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Sewage sludge iswidely used as an organic soil amendment to improve soil fertility.We investigated the effects
of sewage sludge (SS) application on certain biological parameters of Eucalyptus globulus Labill. The plant was
either uninoculated or inoculated with saprobe fungi (Coriolopsis rigida and Trichoderma harzianum) or
arbuscular mycorrhizal (AM) fungi (Glomus deserticola and Gigaspora rosea). Sewage sludgewas applied to the
surface of experimental plots at rates of 0, 2, 4, 6 and 8 g 100 g−1 of soil. Inoculationwith both AM and saprobe
fungi in the presence of SS was essential for the promotion of plant growth. The AM, saprobe fungi and SS
significantly increased dry shoot weight. The AM fungi induced a significant increase in Fluorescein diacetate
(FDA) activity but did not increase β-glucosidase activity. Addition of SS to AM-inoculated soil did not affect
either FDA or α-glucosidase activities in plants from soil that was either uninoculated or inoculated with the
saprobe fungi. SS increasedβ-glucosidase activitywhen itwas applied at 4 g 100 g−1. SS negatively affected AM
colonization as well as the mycelium SDH activity for both mycorrhizal fungi. SS increased Eucalyptus shoot
biomass and enhanced its nutrient status. Inoculation of the soil with G. deserticola stimulated significant
E. globulus growth and increases in shoot tissue content of N, P, K, Ca, Mg and Fe. Dual inoculation with
G. deserticola and either of the saprobe fungi had positive effects onK, Ca,Mg and Fe contents. The application of
8 g 100 g−1 of SS had no positive effects on plant nutrition. The experimental setup provided a suitable tool for
evaluating SS in combination with saprobe and AM fungi as a biological fertiliser for its beneficial effects on
E. globulus plant growth.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The land application of sewage sludge is considered beneficial, as
the mineral and organic constituents of the sludge can be utilized to
improve soil fertility and biological parameters, as well as plant
nutrition. Sewage sludge is a product of wastewater treatment that
has the potential to enhance soil productivity, as it contains high levels
of organic matter and nutrients. It can be used agriculturally as a
fertiliser and soil conditioner (Banerjee et al., 1997). However, sludge
application on agricultural land may introduce potential contami-
nants, such as heavy metals. Several authors have demonstrated that
organic amendments (i.e., biosolids) can contribute to the rehabilita-
tion of mineral sand mines (Rate et al., 2004) and the application to
land offers an environmentally acceptable and agronomically favour-
able means of waste disposal (Oudeh et al., 2002). In addition, the
application of biosolids can restore the local ecosystem and improve
soil structure and fertility (Mata-González et al., 2002). However,
56 45 325634.
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changes in the structure of the soil microbial community in response
to its application are not well known (Sullivan et al., 2006). In fact,
many studies have demonstrated varied responses of such microbial
communities to biosolids (Barbarick et al., 2004; García-Gil et al.,
2004).

Soil microorganisms are important, because they produce plant
growth-stimulating substances such as hormones and vitamins
(Shetty et al., 1994). The arbuscular mycorrhizal (AM) fungi are an
important component of the soil microbial biomass. These fungi are
obligate symbiotic soil fungi that colonize the roots of the majority of
terrestrial plants (Smith and Read, 1997) and establish a mutualistic
symbiotic relationship through the bidirectional transfer of nutrients
between the symbionts. The plant reaps the benefits of enhanced
phosphorus, water and mineral nutrient uptake (Smith and Read,
1997), which often results in better growth. AM fungi-colonized
plants also show an enhanced resistance against several biotic and
abiotic factors (Arriagada et al., 2004). The addition of two AM fungi
(Glomus intraradices Schenck & Smith and G. deserticola Trappe, Bloss
& Menge) and composted sewage sludge to soil has been shown to
improve the growth of Juniperus oxycedrus L. as well as the N and P
contents in its shoot tissues (Alguacil et al., 2006). On the other hand,
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Table 1
Chemical characteristics of sewage sludge and soil sample.

Sewage sludge Soil sample

Organic matter % 53.4 24.4
EC dS m−1 3.8 –

pH H2O 7.05 5.47
C % – 14.38
Total P mg kg−1 – 1480
Olsen-P mg kg−1 1298 8.60
Available-K mg kg−1 3101 421
Available-S mg kg−1 370.04 –

N (Kjeldhal) g kg−1 39.4 0.0248
Ca exchange cmol kg−1 79.41 30.93
Na exchange cmol kg−1 1.31 0.23
Mg exchange cmol kg−1 6.5 5.91
K exchange cmol kg−1 7.95 1.02
Al exchange cmol kg−1 0.02 0.03
Cationic exchange capacity cmol kg−1 95.19 38.2
Al-saturating % 0.02 0.07
Al extractable mg kg−1 90.0 1778
Fe mg kg−1 298.3 47.2
Cu mg kg−1 749.2 3.1
Zn mg kg−1 838.5 2.8
Cd mg kg−1 2.91 –

Pb mg kg−1 61.3 –

Ni mg kg−1 28.7 –

Hg mg kg−1 1.04 –

EC: Electrical conductivity; C: Carbon.
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soil microorganisms are known to influence the development of
mycorrhizal symbiosis (Arriagada et al., 2004). The saprobe fungi are
important and common components of the rhizosphere. These fungi
obtain a greater nutritional benefit when living roots release organic
and inorganic compounds with sloughed cells (Dix and Webster,
1995). They use lignin and cellulose (Madrid et al., 1996) and some are
able to produce substances that promote the growth of microorgan-
isms, such as the AM fungi, that are beneficial to the local plant life
(Fracchia et al., 2000).

The analysis of some biological parameters can give more complete
information on the manner in which agricultural practices affect soil
quality and health (Avidano et al., 2005). Importantly, soil microorgan-
isms are able to respond immediately to environmental changes and are
therefore more efficient indicators of soil quality and health than
physical and chemical parameters (Avidano et al., 2005; Benedetti and
Dilly, 2006). Research shows that fluorescein diacetate (3′,6′-diacetyl
fluorescein or FDA) hydrolysis and β-glucosidase are good indicators of
soil biogeochemical processes. FDA can behydrolysed bymanyenzymes
(lipases, proteases and esterases) and organisms. Several authors have
used FDA hydrolysis to estimatemicrobial activities in soil (Bandick and
Dick 1999). The glucosidases and their hydrolysis products (e.g., low
molecular weight sugars) are important sources of energy for soil
microorganisms. β-glucosidase plays a role in the C cycle, as it is
positively related to total soil carbon and closely associated with the
microbial biomass (Medina et al., 2006).

We hypothesised that the sewage sludge application to soil would
increase the plant growth and that this would be more pronounced in
combination with AM fungi and saprobe fungi inoculation (both
individually and combined) and these treatments would influence on
biological parameters related to soil microbial activity.

2. Materials and methods

2.1. Soil and sewage sludge

The sewage sludge was collected from a municipal wastewater
plant in Vilcún (Araucania Region, Southern Chile) and stored at 4 °C
until it was needed. The wastewater plant produces sewage sludge
aerobically digested with 81% moisture content. The heavy metal
content of the sludge was below the limits established by Chilean
legislation for sludge application on soil. Samples were collected from
the top 20 cm of the soil in an area classified as having Andisol
(Acrudoxic Hapludands) soil, which is moderately acidic (pH 5.47)
with good drainage and water infiltration.

The pH of soil samples was determined in a 1:2.5 (v/v) suspension
of soil in H2O. For the sludge the pH of samples was determined in a
1:5 (v/v) suspension of sludge and also in H2O. Electrical conductivity
wasmeasured on samples that were mixed with water at a ratio of 1:5
(sample:water) and shaken for 30 min. Standard methods (Dane and
Topp, 2002) were used to determine the principal properties of the
soil and sewage sludge samples; each sample was analysed in
triplicate. The total organic C content was determined using
dichromate oxidation followed by titration with ferrous ammonium
sulphate. Total N content was obtained using the Kjeldahl method.
Olsen-P was measured using the Olsen P test, in which inorganic P is
extracted from soil with 0.5 M NaHCO3 at pH 8.5 (Olsen and Sommers,
1982); total P was determined using the alkaline oxidation method of
Dick and Tabatabai (1977). Available K, Al, Fe and total contents of
metals were determined as described by Mingorance (2002). The
mean values measured in sewage sludge and soil samples are listed in
Table 1.

2.2. Plant species

After surface sterilisation and a thorough rinse with sterilised
water, Eucalyptus globulus Labill. seeds were sown inmoistened sand.
After germination, uniform seedlings were planted in 0.3 L pots filled
with a 1:4 mixture of sterilised sand and soil. Plants were grown in a
greenhouse with supplementary light provided by Sylvania incan-
descent and cool-white lamps (400 Em− 2 s− 1; 400–700 nm) with a
16/8 h day/night cycle at 25/19 °C and 50% relative humidity.

2.3. Arbuscular mycorrhizal inoculation

For the experiments, we used the mycorrhizal fungi Glomus
deserticola (Trappe, Bloss. and Menge) and Gigaspora rosea Nicol. and
Schenck from the International Bank for Glomeromycota (BEG 9). The
AM fungal inoculum was prepared with a root and soil mixture con-
sisting of 8 g rhizosphere soil containing spores and colonized root
fragments ofMedicago sativa L. per pot; amountswere predetermined to
achieve high levels of root colonization. Uninoculated pots contained
common soil microflora but were free of AM fungal propagules; they
received a water filtrate as a control (Whatman No. 1 paper).

2.4. Saprobe fungi

Two saprobe fungi were used, Coriolopsis rigida (Berk. Et Mont.)
Murrill and Trichoderma harzianum Rifai (obtained from the fungal
collection of the Laboratorio de Biorremediación, Facultad de Ciencias
Agropecuarias y Forestales (Universidad de La Frontera, Chile). The
strains were stored on Malt Extract Agar (MEA) plates at 4 °C and
periodically sub-cultured. To prepare inocula, barley seeds were
inoculated with a 1 cm2 disk of MEA withdrawn from 14 day-old
fungal cultures grown at 28 °C. Ten barley seeds colonized by the
mycelium of the fungi were added to the soil in each pot.

2.5. Experimental design

The treatments consisted of: (1) Uninoculated controls (2) soil in-
oculated with C. rigida or T. harzianum with or without sewage sludge
(3) soil inoculatedwithG. deserticola or G. roseawith or without sewage
sludge and (4) soil inoculated with C. rigida or T. harzianum with or
without G. deserticola or G. rosea and with or without sewage sludge.
The plants were inoculatedwith AM and saprobe fungi when theywere
transplanted (after 4 weeks of growth). There was one seedling per pot
and ten pots per treatment. Sewage sludge was applied to Eucalyptus



Table 2
Significance of the main treatment effects and their interactions based on factorial
ANOVA.

F-values

AM SS SF AM⁎SS AM⁎SF SS⁎SF AM⁎SS⁎SF

Shoot dry
weight

48.16 ⁎⁎ 373.7 ⁎⁎ 1.47 ⁎⁎ 12.23⁎ 6.96 ⁎⁎ 1.58⁎ 6.37⁎⁎

Root dry
weight

29.57 n.s. 261.3 n.s. 1.41⁎⁎ 8.31 n.s. 5.31 n.s. 1.03⁎ 3.52⁎

FDA 19.31⁎⁎ 141.59 n.s. 0.78 n.s. 6.47 n.s. 14.21⁎ 0.47 n.s. 4.26⁎
β-glucosidase 26.71 n.s. 126.38 n.s. 1.09 n.s. 6.18 n.s. 7.25 n.s. 0.61 n.s. 5.94⁎

AM: Arbuscular mycorrhiza; SS: Sewage sludge; SF: Saprobe fungi.
ns = not significant.
⁎Pb95%.
⁎⁎Pb99%.
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pots at concentrations of 0, 2, 4, 6 and 8 g per 100 g−1 of soil. The dry
biomass and nutrient concentrations of the shoots and roots were
determined after 16 weeks. For nutrient analysis, plant material was
ground to pass through a 0.5 mm screen and digested in a H2SO4–H2O2

mixture. The N and P contents in the digest were determined as
described by Jackson (1973). The potassium (K), magnesium (Mg),
calcium (Ca), iron (Fe) and manganese (Mn) contents in the Eucalyptus
plant shoots were determined as described by Mingorance (2002).

After the harvest, two fresh root samples were randomly taken
from the entire root system. One of the two samples was used to
determine the percentage of root colonized by AM fungi using the
gridline intersect method (Giovannetti and Mosse, 1980) after the
sample had been cleared and stained with trypan blue (Phillips and
Hayman, 1970). The second sample was used to measure succinate
dehydrogenase (EC 1.3.99.1) (SDH) activity in fungal mycelia through
the reduction of tetrazolium salts at the expense of added succinate
(MacDonald and Lewis, 1978); the percentage of AM fungal mycelia
with SDH activity was determined under a compound microscope
(Ocampo and Barea, 1985).

The soil samples were collected at the organic layer (fermentation
and humic material) and the mineral horizon (0–20 cm depth) by
using a 20 cm long tube sampler. The samples were brought to the
laboratory and sieved (2 mm) to eliminate visible leaves, branches
and roots. Field-moistened soil samples were kept at 4 °C in plastic
containers until they were analysed.

2.6. Biochemical determinations

The activity of fluorescein diacetate (FDA) was assessed as described
byAdamandDuncan (2001) and expressed as µgfluorescein released per
g dry soil (μg g−1). β-glucosidase activity was determined by measuring
p-nitrophenol released from p-nitrophenyl-beta-D-glucopyranoside,
according to the method of Eivazi and Tabatabai (1990). One unit of
enzyme activity was defined as 1 µmol of product released per min (IU).
The average and standard deviations of the enzymatic activities from
triplicate cultures are reported.

2.7. Statistical analysis

The results were arcsine transformed before statistical analysis.
The data were analysed using factorial design analysis of variance
with AM fungi treatment (Control, G. deserticola and G. rosea), saprobe
fungi treatment (Control, C. rigida and T. harzianum), sewage sludge
treatment (0, 2, 4, 6 and 8 g per 100 g−1 of soil) and their inter-
actions as sources of variation. Statistical procedures were carried
out with the SPSS software, version 11.0 (SPSS Inc., 1989–2001). Sta-
tistical significance was determined at Pb95%. Data sets were tested
for normality and equal variance (Kolmogorov Smirnov and Cochran's
C test, respectively) and a log transformation was applied when sig-
nificant departures from normality were found.

3. Results

The statistical results obtained in the experiment are depicted in
Table 2. Soil inoculation with AM and saprobe fungi and the addition
of sewage sludge was essential for the promotion of plant growth.
Each factor tested (arbuscular mycorrhiza, saprobe fungi and sewage
sludge), as well as their interactions, induced significant increases in
shoot dry weight.

Soil amendment with sewage sludge increased Eucalyptus shoot
biomass at the different doses tested, but sludge applicationwas more
effective at increasing plant growth when plants were inoculated with
either of the AM fungi (Fig. 1). Compared to G. rosea, Eucalyptus shoot
biomass was significantly higher after inoculation with G. deserticola.
Inoculation with C. rigida and T. harzianum also increased shoot
biomass; the biomass increase was not affected by treatment with
sewage sludge at 4 g 100 g−1 soil. Co-inoculation with either of the
saprobe fungi and G. deserticola in addition to sewage sludge
treatment was highly effective at increasing plant growth. In contrast,
the fungus G. rosea had a smaller effect on plant growth in the pres-
ence of the saprobe fungi and sewage sludge (Fig. 1).

Eucalyptus dry root weight increased in soil amended with bio-
solids by up to 6 g 100 g−1 soil, whether inoculated or not with
G. deserticola. Therefore, plant inoculation with G. rosea clearly has no
effect on the dry root weight (Fig. 2). In general, C. rigida decreased
the Eucalyptus root biomass. In contrast, T. harzianum increased the
dry root weight of plants in soil without biosolids or with 2 and 4 g
biosolids 100 g−1 soil. Eucalyptus plants reached the greatest levels
of root growth in response to dual treatment with G. deserticola
and saprobe fungi in the presence of sewage sludge. However, G. rosea
inoculation of plants already inoculated with either C. rigida or
T. harzianum either had no stimulating effect or in some cases, de-
creased the dry root weight in the presence or absence of sewage
sludge.

In all groups, soil treatment with sewage sludge decreased the
percentage of AM root colonization (Fig. 3). Without sludge treatment,
inoculation with C. rigida did not affect AM root colonization.

Treatment with sewage sludge decreased the percentage of AM
myceliumwithSDHactivity forbothmycorrhizal fungi (Fig. 4). Plantswith
non-amended soil that were incubated with both AM (G. deserticola or
G. rosea) and saprobe fungi (C. rigida or T. harzianum) showed less SDH
activity than controls. However, SDH activity was promoted in the
presence of several concentrations of sewage sludge when Eucalyptus
plants were grown in soil inoculated with G. deserticola and either of the
saprobe fungi, C. rigida or T. harzianum. C. rigida had a greater effect than
T. harzianum on SDH activity.

Soil inoculation with either of the AM fungi increased FDA activity,
but this effect wasmore evident in treatmentwith either of the saprobe
fungi, C. rigida or T. harzianum (Fig. 5). Sewage sludge soil application
did not affect FDA hydrolysis in Eucalyptus plants grown in either
saprobe-inoculated or uninoculated soils. In contrast, co-inoculation
with AM and saprobe fungi in the presence of sewage sludge decreased
FDA activity.

The presence of 4 g sludge per 100 g−1 soil increased β-glucosidase
activity in the rhizosphere of the Eucalyptus plant (Fig. 6). Inoculation
with the AM fungi did not increase the β-glucosidase activity.
However, the two saprobe fungi had different effects; T. harzianum
had no effect on β-glucosidase activity, while C. rigida had a positive
effect. In the presence of 2 g sludge per 100 g−1 soil, co-inoculation
of the soil withG. deserticola and C. rigida induced the greatest increase
inβ-glucosidase activity; co-inoculation ofG. deserticola and T. harzianum
in the presence of sewage sludge at a concentration of 4 g sludge per
100 g−1 soil had a similar effect.

The concentrations of the main nutrients in the biomass compo-
nents are shown in Table S1 (see supplementary data). Treatment
with the AM fungi, saprobe fungi and/or sewage sludge differentially



Fig. 2. Root dry weight (mg/plant) of Eucalyptus globulus inoculated with the AM fungi
Glomus deserticola and Gigaspora rosea and the saprobe fungi Coriolopsis rigida and Tricho-
derma harzianum in soil amended with sewage sludge. The data are the means±standard
errors of means (n=10).

Fig. 1. Shoot dry weight (mg/plant) of Eucalyptus globulus inoculated with the AM fungi
Glomus deserticola and Gigaspora rosea and the saprobe fungi Coriolopsis rigida and
Trichoderma harzianum in soil amended with sewage sludge. The data are the means±
standard errors of means (n=10).
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affected the plant nutrient content. Compared to uninoculated plants,
the AM fungus G. deserticola induced a significant increase in the N, P,
K, Ca,Mg and Fe contents of the plant tissues. Co-inoculation of the soil
with G. deserticola and C. rigida significantly increased the plant
nitrogen content. In this case, the application of sewage sludge slightly
increased the N content, although not to levels that were significantly
greater than the control. The P, K, Ca,Mg and Fe contentswere higher in
plants inoculated with G. deserticola. Either of the saprobe fungi alone
did not affect the P, K, Ca and Mg contents, but the P, K, Ca and Fe
contents were significantly higher when the plants were inoculated
with G. deserticola and either C. rigida or T. versicolor; the effect was the
same, in the presence of sewage sludge. Co-inoculation with G.
deserticola and either C. rigida or T. versicolor significantly increased
iron content; sewage sludge application at 6 g 100 g−1 soil did not
abrogate this effect. Compared to control plants, the application of 8 g
100 g−1 of sewage sludge did not decrease the plant nutrient contents.
4. Discussion

4.1. Plant growth

AM, saprobe fungi and sewage sludge were investigated for pos-
sible beneficial effects on the growth of Eucalyptus plants. In general,
the results confirm those of previously-published studies that have
investigated the growth response of plants to organic soil amend-
ments (Muthukumar and Udaiyan, 2000). The increases in plant
growth may be due to a higher net mineralization of adequate
nutrients (Antolin et al., 2005) and in particular, the mineralization
of nitrogen from this sewage sludge (Khan and Scullion, 2000). In
general, the application of sewage sludge increased the dry shoot
weights of Eucalyptus plants that were colonized by either of the
AM fungi. However, several studies have found that individual plant
species respond to mycorrhizae differently, depending on their



Fig. 4. Arbuscular mycorrhizal mycelium with SDH activity (%) of Eucalyptus globulus
roots inoculated with Glomus deserticola and Gigaspora rosea and the saprobe fungi
Coriolopsis rigida and Trichoderma harzianum in soil amended with sewage sludge.
The data are the means±standard errors of means (n=10).

Fig. 3. Mycorrhizal root colonization (%) of Eucalyptus globulus inoculated with the AM
fungi Glomus deserticola and Gigaspora rosea and the saprobe fungi Coriolopsis rigida and
Trichoderma harzianum in soil amended with sewage sludge. The data are the means±
standard errors of means (n=10).
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environmental circumstances (Smith and Read, 1997; Kourtev et al.,
2003). In fact, AM inoculation in the presence of sewage sludge had a
variable effect on plant growth, which may have been due to the high
availability of P in either the sewage sludge or growth media (Eason
et al., 1999). Bestel-Corre et al. (2004) found that the application of
sewage sludge to uninoculated Medicago truncutula plants increased
plant biomass more than those inoculated with the mycorrhizal
fungus, G. mosseae. Sullivan et al. (2006) reported a decrease in the
number of AM associations with an increased application rate of
biosolids; this effect may have occurred directly due to the available
nutrient content or indirectly through the effects of biosolids on plant
communities. In fact, we observed a decrease in AM colonization in all
sewage sludge treatment groups (2 to 8 g 100 g−1 soil). Themetabolic
activity of both AM fungi, (measured as SDH activity of the fungal
mycelium of E. globulus inside the root) also decreased with sewage
sludge treatment. However, AM metabolic activity was increased
when it was co-inoculated with C. rigida or T. harzianum, in the
presence of 2 and 4 g 100 g −1 soil of sewage sludge. The effectiveness
of the AM fungi can be measured in terms of host plant growth under
different conditions (Ruíz-Lozano et al., 1995). Alguacil et al. (2006)
found that J. oxycedrus growth (shoot and root dry weights) and shoot
tissue N and P content were significantly increased as a result of AM
fungi inoculation in the presence of sewage sludge, with respect to the
controls (uninoculated and non-sludge treated plants). The capacity
of the AM fungi to increase plant growth and shoot tissue N and P
content may have been related to an improvement in nutrient uptake
and an increase in nitrogen assimilation through nitrate reductase
activity (Alguacil et al., 2006). Barbarick et al. (2004) found that
sewage sludge application significantly increased mycorrhizal coloni-
zation of Bouteloua gracilis roots over the control plots. Similarly, other
authors have observed an increase in shoot biomass following
biosolids application by an increase in the soil NO3–N concentration
(Mata-González et al., 2002).

In general, the role of AM fungi in the stimulation of growth and
nutrient uptake of many host plants have been well documented; the
synergic effect of the Trichoderma genera saprobe fungi on plant root



Fig. 6. β-glucosidase activity (μmol de PNP g−1) activity in the rhizosphere soil of Euca-
lyptus globulus plants inoculatedwith the AM fungiGlomus deserticola and Gigaspora rosea
and the saprobe fungi Coriolopsis rigida and Trichoderma harzianum in soil amended with
sewage sludge. The data are the means±standard errors of means (n=10).

Fig. 5. FDA (μg fluorescein g−1) activity in the rhizosphere soil of Eucalyptus globulus
plants inoculated with the AM fungi Glomus deserticola and Gigaspora rosea and the
saprobe fungi Coriolopsis rigida and Trichoderma harzianum in soil amended with
sewage sludge. The data are the means±standard errors of means (n=10).
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colonization by the AM fungi has already been observed (Arriagada
et al., 2007). Medina et al. (2005) indicated that the interaction of the
microbial community and the plant root system is a critical factor for
a sustainable system, as the microbes regulate plant nutrient
availability. The application of organic residue soil amendments
with C. rigida has been shown to reduce the toxic effect of the
biosolids on the colonization of alfalfa by the AM fungi (Sampedro
et al., 2008). In the work, sewage sludge application with either
C. rigida or T. harzianum had variable effects on AM colonization. In
fact, the action of the saprobe fungi on the mycorrhization of the
plants was very variable, depending on the soil, plant and AM fungi
used (Fracchia et al., 2000).

Cox et al. (2001) showed that the use of soil amendments can
improve soil productivity and increase the soil nutrient status of some
limiting nutrients such as N and P. Pascual et al. (2007) observed an
increase in available N–NO3, N–NH4 and P in soil due to highly soluble
salts that were present in the sludge. According to Elliott and O'Connor
(2007), the application of biosolids based on agronomic N require-
ments increased the available soil P, often to values that were well in
excess of crop needs. According to Senesi and Plaza (2007), the
application of organic amendments may induce microbial immobili-
zation of the available N with an introduction of phytotoxic organic
compounds and ammonia production at levels that can damage plant
roots.

4.2. Fluorescein diacetate (FDA) activity

Without inoculation with AM and saprobe fungi, hydrolytic
activity was low in control treatments (9.2 µg fluorescein g−1). It
has been reported that large fertiliser additions have led to reductions
in microbial activity, which have been partially attributed to changes
in pH (Insam and Palojärvi, 1995). Thus, FDA values in the controls
were most likely due to a reduction in pH of 0.4–0.6 units (data not
shown). The rate of hydrolysis of Fluorescein compounds reaches a
maximum between pH 7.0 and 8.0 (Guilbault and Kramer, 1964). It is
necessary to consider that the soil pH was 5.47 and that the pH of the
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sewage sludge was adjusted to pH 5.5 with a mineral acid (HCl). This
pH reduction causes an increase in the presence of protons and
chloride ions, which without doubt causes an initial decrease of the
bacterial biomass; biomass is better developed at an alkaline pH and
it seems unlikely that these pH variations would be large enough to
cause any differences in biological activity (García et al., 1994). On
the other hand, higher FDA values were seen after inoculation with
C. rigida and either of the AM fungi, but sewage sludge treatment
decreased this effect. According to Margesin et al. (2006), a sig-
nificantly negative impact on microbial processes can reduce enzyme
activities such as FDA; this effect was demonstrated by a poor decrease
in the C/N ratio.

4.3. β-glucosidase activity

The β-glucosidase enzyme catalyses the hydrolysis of cellobiose to
glucose to provide energy to the microorganisms. In the case of the
soil that was untreated with saprobe fungi, there was activity at
different doses of the sewage sludge, which suggests that the sewage
sludge contributed polysaccharides and a wide variety of organic
substances that were able to be utilised as energy sources by the
microorganisms (Medina et al., 2006). Pascual et al. (2007) reported
that β-glucosidase activity was significantly enhanced after the
addition of sewage sludge to soil; this effect was likely due to the
high amount of utilisable substrates for microbial growth that are
contained in sewage sludge. Generally, there is a rapid and significant
increase in soil enzymatic activities (β-glucosidase) after the addition
of organic residues, which is followed by a progressive decrease
(Madejón et al., 2001). Medina et al. (2006) observed an increase in β-
glucosidase activity after addition of organic residue and soil
inoculated with Glomus mosseae. We observed important enzymatic
activity in the soil that was inoculated with saprobe fungi and AM in
the presence of sewage sludge, which suggests that these micro-
organisms have a significant role in organic matter mineralization in
the soil and positive influence on the availability of nutrients to plants
(García et al., 1997).

4.4. Nutrients

Many authors have suggested that the increases in plant biomass
seen after the addition of organic soil amendments can be attributed
to the enhanced nutrient status of the soil (Medina et al., 2006).
According to the experiments, G. deserticola inoculation increased
nutrients in the plants. The application of sewage sludge to the soil
also increased the soil fertility and rapidly increased the E. globulus
shoot contents of N, P, K, Mg and Fe. These effects were confirmed as
plant nutrition was enhanced following combined treatment with G.
deserticola and either C. rigida or T. versicolor. Therefore, the improved
plant growth appears to be a product of AM (Alguacil et al., 2006;
Medina et al., 2006) mineralization of the organic matter contained in
the sewage sludge, resulting in the direct deposit of nutrients into the
soil (Antolin et al., 2005) with a potential synergic effect by the
saprobe fungi (Fracchia et al., 2000; Arriagada et al., 2007).

5. Conclusions

The municipal wastewater sewage sludge used in this study
improved soil fertility due to its high content of organic and inorganic
plant nutrients. The application of sewage sludge to AM- or saprobe
fungi-inoculated E. globulus variably affected plant biomass produc-
tion and enzyme activities. In some cases, inoculation with saprobe
fungi in the presence of sewage sludge improved plant biomass, and
treatment of sewage sludge with saprobe fungi could affect FDA
activity in the plant rhizosphere soil. In contrast, β-glucosidase
activity was primarily affected by the application of saprobe fungi-
inoculated sewage or by inoculation of the plants with the AM fungi.
Sewage sludge application also improved soil chemical content and
plant nutrition. Many authors have indicated that crop production can
be maintained for several years once this residue has been applied.
Therefore, the application of limited amounts of sewage sludge does
not cause problems for plants, but the applied amounts have to be
taken into account in future bioassay planning. These bioassays for
testing organic wastes will be suitable tools for evaluating the
beneficial effects of sewage sludge as a soil biofertiliser. In conclusion,
the combination of saprobe fungi, AM fungi and sewage sludge soil
amendments can be used as a biological fertiliser with beneficial
impacts on E. globulus plant growth.
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