. In the 
case of  the microbial xylanase ingested by T. rathkei, the 
first three conditions are met, but the fourth is not. The 
ingested xylanase fails to enhance digestive efficiency be- 
cause it is redundant to enzymes already present in the 
gut. By contrast, the T. rathkei used in this study have 
very limited cellulolytic capacity. When a microbial cellu- 
lase is ingested, all four conditions are met, and the effi- 
ciency of  fiber digestion is significantly enhanced. 

Since the cellulase acquired by T. rathkei in this study 
was not one naturally present in the leaf litter on which 
the animals normally feed, we cannot claim to have demon- 
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strated a significant contr ibut ion  to digestion by ingested 
enzymes in a na tura l  popu la t ion  of  a detri t ivore.  However ,  
this s tudy is the first direct demons t ra t ion  that  digestive 
efficiency in a detri t ivore can be enhanced by the ingestion 
of  microbia l  enzymes, and certainly emphasizes the poten-  
tial o f  acquired enzymes to augment  the digestive capabil i-  
ties o f  detri tus-feeding invertebrates.  Fu ture  studies in this 
area must  assess the effect of  acquired enzymes on digestive 
efficiency in detritivores, in addi t ion to merely demonst ra t -  
ing their presence. 
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