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Abstract

Cellulose is the most abundant polymer in nature and
constitutes a large pool of carbon for microorganisms, the
main agents responsible for soil organic matter decom-
position. Cellulolysis occurs as the result of the combined
action of fungi and bacteria with different requirements.
Earthworms influence decomposition indirectly by affect-
ing microbial population structure and dynamics and also
directly because the guts of some species possess cellulo-
lytic activity. Here we assess whether the earthworm
Eisenia fetida (Savigny 1826) digests cellulose directly
(i.e., with its associated gut microbiota) and also whether
the effects of E. fetida on microbial biomass and activity
lead to a change in the equilibrium between fungi and
bacteria. By enhancing fungal communities, E. fetida
would presumably trigger more efficient cellulose de-
composition. To evaluate the role of E. fetida in cellulose
decomposition, we carried out an experiment in which
pig slurry, a microbial-rich substrate, was treated in
small-scale vermireactors with and without earthworms.
The presence of earthworms in vermireactors significant-
ly increased the rate of cellulose decomposition (0.43 and
0.26% cellulose loss day

_1, with and without earthworms,
respectively). However, the direct contribution of E.
fetida to degradation of cellulose was not significant,
although its presence increased microbial biomass (Cmic)
and enzyme activity (cellulase and b-glucosidase). Sur-
prisingly, as fungi may be part of the diet of earthworms,
the activity of E. fetida triggered fungal growth during
vermicomposting. We suggest that this activation is a key
step leading to more intense and efficient cellulolysis
during vermicomposting of organic wastes.

Introduction

Cellulose is the largest component of plant residues that
enters terrestrial ecosystems [31] and therefore represents
a huge source of energy for microorganisms, the main
agents responsible for soil organic matter decomposition
[22]. In nature, cellulolysis occurs as a result of the
combined action of fungi and bacteria with different
substrate requirements that shift their biomasses depend-
ing on what substrate is being metabolized [17, 32]. The
type of microorganisms involved depends on the envi-
ronmental conditions; under aerobic conditions, they are
mainly fungi, actinomycetes, and bacteria, and under
anaerobic conditions, they are almost exclusively bacteria
[25].

Degradation of cellulose in soils is a slow process
that is limited by several factors involving cellulases, such
as concentration, location, and mobility of the enzymes
[38]. Moreover, production of cellulases is regulated by
the speed of accumulation of products [12]. Hemicellu-
lose and lignin content and the degree of crystallinity of
cellulose itself also determine the rate at which cellulose
is metabolized [25]. Decomposition of lignocellulosic
residues is directly mediated by extracellular enzymes
[37]; therefore, analysis of the dynamics involved may
clarify the mechanisms relating the rate of decomposition
with substrate quality and nutrient availability [39].

There is increasing interest in how soil fauna shapes
the composition of microbial communities by microbial
grazing, disturbance, and dispersal, thereby affecting
decomposition and nutrient cycling. Earthworms repre-
sent an important portion of soil invertebrate biomass,
and, in many ecosystems, earthworms are undoubtedly
the key organisms in organic matter decomposition by
modifying soil nutrient and microbial dynamics [7].
Reports of cellulolytic activity in the gut of some species
of earthworms [20, 21, 42, 49], especially in epigeicCorrespondence to: Manuel Aira; E-mail: aira@uvigo.es
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earthworms such as Eisenia fetida [48], indicate their
ability to digest cellulose, although the effects exerted by
earthworms on cellulolysis lie fundamentally in their
interactions with microorganisms. These interactions are
the subject of a certain amount of controversy, mainly
because of the variety of species, substrate, and experi-
mental conditions assayed. It is generally agreed that
microorganisms, especially fungi, are part of the diet of
earthworms [7]; moreover, earthworms have been shown
to graze selectively on fungal species [4, 27]. Although
earthworms can digest fungi and bacteria [36], an
increase in the number of microorganisms during gut
transit has also been reported [9, 19, 36].

Vermicomposting involves the biooxidation and
stabilization of organic matter through the joint action
of earthworms and microorganisms. The transformations
in physicochemical and biochemical properties [6] and
the short time in which they occur make them a suitable
system for studying microbe–earthworm interactions.
The actions of earthworms during vermicomposting
include not only digestion and release of easily assimi-
lable substances, such as mucus for microbiota [3], but
also the transport and dispersal of microorganisms
through casting. Earthworm casts play an important role
in decomposition because they have a different nutrient
and microbiota composition to the material prior to
ingestion [16, 40], which makes possible a better
exploitation of resources because of either the appear-
ance of microbial species in fresh substrate or the pool of
easily assimilable compounds of cast [7].

In the present study, we question how the earth-
worm E. fetida affects cellulose decomposition during
vermicomposting of pig slurry. We test whether this
earthworm species is able to digest cellulose directly (i.e.,
independently of microorganisms of the substrate but
with its associated gut microbiota) and also whether its
effects on microbial biomass and activity lead to changes
in the relationships between fungi and bacteria.

Materials and Methods

Pig Slurry. Fresh pig slurry was obtained from a pig-
breeding farm near the University of Vigo, NW Spain.
Pig slurry was homogenized in a slurry pit, then stored in
sealed plastic containers and kept at 5-C until use. Some
physicochemical characteristics of the pig slurry are
summarized in Table 1.

Vermireactor Setup and Functioning. Vermireactors
comprised modules that were added sequentially. The
modules were made of polyvinyl chloride and resembled
sieves. The external diameter of each was 30 cm with a
height of 4 cm and the mesh size 5 mm, which allowed
mobility of earthworms between modules. Each vermire-
actor was initially composed of one module containing

vermicompost (i.e., a stabilized and nontoxic substrate
that serves as bed for earthworms), in which earthworms
were placed, and another module containing a layer of
fresh pig slurry (3 kg, fresh weight). New modules con-
taining the same amount of fresh pig slurry were added to
all the reactors (with and without earthworms) when the
earthworms feeding activity required (i.e., changes in the
appearance of pig slurry, becoming the coarse fraction,
such as seeds and straw, more evident); this procedure
allowed us, to date, the addition of each module within
the vermireactors.

Experimental Design. We set up a batch of six
vermireactors, three without earthworms (control) and
three containing an initial population of 500 mature
earthworms (E. fetida) each. At the end of the experiment
(i.e., after 36 weeks), the vermireactors comprised 12
modules with an increasing gradient of age, resembling a
soil profile, from upper to lower layers as follows: 2, 4, 7,
8, 11, 18, 21,25, 27, 29, 33, and 36 weeks.

Sampling Method. At sampling time, the
vermireactors were dismantled and the modules isolated
to avoid earthworm escape. The earthworms were then
manually removed from the substrate; we found earth-
worms only in layers of 2, 4, 7, 8, 11, and 18 weeks of age.
To assess the effect of earthworms on decomposition of
pig slurry, we restricted sampling in vermireactors both
with and without earthworms (i.e., treatment and con-
trol) to the modules corresponding to the above-men-
tioned times. Five samples of substrate per module were
taken randomly and gently mixed for biochemical ana-
lyses, i.e., cellulose and hemicellulose content, microbial
biomass C (Cmic), ergosterol content, and b-glucosidase
and cellulose activities.

Analytical Procedures

Cellulose and Hemicellulose Determination. Cellulose and
hemicellulose contents in pig slurry were determined by
detergent fiber methods [11]. Neutral detergent fiber
(NDF), acid detergent fiber (ADF), and acid detergent

Table 1. Physicochemical characteristics of the fresh pig slurry
used

Moisture content (%) 86 T 10
Organic matter content (%) 86 T 10
PH 8.3 T 1.0
Electrical conductivity (mS cm

_2) 0.25 T 0.01
Total nitrogen (mg g

_1 dw) 24 T 2
N–NH4

+ (mg g
_1 dw) 2400 T 100

N–NO3

_
(mg g

_1 dw) 250 T 50
Total carbon (mg g

_1 dw) 455 T 60
Dissolved organic carbon (mg g

_1 dw) 11,100 T 100

dw = dry weight.

M. AIRA ET AL.: EARTHWORMS ACCELERATE CELLULOLYSIS BY ENHANCING FUNGAL GROWTH 739



lignin (ADL) values were determined using the FibreBag
System\ (Gerhardt, Königswinter, Germany). This
system includes a fine porous mesh bag, into which the
dried sample (dw) is weighed (1 g). Sample bags were
placed in a carousel, which was then submerged in a 1-L
glass beaker containing 360 mL of NDF or ADF solution
(it depends on the measurement performed), and the
samples were then boiled for 60 min. The carousel
containing samples was then rinsed several times with
hot water, the bags were dried overnight at 105-C, and
finally incinerated at 500-C for 4 h. For determination of
ADL, the samples were processed in the same way as
above, except that after washing, they were placed in a
glass beaker containing 360 mL of 72% H2SO4 for 3 h;
the carousel containing samples was then rinsed, dried,
and incinerated as described above. The percentage
contents of NDF, ADF, and ADL were calculated taking
into account the weight of the bags, the samples, and the
residues after digestion. Cellulose content was calculated
as the difference between ADF and ADL contents and
expressed as loss of cellulose with respect to initial
cellulose content of pig slurry, 24 T 5 g 100 g

_1 organic
matter; hemicellulose content was calculated as the
difference between NDF and ADF contents and
expressed as g hemicellulose 100 g

_1 organic matter.

Microbial Biomass C. Microbial biomass C (Cmic) was
determined by the chloroform fumigation–extraction
method [43] with field-moist samples (5-g fresh
weight). The filtered extracts (0.5 M K2SO4) of both
fumigated and unfumigated samples were analyzed for
soluble organic C using a Microplate Reader (Bio-Rad
Microplate Reader 550, 590 nm). Cmic was estimated as
the difference between the organic C extracted from the
fumigated and that from the unfumigated sample,
multiplied by the K2SO4 extract efficiency factor for
microbial C (kc = 2.64) [43].

Ergosterol Content. The ergosterol content of pig slurry
was extracted by microwave-assisted extraction (MAE)
and determined by high-performance liquid chro-
matography (HPLC) analysis. All reagents and solvents
used for extraction and chromatography were of analyt-
ical grade. MAE procedure: Samples (500-mg fresh
weight) were placed into 10-mL vials, then 2 mL of
methanol and 0.5 mL of 2 M NaOH were added and the
vials tightly sealed with Teflon-lined screw caps. Three
culture vials were then placed within Teflon PFA\ vessels
and tightly sealed. These vessels were then placed on the
turntable drive stub of a scientific microwave oven (CEM
Corporation MDS-2000), processed at 2450 MHz and
630-W maximum output, and irradiated at medium
power (60% of maximum output power, manufacturer’s
setting) for 20 s three times with 1 min of cooling between
each time. After cooling for approximately 30 min, the

vials were removed from Teflon PSA\ vessels. The con-
tents were neutralized with 1 M HCl and then extracted
with pentane (3 � ca. 2 mL), all within the 10-mL vials.
The combined pentane extracts were evaporated to
dryness under a stream of N2 gas, and then redissolved
with 1 mL of methanol and filtered through a 0.2-mm
syringe filter (MFS) prior to HPLC analysis [47]. HPLC
analysis: Ergosterol from pig slurry extracts was separated
on a 12.5 � 4 mm Hypersil 5 C18 (366349) reverse-phase
column packed with ODS 4 mm and eluted with
methanol/water (95:5, v/v) at a flow rate of 2 mL min

_1.
Ergosterol was detected with a Jasco UV-1570 variable
wavelength detector (Jasco) set at 282 nm. Ergosterol
content was determined by comparing sample peak areas
with those of external standards. Ergosterol was
confirmed by comparing retention times with the
external standard. Ergosterol standard was purchased
from Sigma and redissolved in methanol.

Bacterial/Fungal Ratio. To asses the ratio between the
two main fractions of microbiota of pig slurry (bacteria
and fungi), values of ergosterol content were converted
to fungal C biomass (Cf) using the conversion factor of
5.4 mg ergosterol g

_1 Cmic reported by Klamer and Baath
[18] for compost samples. We calculated the bacterial C
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Figure 1. Earthworm population in vermireactors (n = 3)
at sampling time. Number of earthworms (mean T SE) in each
layer between 2 and 16 weeks of age are shown.
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biomass (Cb) as the difference between overall Cmic and
Cf, and then calculated the bacterial/fungal ratio (Cb/Cf).
Values of this index indicate whether microbial
community is predominantly bacterial (Cb/Cf 9 1),
fungal (0 G Cb/Cf G 1), or if there is an equilibrium
between the two main components of microbiota (Cb/
Cf = 1).

Enzymatic Activities. b-Glucosidase activity was assessed
by determination of the released p-nitrophenol after
incubation of samples (1-g fresh weight) with p-
nitrophenyl glucoside (0.025 M) for 1 h at 37-C in a
Bio-Rad Microplate Reader at 400 nm [8].

Cellulase activity was estimated by determination of
released reducing sugars after incubation of samples (5-g
fresh weight) with carboxymethylcellulose (CMC) sodi-
um salt (0.7%) for 24 h at 50-C in a Bio-Rad Microplate
Reader at 690 nm [35].

Statistical Analysis. Data were analyzed using a split-plot
repeated-measures analysis of variance (ANOVAR) where
single reactors were subjects, earthworm treatment was
fixed as between-subject factor, and week (i.e., each single

module) was fixed as within-subject factor. This model
assumes correlation between treatment levels within a
block, i.e., the modules of each vermireactor [45]. When
sphericity assumptions (Mauchly’s test) could not be met,
we used Huynh–Feldt correction of P whenever values of (
were close to 1 [30]. All statistical analyses were performed
using SPSS 11.5 software.

Results

On sampling the vermireactors after 36 weeks, we found
a mean population of 2800 earthworms per reactor in the
presence of earthworms, i.e., more than a fivefold
increase in the initial population of 500 mature earth-
worms. Earthworms were mainly located in the most
recent layers, with two different groups being distin-
guished (Fig. 1). The first group was composed of 2- and
4-week-old layers, with over 1000 earthworms in each
layer, and the second group included the 7-, 8-, 11-, and
18-week-old layers, with no more than 200 earthworms
per layer. No earthworms were found in the remaining
layers (21, 25, 27, 29, 33, and 36 weeks old).

10 20 30 40 50 60 70

0

5

10

15

20

A
g

e
o

f
la

ye
rs

(w
ee

ks
)

Loss of cellulose (%)

a

15 20 25 30

0

5

10

15

20

A
g

e
o

f
la

ye
rs

(w
ee

ks
)

Hemicellulose content
(g 100 g-1 om)

b

Figure 2. Loss of cellulose (a) and changes in hemicellulose content (b) in layers of vermireactors with (closed squares, n = 3)
and without (open squares, n = 3) E. fetida. The vertical distributions of variable values (mean T SE) are shown on the y-axis,
i.e., corresponding to age of pig slurry layers, between 2 and 18 weeks.
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Loss of cellulose content during decomposition of
pig slurry significantly increased with age of layers in
vermireactors both with and without earthworms
(Fig. 2a). In the vermireactors without earthworms, the
loss of cellulose ranged between 21 T 4 and 28 T 4%, with
a maximum loss of 34 T 2% in the 18-week-old layer.
The presence of earthworms in vermireactors highly
stimulated the loss of cellulose, especially in 7-, 8-, and
11-week-old layers, in which the cellulose losses were
between 40 T 3 and 47 T 7%, with a maximum of 54 T
4% in the 18-week-old layer. Thus, decomposition of
cellulose in vermireactors was significantly affected by
the age of the layers and was significantly faster in
vermireactors with earthworms, as revealed by ANOVAR
(Table 2).

The hemicellulose content of pig slurry decreased
continuously between 2 and 18 weeks, independently of
earthworm presence (Fig. 2b). However, this reduction
was slightly more intense in the presence of earthworms,
with a minimum of 17 T 1 g hemicellulose 100 g

_1

organic matter registered in the 18-week-old layer,
whereas in vermireactors without earthworms, it was
19 T 1 g hemicellulose 100 g

_1 organic matter. Despite
this, hemicellulose degradation was not affected by
earthworm presence or age of layer, as revealed by
ANOVAR (Table 2).

In vermireactors with earthworms, Cmic was signif-
icantly higher in almost all layers than in the vermir-
eactors without earthworms except in the 18-week-old
layer (Fig. 3a). This was particularly evident in 4-, 7-, 8-,
and 11-week-old layers, in which the values of Cmic were
either always or almost always higher than Cmic of initial
pig slurry (19,000 T 2000 mg g

_1 dw). However, after the
maximum of 33,000 T 4000 mg g

_1 dw recorded in the
4-week-old layer, Cmic decreased continuously over time.
In vermireactors without earthworms, the values of Cmic

decreased from a value of 14,000 T 3000 mg g
_1 dw

recorded for the 2-week-old layer to a minimum of 6000 T
4000 mg g

_1 dw (8-week-old layer) with a slight increase
in the two oldest layers (11 and 18 weeks old,
respectively; Fig. 3a). The results of ANOVAR showed
that earthworm presence and age of layers significantly
affected values of Cmic. Specific changes in Cmic in
different layers in the presence of earthworms were
reflected by the high age � earthworm interaction
(Table 2).

Ergosterol content was significantly higher in all
layers in vermireactors with earthworms than in those
layers of vermireactors without earthworms, with a peak
of 75 T 22 mg g

_1 dw in the 4-week-old layer (Fig. 3b). In
subsequent layers, from 7 to 18 weeks old, the values of
ergosterol content decreased with age of the layer, but no
significant effects of age of layers were found (Table 2),
although they were always higher than in the initial fresh
pig slurry (10 T 1 mg g

_1 dw). In vermireactors without T
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earthworms, the ergosterol content was more stable
throughout the layers, with values that ranged between
9 T 1 and 12 T 2 mg g

_1 dw (Fig. 3b). The results of
ANOVAR showed that only earthworm presence affected
the changes in ergosterol content during decomposition
of pig slurry (Table 2).

The bacterial/fungal ratio (Cb/Cf) showed that
during decomposition of pig slurry, the bacterial fraction
predominated in the microbiota, with values of Cb/Cf 9 1
in almost all layers in vermireactors with and without
earthworms (Fig. 3c). In 4- and 11-week-old layers (in
presence and absence of earthworms, respectively), the
Cb/Cf was G1, indicating predominance of fungus
(Fig. 3). Neither earthworm presence nor age of layers
had significant effects on the Cb/Cf index.

Earthworms significantly increased b-glucosidase
activity in comparison with vermireactors without earth-
worms (Fig. 4a). In vermireactors without earthworms,
b-glucosidase activity did not vary as much, with values
remaining between 1200 T 100 and 1400 T 200 mg PNP
g

_1 dw in all layers; these values were twice as high than
those corresponding to fresh pig slurry (500 T 100 mg
PNP g

_1 dw). On the other hand, in vermireactors with
earthworms, values of enzymatic activity ranged between

1800 T 100 and 2100 T 50 mg PNP g
_1 dw in layers

between 4 and 18 weeks old, with a maximum of 2120 T
110 mg PNP g

_1 dw recorded in the 8-week-old layer.
This variation in time resulted in a significant age �
earthworm interaction (Table 2). The results of
ANOVAR showed that earthworm presence and age of
layers affected b-glucosidase activity during decomposi-
tion of pig slurry (Table 2).

Earthworms promoted large increases in cellulase
activity in all layers, except in 2- and 7-week-old layers,
in which enzymatic activities were higher in vermireac-
tors without earthworms; in general, cellulase activity
was almost two times higher in layers from vermireactors
with earthworms than in layers from vermireactors
without earthworms (Fig. 4b). In both types of vermir-
eactors, the values of enzymatic activity were much
higher than in initial fresh pig slurry (4000 T 1000 mg eq.
glucose g

_1 dw). Cellulase activity in layers from
vermireactors without earthworms remained stable, with
values between 50,000 T 7000 and 60,000 T 10,000 mg eq.
glucose g

_1 dw and a maximum of 75,000 T 9000 mg eq.
glucose g

_1 dw in the 7-week-old layer (Fig. 4b). Results
of ANOVAR showed that only earthworm treatment
significantly affected cellulase activity (Table 2).
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Figure 3. Changes in microbial C biomass (a), ergosterol content (b), and Cb/Cf index (c) in layers of vermireactors with E. fetida
(closed squares, n = 3) and without E. fetida (open squares, n = 3). The vertical distributions of variable values (mean T SE),
i.e., corresponding to the age of layers of pig slurry, between 2 and 18 weeks, are shown on the y-axis.
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Discussion

The results of the present experiment indicated that the
presence of E. fetida in vermireactors clearly favored
cellulose degradation. In vermireactors with earthworms,
the rate of cellulolysis was two times higher than in
vermireactors without earthworms, resulting in a 1.5-fold
increase of cellulose loss after 18 weeks. By contrast,
earthworm presence did not affect loss of hemicellulose,
a compound that limits the rate of cellulolysis because it
is implied in the formation of the crystalline structure
[1]. Similar cellulose loss was reported by Vinceslas-Akpa
and Loquet [44] during vermicomposting of pruning
wastes with E. fetida; Scheu [34] also found that the
earthworm Octolasion lacteum increased cellulose miner-
alization by factors of 1.5 and 1.4, respectively, in 6- and
13-year-old fallow soils. Although microbiota is the main
agent responsible for cellulose decomposition, earth-
worms also play an important role, and their contribu-
tion to cellulolysis may be direct through their digestive
processes because cellulose is a part of the diet of
earthworms [13], and a high cellulase activity in the gut
content of E. fetida has been reported [48]. Loss of
cellulose would be accelerated by both density and

feeding activity of E. fetida, unless availability of labile
carbon sources in pig slurry such as dissolved organic
carbon contents of pig slurry (11,100 T 100 mg g

_1 dw), a
factor limiting growth of earthworms [41], favored their
preferential assimilation by earthworms. The present
data would therefore suggest that the direct contribution
of earthworms to cellulose decomposition may be
negligible because the heaviest cellulose loss occurred in
layers with the lowest density of earthworms. Moreover,
it remains unclear which cellulases are produced by the
earthworm and which by the ingested microbiota [24]
that could be stimulated in a digestive system involving
mutualistic symbioses [22].

Earthworms may also contribute indirectly to cellu-
lolysis through their interactions with microorganisms.
Microbial biomass was clearly enhanced in vermireactors
with earthworms, although it is generally assumed that
microorganisms, especially fungi, are an important part
of the earthworm diet [7]. Furthermore, Moody et al.
[27] showed that different earthworm species (Lumbricus
terrestris, Allolobophora longa, and A. chlorotica) prefer-
entially fed on straw-decomposing fungi and rejected
lignin-decomposing fungi. Contrary to expectations,
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Figure 4. Activity of (a) b-glucosidase and (b) cellulase enzymes in layers in vermireactors with E. fetida (closed squares, n = 3)
and without E. fetida (open squares, n = 3). The vertical distributions of variable values (mean T SE), i.e., corresponding to the age
of layers of pig slurry, between 2 and 18 weeks, are shown on the y-axis.
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fungal growth was then stimulated in vermireactors with
earthworms, and the highest fungal growth was observed
in layers containing the highest densities of earthworms.
According to this, Pil and Novakova [29] found that in
Eisenia andrei vermicomposting facilities, the density of
microfungi was higher in earthworm gut and vermicom-
post than in fresh substrate. In fresh manure, fungi are
present as spores [10], and their activation in vermire-
actors containing earthworms may be attributed to
grazing and dispersal of the spores and to physical changes
in structure of substrate, favoring fungal growth. In fact,
earthworms feeding on pig slurry favored concentration of
a coarser fraction of manure such as seeds and fragmented
straw that earthworms cannot ingest. Despite the enhance-
ment in fungal growth, bacteria clearly dominated the
microbiota of pig slurry in vermireactors, independently
of earthworm presence, as shown by the Cb/Cf index.
However, the latter type of data must be interpreted
carefully because the proportion of algae, rotifers, and
particularly protozoa in Cb is not known. Nonetheless,
our data suggest that there was microbial succession
during cellulose decomposition in vermireactors con-
taining earthworms, with an initial stage (first 7 weeks)
during which fungi made an important contribution,
and a later stage when bacteria acted as the principal
decomposers. Such microbial succession is consistent
with the findings of Saito et al. [32], although their
experiments were no longer than 5 weeks, and contrary
to those of Hu and van Bruggen [17] in which bacte-
ria were involved during a first stage before fungi
flourished.

Cellulose can be metabolized by a wide spectrum of
microorganisms, including fungi and many genera of
bacteria such as those belonging to the aerobic order
Actinomycetales and the anaerobic order Clostridiales [25].
Under aerobic conditions, cellulolysis mainly involves
fungi, actinomycetes, and nonfilamentous bacteria, where-
as in anoxic environments, cellulose is almost exclusively
digested by bacteria [23, 25]; moreover, aerobic cellulolysis
implies a greater release of extracellular enzymes than
anaerobic cellulolysis [25]. Pig slurry is predominantly col-
onized by anaerobic or facultative anaerobic bacteria [28,
33, 46, 50], and therefore, anaerobic bacteria should be the
main agents involved in decomposition of cellulose in
vermireactors without earthworms because we did not ob-
serve any significant variations in ergosterol content.
Conversely, in vermireactors containing earthworms,
fungi were the predominant decomposers in the youngest
layers with aerobic bacteria becoming more important as
age of layers increased. Moreover, access to lignin-pro-
tected cellulose as in seeds and straw is restricted to the
hyphae of fungi and actinomycetes [25], although many
cellulolytic actinomycetes cannot metabolize crystalline
cellulose [26]. Nonfilamentous bacteria cannot gain access
to protected cellulose; therefore, activation of fungal growth

in vermireactors containing earthworms may favor bacte-
rial cellulolysis by releasing more accessible cellulolytic
compounds.

We determined the activities of b-glucosidase and
cellulase to monitor directly the functional responses of
the microbiota community in pig slurry to changes
induced by the presence of earthworms; these enzymes
are assumed to be produced by fungi in soils [14, 15].
Both b-glucosidase and cellulase activities appeared to
show a delay related to fungal appearance because their
activities peaked with ergosterol content in the 4-week-
old layer. We therefore think that appearance of the fungi
was necessary to trigger cellulose decomposition in ver-
mireactors containing earthworms; otherwise, cellulolysis
would have been less intense as observed in vermireac-
tors without earthworms. Sinsabaugh and Linkins [39]
proposed a model in which the highest activity of cel-
lulolytic enzyme degradation of lignocellulosic substrates
would occur when at least half of the potentially mine-
ralizable organic matter has been lost. However, we did
not find any relationship between the intense enzymatic
activities recorded across all layers and the loss of both
cellulose and organic matter content (data not shown).
Although these extracellular enzymes can stay active for
some time protected in humic complex [2], our experi-
ment was long enough (18 weeks) to indicate that this
may explain the prevalence of enzymatic activity across
vermireactor layers. In vermireactors containing earth-
worms, the production of enzymes related to cellulose
decomposition appeared to be independent of fungal
populations because the activity of two enzymes remained
high over time, despite a decrease in ergosterol content.
Likewise, the lack of differences in ergosterol content be-
tween fresh pig slurry and aged layers cannot explain the
stable but high activity compared with the initial enzyme
activities in vermireactors without earthworms. Enzyme
production by the bacterial fraction of microbiota could
account for maintenance of the enzymatic activities, but
after an initial increase, microbial biomass decreased with
age of layers to close to initial values. Furthermore, in
vermireactors without earthworms, some of the highest
enzyme activities were recorded in layers with the lowest
microbial biomass. One limiting factor in cellulose
decomposition is accessibility, which is related to hemi-
cellulose concentration [25]. The more reduced the hemi-
cellulose contents, the higher the availability of cellulose to
microorganisms. We recorded a continuous decrease in
hemicellulose content, but there were no differences be-
tween vermireactors with or without earthworms, and
thus, the hypothesis of increased accessibility by earth-
worms should be rejected. Finally, we consider that
enzymatic assays are similar to substrate-induced respi-
ration procedures, where the addition of an assimilable
substrate (C, N, or P) stimulates the rate of microbial res-
piration, and that we may be stimulating and measuring
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an inactive specific cellulose-metabolizing microbiota,
more abundant in vermireactors containing earthworms
[5].
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