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Abstract

This study demonstrates the occurrence of active xylanolytic enzymes in extracts from FEisenia andrei, Bouché 1972. Xylanase
was the most active enzyme (2.06 U g '), followed by acetyl xylan esterase (0.55 U g~!). Lower activities showed B-D-
glucuronidase (0.17 U g~ '), o-L-arabinosidase (0.04 U g~') and B-xylosidase (0.03 U g'). All of the xylanolytic enzymes
displayed higher total activity when the earthworms were fed on a xylan-containing medium. Xylanase, a-L-arabinosidase and
acetyl xylan esterase showed maximal activity at neutral pH. In contrast, B-xylosidase and B-glucuronidase displayed maximal
activity at pH 3.0 and 4.0, respectively. All enzymes displayed a high activity within the physiological temperature range 35 to
40°C. K, and V., values of xylanolytic enzymes were also estimated. Kinetic parameters for xylanase were determined in
extracts of earthworms fed on standard medium (K, =6.91 4 1.120 mg ml™'; V.x=0.0540.002 U mg~'), and in extracts of
earthworms fed on a medium containing xylan (K,=5.60+ 1.070 mg ml™"; Ve =0.12 4 0.006 U mg"). © 1999 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Xylan is the main component of plant hemicellulose
and, after cellulose, the second most abundant renew-
able polysaccharide in nature. It is structurally com-
plex, and its total hydrolysis to xylose is achieved by
the synergistic action of various exo-hydrolases (e.g.
acetyl xylan esterase, a-L-arabinosidase, P-xylosidase,
B-glucuronidase) and an endo-xylanase (Biely, 1985;
Bachmann and McCarthy, 1991). While considerable
effort has been focused on the B-endo-1,4-xylanase
(E.C. 3.2.1.8) and on B-D-xylosidase (E.C. 3.2.1.37),
there is much more limited information about other
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hemicellulases responsible for cleavage of side groups:
a-L-arabinosidase (E.C. 3.2.1.55), B-D-glucuronidase
(E.C. 3.2.1.31) and acetyl xylan esterase (E.C. 3.1.1.6).
However, the lack of just one of these enzymes may
result in the accumulation of oligomeric degradation
products (Puls et al., 1988; Bachmann and McCarthy,
1991).

It has long been assumed that most invertebrates do
not posses the enzymatic complement to digest poly-
saccharides, but now the opposite is often shown for
different groups of soil fauna, enabling us redefine
species’ diets and therefore their ecological function.
Some authors state that some earthworms have poor
degradative enzymatic systems, and others have
described a direct role of earthworms in the decompo-
sition of plant debris, and presume the existence of
their own digestive enzymatic activities. Urbasek and
Pizl (1991) described the presence of active amylase,
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laminarinase, lichenase, cellulase, glucoamylase and
xylanase in the gut of five earthworm species. Since in
their experiments gut walls were washed using toluene,
these enzymes are presumed to be of worm origin.
Zhang et al. (1993) made a systematic study of the glu-
cidic enzymes in a tropical earthworm Pontoscolex cor-
ethrurus concluding that it possesses a weak but quite
complete enzyme system. In vitro cultures of foregut
and midgut wall samples allowed the detection of lami-
narinase, amylase, maltase, N-acetylglucosaminidase,
xylanase, carboxymethylcellulase and galactomanna-
nase in this species. In contrast, they reported the
absence of cellulase and mannanase activities indicat-
ing that this earthworm does rely on microflora to
degrade cellulose and mannan. Similar studies were
carried out by Lattaud et al. (1997a, b) in
Polypheretima elongata and in Millsonia anomala, con-
cluding that, in both species, the glucosidic activities
were higher than those previously found in P. cor-
ethurus. In vitro tissue culture of gut wall demon-
strated that P. elongata can synthesise by itself its
extra and intracellular enzymes (Lattaud et al., 1997a),
whereas M. anomala, as P. corethurus, cannot produce
cellulase and mannanase and uses the digestive enzy-
matic capabilities of the ingested microflora instead
(Lattaud et al., 1997b).

In this study the presence of xylanolytic enzymes in
extracts from Fisenia andrei, and characterisation of
these enzymes in relation to pH, temperature and kin-
etics parameters were investigated. In addition, the in-
fluence of the presence of xylan on the stimulation of
the enzymatic activity, particularly in the case of xyla-
nase, was also studied. These results provide important
information for understanding the role of E. andrei in
vermicomposting of lignocellulosic wastes.

2. Materials and methods
2.1. Preparation of samples

Empty gut adult earthworms (kept 6 h at filter
paper) from our laboratory stock (fed on cow manure
— ST, standard medium — and maintained at room
temperature) were collected, weighed, washed in ice-
cold phosphate 10 mM pH 7.0 buffer, and homogen-
ised (1/5, w/v) under cooling in the same solution
using a Potter—Elvejhem (2 min; 1500 rev min~"). The
homogenates were then centrifuged for 20 min at
12000 x g at 4°C, and the supernatant fractions were
used for biochemical assays.

To determine the effect of xylan on the xylanolytic
activities, earthworms were fed for 30 d on paper-pulp
mill sludge (PMS), a xylan-rich medium (Elvira et al.,
1996). PMS was obtained from ENCE wastewater
plant, a Kraft paper-pulp industry located in

Pontevedra, Spain. The sludge had been amended with
pig slurry according to Elvira et al. (1995).

Samples of fresh PMS and ST were taken, homogen-
ised and centrifuged as those of earthworms for xyla-
nase activity assays.

2.2. Enzyme assays and protein determination

Total enzymatic activity of xylanolytic enzymes was
determined using the supernatant fractions from earth-
worms E. andrei fed on dung (standard medium) and
on paper mill sludge amended with pig slurry.

Xylanase (E.C.3.2.1.8) activity was determined by
the dinitrosalicylic acid method (Miller, 1959), using
soluble birch wood xylan as substrate. One unit of
enzyme (U) was defined as the amount of enzyme that
releases one pmol of reducing sugar (expressed as
xylose equivalents) min~'. A typical assay for B-D-
xylosidase (E.C.3.2.1.37) activity was performed in a
reaction mixture containing 250 ul of 0.1 M citrate
buffer, pH 3.0, 225 pl of 6.5 mM p-nitrophenyl-B-D-
xylopiranoside as substrate and 25 pl of enzymatic
sample. The same procedure was followed for the
assay of a-L-arabinosidase (E.C.3.2.1.55) but using 0.1
M phosphate buffer, pH 6.5 and 5 mM p-nitrophenyl-
a-L-arabinoside and for the assay of B-D-glucuronidase
(E.C.3.2.1.31) using citrate buffer pH 4.0, and 2.0 mM
p-nitrophenyl-glucuronide. Mixtures were incubated at
37°C during 30 min, reactions were stopped by ad-
dition of 500 pl of 0.2 M Na,CO; and the released p-
nitrophenyl detected at 400 nm.

Acetyl xylan esterase (E.C.3.1.1.6) was determined
using 5 mM p-nitrophenyl-acetate dissolved in
dimethyl sulfoxide as substrate, following the method
described by Johnson et al. (1988), with some modifi-
cations. Initially, 100 ul of 0.5 M potassium phosphate
buffer pH 6.5, 20 ul of enzyme solution and distilled
water in a total volume of 900 pl were added to test
tubes. To initiate the reaction, 100 pl of substrate were
added, and after 10 min at 37°C the absorbance at 420
nm was determined. Since p-nitrophenyl-acetate may
suffer nonenzymatic deesterification in alkaline pH
(Lee et al., 1987), in experiments involving acetyl ester-
ase activity, assays other than those in pH dependence
studies were carried out at pH 6.5. One unit (U) of
enzyme was defined as the amount of enzyme which
releases 1 pmol p-nitrophenol min~' under the assay
conditions for each enzymatic activity. Concentration
of p-nitrophenol was calculated in each case from stan-
dard curves obtained under assay conditions.

In every assay, both reagent blank and enzyme con-
trol readings were subtracted from test readings.
Protein concentration was determined according to the
method by Lowry et al. (1951) using bovine serum
albumin as standard.
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Table 1
Total activity (U g~ ! tissue) of xylanolytic enzymes in earthworms fed on cow manure (ST) or on paper-pulp mill sludge® (PMS), a xylan-rich
medium

Earthworms fed on ST/U g~! tissue (mean + S.E.M.)° Earthworms fed on PMS/U g~! tissue (mean + S.E.M.)°
Xylanase® 2.06 £+ 0.154 (100%) 2.73 +£0.135 (133%)

0.55 + 0.037 (100%)
0.17 + 0.008 (100%)
0.04 + 0.003 (100%)
0.03 + 0.005 (100%)

Acetyl xylan esterase®
B-D-glucuronidase®
a-L-arabinosidase®
B-D-xylosidase®

0.97 +0.253 (176%)
0.32+0.023 (188%)
0.06 + 0.001 (150%)
0.07 + 0.005 (233%)

@ Earthworms were fed on paper-pulp mill sludge amended with pig slurry for 35 d.

® Standard error of means. The data are averages of three experiments.

¢ All values in the same row are significantly different (P < 0.01). HSD Tukey’s test.

2.3. Partial characterisation of xylanolytic enzymes

Biochemical characterisation was performed in
extracts of earthworms that were fed on cow manure
(standard medium), unless otherwise specified. The
pH dependence of the enzymes was determined by
replacing the buffer in the standard assay mixtures by
citrate or phosphate buffers at pH 3.0-5.0 and 5.0-
8.0, respectively. After 60 min reaction at 37°C the
activity was measured as described above. Assays to
determine the optimal temperature for each enzyme
were carried out as described before, except that the
reaction was performed at temperatures ranging from
4 to 60°C. In these experiments blanks (without enzy-
matic sample) were maintained under the same con-
ditions as test tubes and wused as controls of
nonenzymatic hydrolysis.

Kinetic studies were performed under standard
assay conditions but varying the concentration of the
specific substrates. Xylanase was assayed using soluble
birch wood xylan at concentrations ranging from 1.6
to 32 mg ml~'. Substrate concentrations for B-pD-xylo-
sidase and B-D-glucuronidase ranged from 0.18 to 4
mM. In the case of a-L-arabinosidase and acetyl xylan
esterase, substrate concentration ranged from 0.34 to 8
mM and 0.1 to 1 mM, respectively. Apparent
Michaelis—Menten constant (K,,) and maximal velocity
(Vmax) values were calculated using the nonlinear re-
gression data analysis programme ‘Ultrafit’ (Biosoft,
Cambridge, UK). Kinetic parameters for xylanase ac-
tivity were also determined in extracts from earth-
worms fed on paper mill sludge amended with pig
slurry.

All data are the means of three independent exper-
iments. Statistical procedures were carried out with
the software packages SPSS for Windows. One-
way ANOVA and HSD Tukey’s test was employed
to identify significant differences in the total activity
of xylanolytic enzymes in earthworms fed on standard
medium or fed on paper-pulp mill sludge.

3. Results

3.1. Activity of xylanolytic enzymes in E. andrei

The values of total enzymatic activity, measured as
U g ! of tissue, are shown in Table 1. Xylanase dis-
played the highest total activity. Total acetyl esterase
activity was found to be 0.55 U g~'. B-glucuronidase,
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Fig. 1. Effect of pH on xylanolytic enzymes. (a) xylanase; (b) B-D-
xylosidase; (c) B-D-glucuronidase; (d) ao-L-arabinosidase; (e) acetyl
xylan esterase. The data are averages of three independent exper-
iments.
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Fig. 2. Effect of temperature on xylanolytic enzymes. (a) xylanase;
(b) B-p-xylosidase; (c) B-D-glucuronidase; (d) a-L-arabinosidase; (e)
acetyl xylan esterase. The data are averages of three independent ex-
periments.

a-arabinosidase and B-xylosidase showed lower activi-
ties (ranged from 0.03 to 0.17 U g~"). In the presence
of xylan containing medium, a statistically significant
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increase (P < 0.01) was observed: In the case of xyla-
nase activity, the increase was 33%, while a-L-arabino-
sidase activity was enhanced by 50%. An increase of
more than 75% was observed for B-D-xylosidase, B-D-
glucuronidase and acetyl xylan esterase.

Total xylanase activity (U g~' dry weight) was 10-
fold greater in extracts of earthworms fed on PMS
than in the PMS, and 180-fold in earthworms fed on
cow manure than in this standard medium.

3.2. Effect of pH on xylanolytic enzymes

The effect of pH on xylanolytic enzymes from earth-
worms fed on standard medium is shown in Fig. 1.
Xylanase showed a wide pH activity curve with a
maximum at 6.5 and activities higher than 70% at pH
values between 4.0 and 8.0 (Fig. la). B-D-xylosidase
and B-D-glucuronidase had acidic optimum pH of 3.0
and 4.0, respectively (Fig. 1b,c). In contrast, o-L-arabi-
nosidase showed a maximum in a neutral range of pH
between 6.0 and 7.0 (Fig. 1d) and acetyl xylan esterase
displayed the highest activity at pH 8.0 (Fig. le). The
extracts of earthworms fed on PMS and ST showed
the same (P > 0.05) optimum pH for each enzyme.

3.3. Effect of temperature on xylanolytic enzymes

All the enzymes described here displayed a high ac-
tivity in the range 35-40°C. Xylanase showed its high-
est activity at 37°C but remained active over a wide
range of temperatures from 4 to 60°C (Fig. 2a). In
contrast, glycosidase enzymes showed narrower ranges
of activity: B-xylosidase showed optimal temperature
at 45°C (Fig. 2b); B-D-glucuronidase at 50°C (Fig. 2c),
whereas a-L-arabinosidase showed the highest activity
between 37 and 45°C (Fig. 2d). Acetyl xylan esterase
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Fig. 3. Michaelis—Menten curves and Lineawever—Burk plots of xylanase activity using soluble xylan as substrate. (e) extracts from earthworms
fed on cow manure; (+) extracts from earthworms fed on paper-pulp mill sludge. The data are averages of three independent experiments.
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showed a temperature curve with a maximum at 50°C
and retained more than 75% of the activity at tem-
peratures between 30 and 60°C (Fig. 2e).

3.4. Kinetic studies

In the extracts of earthworms fed on standard med-
ium, the apparent K, values calculated from
Lineweaver—Burk plots and expressed as
mean + S.EM. (n = 3), were 1.24 +0.150 mM for B-
D-xylosidase, 0.49 +0.117 mM for B-D-glucuronidase,
0.84+0.174 mM for o-L-arabinosidase and
0.36 +0.092 mM for acetyl xylan esterase. V.. values
were 0.003 +0.0001 U mg™"' in the case of B-D-xylosi-
dase and o-L-arabinosidase, 0.013 + 0.0010 U mg*l for
B-D-glucuronidase and 0.190 +0.0190 U mg~' for
acetyl esterase.

Kinetic studies of xylanase activity were performed
on extracts from earthworms fed either on dung or on
paper-pulp mill sludge amended with pig slurry.
Michaelis—Menten curves and Lineweaver—Burk plots
are represented in Fig. 3. The apparent K, values were
6.91 +1.120 mg ml™" in the case of the control earth-
worms, and 5.60 +1.070 mg ml™" in the case of the
earthworms fed on paper mill sludge. The estimated
Vimax i control extracts was 0.05+0.002 U mg~ ',
whereas in the case of extracts from earthworms fed
on paper-pulp medium it was much higher
(0.12+0.006 U mg™"; P < 0.01).

4. Discussion

A considerable amount of xylan is released from
wood during pulp processing, and this waste may
cause ecological problems (Vyas et al., 1990). On an
industrial scale, the pulp mill sludge is usually pro-
cessed by destructive methods such as incineration and
land filling practices, involving the loss of a profitable
resource (Tirsch, 1990). An alternative management
practice could be the transformation of the sludge by
vermicomposting (Elvira et al., 1995, 1996b, 1997).

We have demonstrated the presence of the xylanoly-
tic enzymes Xxylanase, B-D-xylosidase, B-D-glucuroni-
dase, a-L-arabinosidase and acetyl xylan esterase in
extracts from the earthworm E. andrei. As others
(Urbasek and Chalupsky, 1991; Sustr and Chalupsky,
1996), we assume that the enzyme activity measured in
a homogenate of whole earthworm body is a measure
of digestive activity in vivo. Thus, despite their origin
(e.g. gut wall cells, digestive glands as well as gut-wall-
associated microflora), the occurrence of active xylano-
lytic enzymes in extracts of E. andrei indicates that
xylan is degraded in their gut and earthworm activity
contributes to breakdown hemicellulose.

The determination of total enzymatic activity,

measured as U g~' of tissue, showed that the enzyme

xylanase was the most active, followed by acetyl xylan
esterase and B-D-glucuronidase, whereas o-L-arabinosi-
dase and B-xylosidase displayed lower total activity. In
all of the cases, an increase of the total enzymatic ac-
tivity was detected when xylan was present in the cul-
ture medium. The increase in the enzyme activities
could be simply attributed to the proliferation of gut-
associated microorganisms, or possibly to the induc-
tion of the synthesis or the secretion of the enzymes as
described by Biely (1985) for xylanolyitc enzymes in
noncellulolytic bacteria and yeasts. Recently, De
Groot et al. (1998) observed that endo-1,4-B-xylanase
from a fungus species (Agaricus bisporus) was
expressed at a high activity when colonies were trans-
ferred from glucose to xylan containing medium.
However, transfer from glucose to compost yiclded a
much stronger and constant induction, suggesting that
the gene is induced by compost-specific factors rather
than by the substrates they act upon.

Our studies, using soluble xylan as substrate, indi-
cated that xylanase showed maximal activity at pH 6.5
and retained 90-95% of the activity in the pH range
5.0-7.0. Urbasek and Pizl (1991), studying xylanase ac-
tivity in extracts from five different earthworm species,
reported the optimal pH to be 7.0-7.5. Xylan esterase
and o-L-arabinosidase also showed optimal activity at
pH 6.0-7.0. In contrast, B-xylosidase and B-glucuroni-
dase displayed activity only at acidic pH values.

The xylanolytic activities in extracts of earthworms
fed on standard medium (without xylan) displayed
typical Michaelis—Menten curves. Previous studies of
xylanase showed a high disparity of K, and V.
values; probably due to the different origin of the sub-
strates used in the in vitro assays. Using birch wood
xylan the K, value in E. andrei (6.91 + 1.120 mg ml™")
is comparable to that described in Penicillium chryso-
genum using the same substrate (4.2 mg ml~') (Haas et
al., 1992). According to our data, in homogenates of
earthworm fed on standard medium xylanase displayed
a Viax of 0.05 U mg~". Deleporte and Charrier (1996)
reported that larvae of two forest sciarid species,
Bradysia confinis and Plastociara falcifera, were able to
degrade xylan, showing in homogenates a specific ac-
tivity of 0.067 and 0.3 U mg~', respectively.

There is very little reported information about the
kinetic parameters of the a-L-arabinosidase and B-glu-
curonidase xylanolytic enzymes. Dekker (1983)
reported a K, of 1.02 mM for Trichoderma reesei f3-
xylosidase, slightly lower than that obtained here for
E. andrei with the same substrate (1.24 mM).

The kinetic parameters for xylanase were also deter-
mined in extracts of earthworms fed in xylan contain-
ing medium, since P-xylanase is considered the key
enzyme of the complex that initiates the hydrolysis of
xylan to oligosaccharides (Haas et al., 1992). In the
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presence of xylan, an increase in the substrate affinity
(and thus a lower K,) as well as a higher rate of sub-
strate hydrolysis (higher V,,..) were observed. The lat-
ter could be explained as a higher concentration of
enzymatic protein present in earthworms fed on xylan.

The occurrence of active xylanolytic enzymes in
extracts from E. andrei together with the observation
that these activities are higher when earthworms were
fed on paper mill sludge, give us confidence on the uti-
lity of vermicomposting in the management of wastes
from the paper industry and point out E. andrei as an
interesting promotor in the degradation of hemicellu-
lose.
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