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Abstract
Water-soluble extracts from compost may represent an alternative nutrient and organic matter source for crop production under drip
irrigation. Dissolved organic matter (DOM), extracted from composted ‘‘alperujo’’, the main by-product from the Spanish olive oil
industry, was applied to soil alone or in combination with either Glomus intraradices Schenck and Smith or a mixture of G. intraradices,
Glomus deserticola (Trappe, Bloss. and Menge) and Glomus mosseae (Nicol and Gerd.) Gerd. and Trappe. Response measurements
included mycorrhizal colonisation, nutrient uptake and growth of Medicago sativa and microbiological and physical properties in the
rhizosphere. Dissolved organic matter was added to soil at concentrations of 0, 50, 100 or 300 mg C kg1 substrate. During the four
months of the experiment, the plants were harvested three times. Both mycorrhizal inoculation treatments signiﬁcantly increased soil
aggregate stability. Only the mycorrhizal inoculations increased microbial biomass C and protease and phosphatase activities and
decreased water-soluble C, particularly the mixture of arbuscular mycorrhizal fungi. At the third harvest, the greatest increase in growth
of M. sativa was observed in the inoculated plants with shoot biomass being 38% greater than for plants grown in the soil amended with
the highest dose of DOM and 57% greater than for control plants. The addition of DOM was not suﬃcient to restore soil structure and
microbial activity and did not aﬀect the mycorrhizal development of introduced populations of arbuscular mycorrhizal fungi, but,
depending on the dose, its fertiliser eﬃciency for improving plant growth was apparent.
 2007 Elsevier Ltd. All rights reserved.

1. Introduction
Biological and physical soil degradation cause a progressive decline in agricultural production. The natural
roles of rhizosphere microorganisms have been marginalised due to high inputs of inorganic fertilisers, herbicides
and pesticides (Mäder et al., 2002). Such farming practices
may aﬀect both arbuscular mycorrhizal (AM) fungal diversity and their eﬀectiveness in the ecosystem containing
these endophytes (Jeﬀries and Barea, 2001). Arbuscular
mycorrhizal fungi form mutual associations with more
than 80% of plant species, including agronomic plants
(Smith and Read, 1997). They are important determinants
of plant health and soil fertility because they are known to
*
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enhance mineral uptake (particularly P) (Smith and Read,
1997), tolerance to water-stress (Ruı́z-Lozano, 2003) and
soil aggregation (Caravaca et al., 2002). The identiﬁcation
of eﬃcient AM fungi is a prerequisite for carrying out
mycorrhizal technologies, since nutrient uptake and metabolism in mycorrhizal plants depend on the mycorrhizal
endophyte (Azcón and Tobar, 1998). Likewise, the host
plant response to diﬀerent AM fungi is highly dependent
on environmental conditions (Johnson et al., 1997).
Inadequate management practices have led to a decrease
in the levels of organic matter of agricultural soils of Mediterranean regions, causing a loss of their fertility and quality. The addition to soil of liquid organic materials, and
especially of organic substances extractable with alkaline
solutions, has been proposed as an alternative nutrient
and organic matter source for crop production under drip
irrigation (Ayuso et al., 1996). Dissolved organic matter
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(DOM) addition may have a positive eﬀect on plant
growth, directly and/or through the improvement in soil
properties (Chen and Aviad, 1990). The so-called ‘‘Alperujo’’ (AL), a very wet, solid by-product from the extraction
of olive oil is a good source of DOM because of its high C
and mineral nutrients content (Alburquerque et al., 2004).
AL, however, also contains organic acids, phenolic compounds and fats that may have a negative eﬀect on microbial activity, inhibit the establishment of AM symbioses,
immobilise available N (Saviozzi et al., 1991) and decrease
plant growth (Martı́n et al., 2002; Linares et al., 2003).
Composting with forced aeration and the addition of a bulking agent has been shown to be an eﬀective process with
regard to reducing the phytoxicity of AL (Alburquerque
et al., 2006). Little is known, however, of the impact of
the DOM extracted from properly composted AL on soil
native microbial biomass and activity, soil physical properties or the performance of AM-inoculated plants.
The objectives of this study were: (1) to compare the
eﬀectiveness of inoculation with an AM fungus or with a
mixture of three AM fungi in increasing mycorrhizal colonisation, plant growth and nutrient uptake in Medicago
sativa and (2) to evaluate the potential application of
DOM, obtained by alkaline extraction of composted AL,
in improving the establishment of introduced populations
of AM fungi, plant performance and physical and chemical
properties reﬂecting soil quality and functioning. The
results obtained will determine the usefulness of DOM
from AL as a soil amendment and liquid fertiliser for agricultural purposes.
2. Materials and methods
2.1. Materials
An agricultural soil was collected near Murcia (SE
Spain). The climate is semi-arid Mediterranean with an
average annual rainfall of 300 mm and a mean annual temperature of 19.2 C. The potential evapotranspiration
reaches 1000 mm y1. The main characteristics of the agricultural soil used were: pH (1:5) = 8.89; electrical conductivity = 0.18 dS m1; TOC = 1.80%; total N = 2.01 g kg1;
available P = 70 lg g1; extractable K = 440 lg g1 and
cationic exchange capacity = 15 cmol kg1. The methods
used for the soil characterization are described further
down.
The amendment used (DOM) was the organic fraction
extracted with KOH from composted AL. The raw material was collected from an olive-mill located in Granada,
Spain and mixed with fresh cow bedding as bulking agent
for composting (Cegarra et al., 2006). The composting process was based on the Rutgers strategy (Finstein et al.,
1985) combined with mechanical turning and forced aeration. The extract was obtained by mechanical shaking during 24 h (12 h at 25 C and 12 h at 70 C) of the composted
AL with 0.1 M KOH (1:20, w/v). The suspension was centrifuged at 14644g for 20 min. After centrifugation the

supernatant was freed of particulate matter. The analytical
characteristics of the DOM are shown in Table 1. The
methods used for the DOM characterization are described
further down.
2.2. Mycorrhizal inoculation of seedlings
The mycorrhizal fungi used were either Glomus intraradices Schenck and Smith (EEZ 1), or a mixture of G. intraradices, Glomus deserticola (Trappe, Bloss. and Menge)
(EEZ 45) and Glomus mosseae (Nicol and Gerd.) Gerd.
and Trappe (EEZ 43). They were obtained from the collection of the experimental ﬁeld station of Zaidı́n, Granada.
The acronym EEZ refers to Estación Experimental del Zaidı́n. The mycorrhizal inoculum consisted of a mixture of
rhizosphere soil from trap cultures (Sorghum sp.) containing 55 spores of G. intraradices g1 or a mixture of 24
spores of G. intraradices, 20 spores of G. deserticola and
20 spores of G. mosseae g1 together with hyphae and
mycorrhizal root fragments.
2.3. Experimental design and layout
Five hundred grams of potting substrate, consisting of
soil and vermiculite at a ratio of 2:1 (v:v) pasteurised by
steaming for 1 h on three consecutive days, were placed
in 0.6 l pots. The mesocosm experiment was conducted as
a completely randomised factorial design with two factors.
The ﬁrst factor comprised the addition of DOM to soil at a
rate of 0, 5.8, 11.7 or 35.1 ml kg1 substrate (0, 50, 100 or
300 mg C kg1 substrate). The second factor had three levels: non-inoculation, inoculation with G. intraradices or
inoculation with a mixture of G. intraradices, G. deserticola
and G. mosseae. Five replicates per treatment were carried
out, making a total of 60 pots.

Table 1
Chemical characteristics of the dissolved organic matter (DOM) of
composted alperujo (AL)
Dry weight (g l1)
pH
EC (mS cm1)
Organic matter (g l1)
Extractable C (g l1)
Humic acid C (g l1)
Fulvic acid C (g l1)
Carbohydrates (g l1)
Phenols (g l1)
Total N (mg l1)
Na (mg l1)
K (g l1)
P (mg l1)
Ca (mg l1)
Mg (mg l1)
Fe (mg l1)
Cu (mg l1)
Mn (mg l1)
Zn (mg l1)

25.0
12.01
9.78
17.4
8.6
6.5
2.1
1.03
1.58
320
186
4.44
62
136
28.9
3.4
0.2
0.3
1.2
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The AM inoculum was mixed with the potting substrate,
at a rate of 5% (v/v). In March 2005, M. sativa seeds were
partly submerged into the growth substrate (ten seeds per
pot). Three weeks after seeding, the amended pots received
three times 30 ml DOM extracted from AL of each dose of
amendment applied for three consecutive days. The electrical conductivity of each dose of amendment was 1.26, 2.48
and 6.34 mS cm1, respectively. The pH of each dose of
amendment was 10.75, 10.84 and 10.87, respectively. The
experiment was carried out in the nursery of the University
of Murcia, in Murcia, without chemical fertiliser addition.
The plants were well watered and kept outdoors under
ambient irradiance, temperature and air humidity.
During the four months of the experiment (from March
to June) the plants were cut three times. The cuttings were
made two, three and four months after seeding. After the
third cutting, rhizosphere soil samples were collected from
the pots. To collect the rhizosphere soil the root system
with rhizosphere soil adhered was introduced into a plastic
bag, shook and separated the rhizosphere soil from the
root system. Rhizosphere soil samples, air-dried to 20%
moisture content and sieved to <2 mm, were divided into
two subsamples. One subsample was stored at 2 C for
microbiological analysis and another subsample was
allowed to dry at room temperature for physical–chemical
analysis.
2.4. Plant analyses
Fresh and dry (105 C, 5 h) mass of shoots and roots
were recorded. Dry plant samples of shoots were ground
before chemical analysis. Plant P was determined colorimetrically as molybdovanadate phosphoric acid (Kitson
and Mellon, 1944) after digestion in nitric-perchloric acid
(2:1) for 1 h at 150 C and 2 h at 210 C according to
Abrisqueta and Romero (1969). Plant N was determined
using an EuroVector Elemental Analyser (EuroEA3000),
whereas plant K was estimated by atomic absorption spectrophotometry in the nitric-perchloric extract. The phosphorus, nitrogen and potassium contents have been
expressed on dry shoot biomass basis.
The percentage of root length colonized by arbuscular
mycorrhizal fungi was calculated by the gridline intersect
method (Giovannetti and Mosse, 1980) after staining with
trypan blue (Phillips and Hayman, 1970).
2.5. Soil and amendment analyses
Electrical conductivity and pH were measured in a 1:5
(w/v) aqueous solution. Water-soluble C (1:5, w/v),
extractable C and fulvic acid C (after precipitation of
humic acid at pH 2.0) were determined with an automatic
Carbon Analyser for liquid samples (Shimadzu TOC5050 A). Humic acid C was calculated by subtracting the
fulvic acid C from extractable C. Phenolic substances were
measured with the Folin method and carbohydrates by the
anthrone method (Brink et al., 1960). Total N and C were
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determined with an automatic elemental microanalyzer
after combustion at 1020 C. Available P was extracted
with sodium bicarbonate and determined by colorimetry
according to Kitson and Mellon (1944). Cation exchange
capacity was determined by Ba2+ retention after percolation with a solution of 0.2 N BaCl2-triethanolamine at
pH 8.1 (Carpena et al., 1972). After digestion in nitric-perchloric acid, K and Na were determined by ﬂame photometry and Ca, Mg, F, Cu, Mn and Zn by atomic absorption
spectrophotometry.
Microbial biomass C was determined by the fumigationextraction method (Vance et al., 1987). Ten grams of soil at
60% of ﬁeld capacity were fumigated in a 125 ml Erlenmeyer ﬂask with puriﬁed CHCl3 for 24 h. After removal
of residual CHCl3, 40 ml of 0.5 M K2SO4 solution was
added and the sample was shaken for 1 h before ﬁltration
of the mixture. The K2SO4-extracted C was measured as
indicated for water-soluble C. Microbial biomass C was
calculated as the diﬀerence between the C of fumigated
and non-fumigated samples divided for the calibration factor KEC = 0.38.
Dehydrogenase activity was determined according to
Trevors et al. (1982) using 2-p-iodophenyl-3-p-nitrophenyl-5-phenyltetrazolium chloride (INT) as oxidizing
agent.
Urease and N-a-benzoyl-L-argininamide (BAA) hydrolyzing activities were determined in 0.1 M phosphate buﬀer
at pH 7; 1 M urea (Tabatabai and Bremner, 1972) and
0.03 M BAA (Ladd and Butler, 1972) were used as substrates, respectively. Both activities were measured using
colorimetric determination of the NHþ
4 released in the
hydrolysis reaction (Kandeler and Gerber, 1988).
Alkaline phosphatase and b-glucosidase activities were
determined using p-nitrophenyl phosphate disodium and
p-nitrophenyl-b-D-glucopyranoside as substrates, respectively according to Tabatabai and Bremner (1969).
The percentage of stable aggregates was determined by
the method described by Lax et al. (1994). Sieved (0.2–
4 mm) soil (4 g) was placed on a small 0.250 mm sieve
and wetted by spray. After 15 min, the soil was subjected
to an artiﬁcial rainfall of 150 ml with energy of 270 Jm2.
The remaining soil on the sieve was placed in a previously
weighed capsule (T), dried at 105 C and weighed (P1).
Then, the soil was soaked in distilled water and, after
2 h, passed through the same 0.250 mm sieve with the assistance of a small stick to break the remaining aggregates.
The residue remaining on the sieve, which was made up
of plant debris and sand particles, was dried at 105 C
and weighed (P2). The percentage of stable aggregates with
regard to the total aggregates was calculated by the following relationship (P1  P2) · 100/(4  P2 + T).
2.6. Statistical analysis
Data were log transformed to achieve normality.
Amendment addition, mycorrhizal inoculation and their
interactions eﬀects on measured variables were tested by
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kg substrate (Table 3). The water-soluble carbohydrates
concentration was slightly decreased by G. intraradices.
However, the addition of DOM did not aﬀect the concentrations of water-soluble C or carbohydrates.
The ANOVA indicated that both mycorrhizal inoculation and the addition of DOM had signiﬁcant eﬀects on soil
aggregate stability (Table 2). The percentage of stable
aggregates was increased by both mycorrhizal inoculation
treatments, which resulted in an average 39% increase with
respect to non-inoculated seedlings (Table 3). Except for
G. intraradices-inoculated plants, there was signiﬁcant
interaction between the eﬀects of mycorrhizal inoculation
and amendment. The trend of soil aggregate stability in
response to applied amendment was negative linear for
the non-inoculated plants (P < 0.02) and for the plants
inoculated with the mixture of AM fungi (P < 0.001).
The addition of DOM at the doses of 100 and 300 mg C/
kg substrate signiﬁcantly reduced the aggregate stability
of the soil inoculated with the mixture of AM fungi,
although the values were higher than those recorded in
the non-inoculated counterpart soils.

a two-way analysis of variance. Means separation for signiﬁcant (P = 0.05) main eﬀects was accomplished by
Tukey’s mean separation test. Orthogonal polynomial contrasts were used to test for linear, quadratic and cubic
trends for amendment application rate. Statistical procedures were carried out with the software package SPSS
10.0 for Windows.
3. Results
3.1. Physical–chemical parameters
Neither the addition of DOM from composted AL nor
the mycorrhizal inoculation with AM fungi had any significant eﬀect on soil pH or electrical conductivity (Table 2).
The inoculation with G. intraradices and with the mixture of AM fungi signiﬁcantly reduced the concentration
of water-soluble C in the non-amended soil and in the soil
amended, particularly with the doses of 50 and 100 mg C/

Table 2
Two factor ANOVA (amendment and mycorrhiza) for all parameters
studied of the third harvest of Medicago sativa

pH (H2O)
Electrical
conductivity
Water-soluble C
Water-soluble CH
Aggregate stability
Microbial biomass
C
Dehydrogenase
Urease
Protease-BAA
b-glucosidase
Phosphatase
Shoot
Root
Nitrogen
Phosphorus
Potassium
Colonisation

Amendment
(A)

Mycorrhiza
(M)

Interaction
(A · M)

NS
NS

NS
NS

NS
NS

NS
NS
0.003
NS

<0.001
0.005
<0.001
<0.001

0.010
NS
0.013
NS

0.026
0.003
NS
NS
NS
0.033
NS
NS
NS
NS
NS

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
0.002
<0.001
0.004
0.001
NS
NS
<0.001
NS
NS
NS

3.2. Biochemical parameters
The addition of DOM did not aﬀect soil microbial biomass C, whereas both mycorrhizal inoculation treatments
signiﬁcantly increased this soil biological parameter
(Tables 2 and 5). The amendment and mycorrhizal inoculation had a signiﬁcant eﬀect on dehydrogenase activity.
There was a positive interaction between the doses of 100
and 300 mg C/kg substrate and the inoculation with the
mixture of AM fungi on dehydrogenase activity. The addition of DOM did not aﬀect the protease, b-glucosidase and
phosphatase activities (Table 5). Orthogonal polynomial
contrasts yielded signiﬁcant (P < 0.001) linear trends for
urease activity in the non-inoculated soil and in the soil
inoculated with G. intraradices. Analysis of variance indicated highly signiﬁcant eﬀects of the mycorrhizal inoculation on biochemical parameters (Table 2). The highest
protease activitiy was recorded in the soil inoculated with
the mixture of AM fungi (Table 5). The dose of DOM
and the mycorrhizal inoculation exhibited negative interactions on urease activity in G. intraradices-inoculated plants

P signiﬁcance values.

Table 3
Means for the main eﬀects of mycorrhizal inoculation and dissolved organic matter (DOM) addition on soil physical–chemical properties after the third
harvest of Medicago sativa
Amendment
0A
pH (H2O)
Electrical conductivity (lS cm1)
Water-soluble C (lg g1)
Water-soluble CH (lg g1)
Aggregate stability (%)

*

8.93a
451a
105a
11a
28.5ab

Mycorrhiza
1

2

3

No mycorrhiza

GI

M

8.94a
431a
111a
12a
29.4b

8.95a
444a
108a
11a
25.4a

8.96a
449a
117a
13a
26.1a

8.94a
426a
129b
13b
21.7a

8.95a
490a
102a
10a
29.3b

8.94a
415a
100a
12ab
31.1b

GI: Glomus intraradices; M: Mixture of AM fungi.
A
0, 1, 2 or 3 = 0, 50, 100 or 300 mg C of DOM kg1 substrate, respectively.
*
Signiﬁcant diﬀerences between the levels of each factor are indicated by diﬀerent letters (Tukey’s HSD test, P = 0.05).
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Table 4
Means for the interaction eﬀects of mycorrhizal inoculation and dissolved organic matter (DOM) addition on soil physical–chemical properties, enzyme
activities and foliar N after third harvest of Medicago sativa
No mycorrhiza
1

Water-soluble C (lg g )
Aggregate stability (%)
Dehydrogenase activity (lg INTF g1 soil 20 h1)
Urease activity (lmol NH3 g1 h1)
Protease-BAA activity (lmol NH3 g1 h1)
b-glucosidase activity (lmol PNP g1 h1)
Phosphatase activity (lmol PNP g1 h1)
Nitrogen (mg plant1)

Glomus intraradices

Mixture of AM fungi

0a

1

2

3

0

1

2

3

0

1

2

3

119
22.6
107
1.75
0.83
0.93
1.00
34

125
25.1
95
1.51
0.85
1.20
0.92
30

140
18.4
99
1.46
0.69
1.26
0.80
43

133
20.6
106
1.27
0.70
1.36
1.08
38

110
27.4
112
1.74
1.15
0.83
1.09
66

106
30.4
120
1.70
1.07
0.81
1.34
71

91
29.2
101
1.34
1.58
0.66
1.28
50

104
30.1
111
1.29
1.45
0.71
1.16
55

86
35.3
108
1.69
1.45
0.93
1.42
60

104
32.8
101
1.79
1.59
0.95
1.29
65

94
28.7
118
1.73
1.57
1.04
1.25
61

116
27.6
122
1.78
1.34
1.02
1.17
49

Values in rows followed by the same letter are not signiﬁcant diﬀerent at the 0.05 level according to the Tukey’s HSD test.
a
0, 1, 2 or 3 = 0, 50, 100 or 300 mg C of DOM kg1 substrate, respectively.

Table 5
Means for the main eﬀects of mycorrhizal inoculation and dissolved organic matter (DOM) addition on soil microbial biomass C and enzyme activities
after the third harvest of Medicago sativa
Amendment
A

Microbial biomass C (lg g1)
Protease-BAA activity (lmol NH3 g1 h1)
b-glucosidase activity (lmol PNP g1 h1)
Phosphatase activity (lmol PNP g1 h1)

Mycorrhiza

0

1

2

3

No mycorrhiza

GI

M

387a*
1.14a
0.90a
1.17a

387a
1.17ab
0.99a
1.19a

356a
1.28b
0.99a
1.11a

343a
1.16a
1.03a
1.14a

280a
0.77a
1.19c
0.95a

359b
1.31b
0.75a
1.22b

467c
1.49c
0.99b
1.28b

GI: Glomus intraradices; M: Mixture of AM fungi.
A
0, 1, 2 or 3 = 0, 50, 100 or 300 mg C of DOM kg1 substrate, respectively.
*
Signiﬁcant diﬀerences between the levels of each factor are indicated by diﬀerent letters (Tukey’s HSD test, P = 0.05).

and on phosphatase activity in mixture-inoculated plants
(Table 4). In contrast, the doses of 100 and 300 mg C/kg
substrate and the inoculation with G. intraradices increased
protease activity.
3.3. Growth and mycorrhizal infection of Medicago sativa
At the ﬁrst cutting, shoot biomass was increased by the
application of amendment (Tables 6 and 7) and was
slightly decreased by the inoculation with G. intraradices.
The content of some nutrients (N and P) in the shoots presented a linear and quadratic response with increasing the
dose of DOM. At the second harvest, shoot biomass of
G. intraradices-inoculated plants was also lower than for
the non-inoculated plants and for the plants inoculated
with the mixture of AM fungi. From this harvest onwards,
both mycorrhizal inoculation treatments generally
increased the foliar N and P contents. Only the inoculation
with the mixture of AM fungi increased signiﬁcantly the
content of foliar K.
At the third cutting, both the addition of DOM and the
mycorrhizal inoculation treatments had signiﬁcantly stimulated the shoot biomass of M. sativa (Tables 2 and 8), the
greatest increase being observed in the inoculated plants
(biomass about 38% greater than that of plants grown in
the soil amended with the highest dose of DOM and about
57% greater than for control plants). There were no significant diﬀerences in the growth of plants inoculated with

Table 6
Two factor ANOVA (amendment and mycorrhiza) for all parameters
studied of the ﬁrst and second harvest of Medicago sativa

First harvest
Shoot
Nitrogen
Phosphorus
Potassium

Amendment (A)

Mycorrhiza (M)

Interaction (A · M)

0.018
<0.001
0.009
0.001

<0.001
<0.001
<0.001
<0.001

NS
<0.001
NS
NS

<0.001
<0.001
<0.001
<0.001

NS
<0.001
NS
NS

Second harvest
Shoot
NS
Nitrogen
0.020
Phosphorus NS
Potassium
NS
P signiﬁcance values.

diﬀerent mycorrhizal inocula. Shoot biomass increased linearly with the amendment dose with high level of signiﬁcance (P = 0.008). No signiﬁcant interaction between
amendment and mycorrhizal inoculation was observed.
Plant root biomass was aﬀected only by mycorrhizal inoculation, which provoked a decrease with respect to the noninoculated plants (Table 8).
Inoculation with the AM fungi increased the foliar N, P
and K contents of M. sativa plants (Table 6). The plants
inoculated with the mixture of AM fungi had nutrient contents of P and K higher than the plants inoculated with G.
intraradices. The contents of foliar nutrients did not vary
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Table 7
Means for main eﬀects of mycorrhizal inoculation and dissolved organic matter (DOM) addition on growth parameters, foliar nutrient content and root
infection after the ﬁrst and second harvest of Medicago sativa
Amendment

Mycorrhiza

0A

1

2

3

No mycorrhiza

GI

M

First harvest
Shoot (g dw plant1)
Phosphorus (mg plant1)
Potassium (mg plant1)

3.08a*
9a
237a

3.31ab
10ab
243a

3.50b
12b
288b

3.19ab
10ab
244a

3.31b
10b
308b

2.97a
9a
231a

3.53b
12b
221a

Second harvest
Shoot (g dw plant1)
Phosphorus (mg plant1)
Potassium (mg plant1)

1.59a
6a
107a

1.63a
7a
114a

1.66a
7a
121a

1.64a
7a
108a

1.67b
4a
111b

1.54a
7b
95a

1.67b
9c
131c

GI: Glomus intraradices; M: Mixture of AM fungi; dw = dry weight.
A
0, 1, 2 or 3 = 0, 50, 100 or 300 mg C of DOM kg1 substrate, respectively.
*
Signiﬁcant diﬀerences between the levels of each factor are indicated by diﬀerent letters (Tukey’s HSD test, P = 0.05).

Table 8
Means for the main eﬀects of mycorrhizal inoculation and dissolved organic matter (DOM) addition on growth parameters, foliar nutrient content and
root infection after the third harvest of Medicago sativa
Amendment
0A
1

Shoot (g dw plant )
Root (g dw plant1)
Nitrogen (mg plant1)
Phosphorus (mg plant1)
Potassium (mg plant1)
Colonisation (%)

*

1.85a
3.24a
53ab
6a
107a
36.5a

Mycorrhiza
1

2

3

No mycorrhiza

GI

M

1.95a
3.37a
55b
7a
114a
37.5a

1.93a
3.31a
51ab
6a
106a
37.7a

2.04b
3.22a
48a
7a
117a
35.9a

1.43a
3.83b
36a
4a
76a
0.2a

2.19b
3.03a
61b
7b
120b
58.9c

2.20b
2.99a
59b
9c
138c
51.8b

GI: Glomus intraradices; M: Mixture of AM fungi; dw = dry weight.
A
0, 1, 2 or 3 = 0, 50, 100 or 300 mg C of DOM kg1 substrate, respectively.
*
Signiﬁcant diﬀerences between the levels of each factor are indicated by diﬀerent letters (Tukey’s HSD test, P = 0.05).

signiﬁcantly with the addition of DO. Except for foliar N,
the amendment x mycorrhizal inoculation interaction had
no signiﬁcant eﬀect on the foliar contents.
At the third cutting, the inoculated seedlings had significantly higher percentages of root colonisation (on average
55% of the root length was infected) than the non-inoculated plants, whose roots showed negligible levels of AM
colonisation (Table 6). The addition of DOM had no eﬀect
on the mycorrhizal infection of M. sativa plants.
4. Discussion
Both the addition of DOM from composted AL and the
mycorrhizal inoculation with diﬀerent mycorrhizal inocula
stimulated the growth of M. sativa. A clear growth advantage due to DOM and the inoculation with the mixture of
AM fungi was produced at the ﬁrst harvest. In the shortterm, M. sativa showed a high speciﬁcity of response to
the inoculation with diﬀerent Glomus species. Inoculation
with multiple AM fungi increases the probability of
plant-fungus matches that stimulate optimal plant growth,
compared with inoculation with a single AM fungus species (Van der Heijden et al., 1998). However, at the third
harvest, the plants inoculated with G. intraradices had com-

parable biomass to those inoculated with the mixture of
AM fungi, both values being greater than that of plants
amended even with the highest dose of DOM. The level
of mycorrhizal colonisation of roots of the inoculated
plants was high, indicating the high mycorrhizal infectivity
of the soil and the persistence of mycorrhizal propagules
after three harvests. If the shoot/root ratio reﬂects the
degree of eﬀectiveness of AM (Tobar et al., 1994), then
M. sativa responded signiﬁcantly to the inoculation with
the diﬀerent inoculants. The increased growth associated
with AM infection in nutrient-deﬁcient soils has been
attributed to enhanced nutrient uptake, especially N and
P (Smith and Read, 1997; Toro et al., 1998). In our study,
mycorrhizal inoculation appeared eﬀective in improving
nutrient content, independent of the introduced Glomus
species. The increased plant N content found in this legume
may be due to the ability of AM fungi to enhance N capture from soil and to increase P uptake, which could promote nodule formation by Rhizobium and biological N2
ﬁxation (Azcón and Barea, 1992).
The eﬀectiveness of the amendment with respect to stimulating plant growth depended on the dose added. No negative eﬀects on plant growth were observed with the
addition of DOM extracted from composted AL, even with
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the highest dose. This result corroborates the suitability of
this material for agricultural purposes and demonstrates
the eﬀectiveness of the composting process for eliminating
and/or reducing the potentially phytotoxic compounds of
AL (Alburquerque et al., 2006). For example, phenolic
compounds contained in the AL can have toxic eﬀects on
plant growth (Leadir et al., 1997). Most phenolic acids
began to manifest their phytotoxicity to lettuce and soybean plants at a concentration of 60 mg of phenolic content
kg1 soil (Martı́n et al., 2002). The highest dose of DOM
corresponded to an application of 55 mg kg1 of phenolic
compounds and this concentration was not enough to inhibit the growth of plants. Arbuscular mycorrhizal fungi can
increase the sensitivity of colonised plants to the phytotoxicity of phenolic compounds, facilitating the action or
transfer of these toxic substances to plants (Martı́n et al.,
2002). In our particular case, no negative eﬀect of the
amendment on the colonisation or on the growth of
the AM-inoculated plants was observed. The beneﬁt of the
combined treatment (addition of amendment and mycorrhizal inoculation), with respect to the growth of seedlings,
was similar to that from each treatment individually.
Humic substances are known to aﬀect enzymatic activities of several microbial species (Visser, 1985a) and to stimulate microbial growth through alteration of membrane
permeability (Visser, 1985b). Dehydrogenase activity is
usually measured as an index of microbial activity (Garcı́a
et al., 1997). An increase in the soil dehydrogenase activity
could be expected due to the input of easily-degradable C
and N substrates from the DOM. However, the enzyme
activity was independent of the addition of DOM. This
could mean that with time (four months after application
of DOM) most of the added easily-available organic matter
was decomposed, as is supported by the concentrations of
labile C fractions. Consequently, global microbial activity
returned to its original level in the third harvest. The b-Dglucosidase is an exoenzyme that catalyses the hydrolysis
of b-glucosides in soil or in decomposing plant residues.
The increase of b-glucosidase activity with the increase of
the amendment dose could indicate that the soil achieved
the capability to utilise the carbohydrate material added
with the DOM. Urease and protease act in the hydrolysis
of organic nitrogen to inorganic nitrogen, the former using
urea-type substrates and the latter simple peptidic substrates. The urease activity decreased proportionally with
the amendment dose, whereas the protease activity was
not aﬀected by the addition of DOM. It has been shown
that urease activity is reduced considerably after interaction of the enzyme with humic acid fractions of low molecular weight (10–20 kDa) at pH 8.0 (Marzadori et al., 2000).
Phosphatases catalyse the hydrolysis of organic phosphorus compounds to inorganic phosphorus. No signiﬁcant
variations occurred with the addition of DOM, which
could indicate that the DOM had a scarce content of substrates capable of activating the synthesis of this enzyme.
Several authors have demonstrated that total percentages of mycorrhizal colonisation and sporulation are corre-
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lated negatively with the concentration of soluble C
fractions (Muthukumar and Udaiyan, 2000) and with the
root development, indicating that mycorrhizal fungi act
as strong sinks for photosynthates. The rhizosphere soil
of the plants inoculated with the mixture of AM fungi
showed lower concentration of water-soluble C and root
biomass than those of the control soil. Such a change in
the rhizodeposition can aﬀect the composition, activity
and size of the rhizosphere soil microﬂora (Wamberg
et al., 2003; Alguacil et al., 2005). Both mycorrhizal treatments were eﬀective in increasing microbial biomass C
and benzoyl argininamide-hydrolysing and phosphatase
activities, related to the N and P cycles, respectively.
Increased phosphatase activity in the rhizosphere of plants
inoculated with the mixture of AM fungi or G. intraradices
may have been due to a direct fungal secretion or an
induced secretion by the plant roots of extracellular phosphatases, as pointed out by Joner et al. (2000). In contrast,
mycorrhizal inoculation treatments led to a decrease in
b-D-glucosidase activity, which could be related to a
decrease of carbon compounds in these treatments as indicated above.
Roots and associated mycorrhizal hyphae may form a
three-dimensional network that aggregates small soil particles (Roldán et al., 1994; Lax et al., 1997). Recent studies
have indicated also that arbuscular mycorrhizal fungi produce a glycoprotein, glomalin, that acts as an insoluble glue
to stabilise aggregates (Wright and Anderson, 2000). The
mixture of AM fungi was more eﬀective than a single species at increasing the percentage of stable aggregates of soil.
This eﬀect observed in the soil inoculated with the three
AM fungi was notably reduced with increasing the dose
of DOM. The presence of higher contents of sales in the
amendment applied could explain the negative interaction
between the dose of DOM and the inoculation with the
mixture of AM fungi. According to such hypothesis, the
lack of changes with DOM rate in the aggregate stability
of soil inoculated with G. intraradices would be related to
the formation of aggregates more resistant to dispersive
eﬀects of the sales from amendment. As suggested by
Bearden and Petersen (2000), the symbiosis between arbuscular mycorrhizal fungi and plants would have increased
the stability of the soil aggregates. In our study, plants
inoculated with the two diﬀerent inoculants showed similarly high levels of AM root colonisation. Of particular
note was the fact that the addition of DOM at concentrations from 50 to 300 mg C kg1 substrate did not aﬀect
mycorrhizal infection due to either G. intraradices or the
mixture of AM fungi.
In conclusion, the addition of DOM, obtained by alkaline extraction of composted AL, was not suﬃcient to
restore soil structure and microbial activity and did not
aﬀect the mycorrhizal development of introduced populations of AM fungi, but, depending on the dose, its fertiliser
eﬃciency for improving plant growth was apparent. The
eﬀectiveness of this amendment with regard to improving
plant growth depended on its dose. The mycorrhizal
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inoculation with an AM fungus or a mixture of three AM
fungi was the most eﬀective treatment for improving both
the growth of M. sativa plants and the soil physical and
microbiological quality after the third harvest. The
improvement in plant growth could be related to the persistence of infective AM propagules from previous harvests,
leading to a higher extent of mycorrhizal colonisation.
The combined treatment of mycorrhizal inoculation of
seedlings and addition of DOM to soil produced eﬀects
on plant growth similar to inoculation with AM fungi.
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Mäder, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U.,
2002. Soil fertility and biodiversity in organic farming. Science 296,
1694–1697.
Martı́n, J., Sampedro, I., Garcı́a-Romera, I., Garcı́a-Garrido, J.M.,
Ocampo, J.A., 2002. Arbuscular mycorrhizal colonization and
growth of soybean (Glycine max) and lettuce (Lactuc sativa) and
phytotoxic eﬀects of olive mill residues. Soil Biology Biochemistry 34,
1769–1775.
Marzadori, C., Francioso, O., Ciavatta, C., Cessa, C., 2000. Inﬂuence of
the content of heavy metals and molecular weight of humic acids
fractions on the activity and stability of urease. Soil Biology and
Biochemistry 32, 1893–1898.
Muthukumar, T., Udaiyan, K., 2000. Inﬂuence of organic manures on
arbuscular mycorrhizal fungi associated with Vigna unguiculata (L.)
Walp. in relation to tissue nutrients and soluble carbohydrate in roots
under ﬁeld conditions. Biology and Fertility of Soils 31, 114–120.
Phillips, J.M., Hayman, D.S., 1970. Improved procedures for clearing
roots and staining parasitic and vesicular–arbuscular mycorrhizal
fungi for rapid assessment of infection. Transactions of the British
Mycological Society 55, 158–161.
Roldán, A., Garcı́a-Orenes, F., Lax, A., 1994. An incubation experiment
to determine factors involving aggregation changes in an arid soil
receiving urban refuse. Soil Biology and Biochemistry 26, 1699–1707.
Ruı́z-Lozano, J.M., 2003. Arbuscular mycorrhizal symbiosis and alleviation of osmotic stress. New perspectives for molecular studies.
Mycorrhiza 13, 309–317.
Saviozzi, A., Levi-Minzi, R., Riﬀaldi, R., Lupetti, A., 1991. Eﬀects of
waste-water from olive processing on agricultural soil. Agrochimica
35, 135–148.

J. Kohler et al. / Waste Management 28 (2008) 1423–1431
Smith, S.E., Read, D.J., 1997. Mycorrhizal Symbiosis. Academic Press,
San Diego.
Tabatabai, M.A., Bremner, J.M., 1969. Use of p-nitrophenol phosphate in
assay of soil phosphatase activity. Soil Biology and Biochemistry 1,
301–307.
Tabatabai, M.A., Bremner, J.M., 1972. Assay of urease activity in soil.
Soil Biology and Biochemistry 30, 1333–1341.
Tobar, R.M., Azcón, R., Barea, J.M., 1994. The improvement of plant
N acquisition from an ammonium-treated, drought-stressed soil by
the fungal symbiont in arbuscular mycorrhizae. Mycorrhiza 4, 105–
108.
Toro, M., Azcón, R., Barea, J.M., 1998. The use of isotopic dilution
techniques to evaluate the interactive eﬀects of Rhizobium genotype,
mycorrhizal fungi, phosphate-solubilizing rhizobacteria and rock
phosphate on nitrogen and phosphorus acquisition by Medicago
sativa. New Phytologist 138, 265–273.
Trevors, J.T., Mayﬁeld, C.I., Inniss, W.E., 1982. Measurement of
electron transport system (ETS) activity in soil. Microbial Ecology
8, 163–168.

1431

Vance, E.D., Brookes, P.C., Jenkinson, D., 1987. An extraction method
for measuring microbial biomass carbon. Soil Biology and Biochemistry 19, 703–707.
Van der Heijden, M.G.A., Klironomos, J.N., Ursic, M., Moutoglis, P.,
Streitwolf-Engel, R., Boller, T., Wiemken, A., Sanders, I.R., 1998.
Mycorrhizal fungal diversity determines plant biodiversity, ecosystem
variability and productivity. Nature 396, 69–72.
Visser, S.A., 1985a. Eﬀects of humic acids on number and activities of
microorganisms within physiological groups. Organic Geochemistry 8,
81–85.
Visser, S.A., 1985b. Physiological action of humic substances on microbial
cells. Soil Biology and Biochemistry 17, 457–462.
Wamberg, C., Christensen, S., Jakobsen, I., Müller, A.K., Sørensen, S.J.,
2003. The mycorrhizal fungus (Glomus intraradices) aﬀects microbial
activity in the rhizosphere of pea plants (Pisum sativum). Soil Biology
and Biochemistry 35, 1349–1357.
Wright, S.F., Anderson, R.L., 2000. Aggregate stability and glomalin in
alternative crop rotations for the central Great Plains. Biology and
Fertility of Soils 31, 249–253.

