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SUMMARY

The use of organic matter (OM) has been proposed,
for both conventional and biological agriculture systems,
to decrease the incidence of plant diseases caused by soilborne pathogens. In this work we review reports on the
application of OM amendments, focusing on the suppressive capacity of different OM materials and the response
of different soilborne pathogens. A total of 250 articles
were analysed, with 2423 experimental case studies. The
effect of OM amendments was found to be suppressive in
45% and non-significant in 35% of the cases. In 20% of
the cases, a significant increase of disease incidence was
observed. Compost was the most suppressive material,
with more than 50% of cases showing effective disease
control. The effect of crop residues was more variable: it
was suppressive in 45% of the cases, but enhanced disease in 28%. Finally, significant disease suppression with
peat was recorded only in 4% of the experiments. The
ability of OM to suppress disease varied largely with different pathogens: it was observed in more than 50% of
the cases for Verticillium, Thielaviopsis, Fusarium and
Phytophthora. In contrast, effective control of Rhizoctonia
solani was achieved only in 26% of the cases. From this
review it emerged that OM amendments have great potential but, at the same time, present some inconsistencies
in their application. More investigation on the mechanisms by which OM acts on disease suppression is needed to make the use of these materials more predictable.
Key words: Composts, crop residues, Fusarium spp.,
organic wastes, pathogen suppression, peats, Phytophthora spp., phytotoxicity, Pythium spp., Rhizoctonia solani,
Thielaviopsis basicola, Verticillium dahliae.
INTRODUCTION

Soilborne fungal and oomycete plant pathogens,
among the major factors limiting the productivity of
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agro-ecosystems, are often difficult to control with conventional strategies such as the use of resistant host cultivars and synthetic fungicides. The lack of reliable chemical controls, the occurrence of fungicide resistance in
pathogens, and the breakdown or circumvention of host
resistance by pathogen populations (McDonald and
Linde, 2002) are some of the reasons underlying efforts
to develop new disease control measures. The ban of
methyl bromide, the most effective fumigant used worldwide for soil disinfestation, has further increased the
need for alternative control methods (Martin, 2003). In
this context, the search for alternatives with high efficiency, low cost and limited environmental impact is a
challenge for eco-sustainable modern agriculture.
The use of organic amendments such as animal manure, green manure (the incorporation of crop residues
into the soil), composts and peats has been proposed,
both for conventional and biological systems of agriculture, to improve soil structure and fertility (Magid et al.,
2001; Conklin et al. 2002; Cavigelli and Thien, 2003),
and decrease the incidence of disease caused by soilborne pathogens (Litterick et al. 2004; Noble and
Coventry, 2005). In the past century, the introduction of
synthetic inorganic fertilizers, disease-resistant varieties
and fungicides has allowed farmers to break the link between organic amendments and soil fertility (Hoitink
and Boehm, 1999). As a result, organic materials such as
crop residues and manure from essential resources became solid wastes. After the reduction of the organic input, soil organic matter decreased over time, soil fertility declined, and a large number of diseases caused by
soilborne plant pathogens spread in agro-ecosystems
(Zucconi, 1996; Hoitink and Boehm, 1999; Bailey and
Lazarovits, 2003). Similar problems emerged for container-produced plants such as in nurseries of horticultural and ornamental species and soil-less systems
(Hoitink and Boehm, 1999). However, a renewed interest in application of organic matter (OM) to soil, for
control of soilborne pathogens, has been stimulated by
public concern about the adverse effects of soil fumigants and fungicides on the environment, and the need
for healthier agricultural products (Lazarovits, 2001).
Several studies have shown that organic amendments
can be very effective in controlling diseases caused by
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pathogens such as Fusarium spp. (Lewis and Papavizas,
1977; Szczech, 1999), Phytophthora spp. (Gilpatrick,
1969; Szczech and Smolińska, 2001), Pythium spp.
(McKellar and Nelson, 2003; Veeken et al., 2005), Rhizoctonia solani (Papavizas and Davey, 1960; Diab et al.,
2003), Sclerotinia spp. (Lumsden et al., 1983; Boulter et
al., 2002), Sclerotium spp. (Coventry et al., 2005),
Thielaviopsis basicola (Papavizas, 1968) and Verticillium
dahliae (Lazarovits et al., 1999). Different complementary mechanisms have been proposed to explain the suppressive capacity of organic amendments: enhanced activities of antagonistic microbes (Hoitink and Boehm,
1999), increased competition against pathogens for resources that cause fungistasis (Lockwood, 1990), release
of fungitoxic compounds during organic matter decomposition (Smolińska, 2000; Tenuta and Lazarovits,
2002), or induction of systemic resistance in the host
plants (Zhang et al., 1996; Pharand et al., 2002). However, despite the potential value of organic soil amendment, there are several concerns about its efficacy and
potential side-effects that limit practical applications.
For instance, some reports indicate that the effectiveness
of OM amendment is variable and, in some cases, can
enhance disease severity (Mazzola et al., 2001; Tilston et
al., 2002; Pérez-Piqueres et al., 2006). These negative effects of OM amendment were often associated either
with increased inoculum of pathogenic fungi because
OM provided the substrate for their saprophytic growth
(Croteau and Zibilske, 1998; Manici et al., 2004; Bonanomi et al., 2006a), or with release of phytotoxic compounds (Cochrane, 1948, Patrick, 1971; Bonanomi et
al., 2006b) that may could damage plant roots and predispose them to pathogen attack (Patrick and Toussoun,
1965; Ye et al., 2004). The inconsistent disease control
results obtained with OM amendments, with both suppressive (disease reduction) and conducive (disease increase) effects, produced scepticism in farmers about
the use of these materials. In addition, despite extensive
research, no reliable methods are currently available to
predict the effect of different OM amendments on soilborne pathogens (Erhart et al., 1999; Scheuerell et al.,
2005; Termorshuizen et al., 2007).
A number of sound reviews focus on different aspects
such as the capacity of OM types to control a range of
plant pathogens (Abawi and Widmer 2000; Akhtar and
Malik, 2000; Litterick et al., 2004; Noble and Coventry,
2005), and sustain the activity of beneficial microbes
(Hoitink and Boehm, 1999); the application of compost
“tea” and extracts (Scheuerell and Mahafee, 2002); the
eradication of pathogens during composting (Noble and
Roberts, 2004), and the properties of suppressive soils
(Janvier et al., 2007). However, some of these reviews focus on specific and selected aspects, and do not provide a
quantitative and bias-free evaluation (Gurevitch and
Hedges, 1993). The aim of this work is to provide a quantitative review of the available studies on the impact of
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OM application for control of diseases caused by soilborne fungal and oomycete pathogens. Analysis of the
mechanisms underling OM suppressiveness and identification of parameters able to predict the effects of OM application are beyond the scope of this work, and are only
cursorily discussed. Here we will focus on three main aspects: (i) the suppressive capacity of different OM materials, (ii) the response of different soilborne pathogens to
OM amendment, and (iii) the relationship between OM
disease suppressive ability and phytotoxicity.
LITERATURE SEARCH, DATA COLLECTION AND
ANALYSIS

Literature search and data collection. We searched
for articles published between 1940 and 2006 concerning the effect of OM amendment on disease incidence
and/or population response of fungal soilborne
pathogens. The search was carried out in all international journals using online versions of the Biological Abstract, Blackwell Synergy, Science Citation Index, Science Direct, and within the APSnet site. Key words
used were “amendment”, “compost”, “crop residues”,
“damping-off”, “green manure”, “organic matter”,
“peat”, “root rot”, “soilborne pathogens”, “suppression”, “waste” and “wilt”. Many articles were gathered
from the literature of previously collected papers.
Criteria for article selection were decided a priori to
avoid personal bias. Only articles containing quantitative data on disease incidence and/or severity and population response of pathogens were included.
The different types of OM utilized for amendment
were classified in four broad groups: composts, crop
residues, peats and organic wastes. Compost is organic
material subjected to aerobic biological decomposition,
during which temperatures of 40-70°C are reached as a
result of microbial activity. This process allows both the
sanitization of the material (from human and plant
pathogens and weed seeds) and its stabilization. Detail
about composting processes can be found in Zucconi
and de Bertoldi (1987). Crop residues include non-decomposed materials such as green manure and non-harvestable plant remains (stems, roots, leaves, etc.). Peat is
a natural product derived from the progressive accumulation of partially decayed vegetation (mosses and higher
plants). Peats harvested in the superficial layers of bogs
(light) and in the deeper layers (dark) were included. In
this review, organic waste was the most heterogeneous
category: it comprises all the organic materials not included in the previous three classes, such as undecomposed animal manure and by-products of different industrial processes such as fish, meat and bone meal
(Tenuta and Lazarovits, 2004), paper mill (Croteau and
Zibilske, 1998) and olive mill residues (Kotsou et al.,
2004).
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RESEARCH OVER THE LAST 70 YEARS

From all the studies examined, a total of 250 articles
were chosen for analysis, with 1964 and 459 experimental
studies assessing the effect of OM amendment on disease
incidence and pathogen populations, respectively (Annex
1). Compost was the most studied OM type (n=1016;
51.7% of studies), with a continuous increase of published papers from the 1970s until today (Fig. 1a). Soil
amendment with crop residues was also frequently investigated (n=586; 29.8% of the studies), with two peaks of
research, in the 1960s and in the last 20 years (Fig. 1a).
Less studied were peat and organic waste. However, the
number of studies for these materials increased in the last
two decades (Fig. 1a). The continuous increase of papers
published in the last 30 years indicates the growing interest in this subject.
Rhizoctonia solani, with a large number of cases, was
the most studied pathogen followed by Pythium spp.
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Fig. 1. Number of papers published in the last 70 years for
different OM types (a), and for different species of pathogens
(b). In the latter case the number of studies is also reported.

(Fig. 1b). For Fusarium spp. and Phytophthora spp. we
recorded more than 150 studies, while for Verticillium
spp., Sclerotinia spp., Thielaviopsis basicola, Aphanomyces
spp., Sclerotium spp. and Macrophomina phaseolina the
number of experiments studies ranged between 84 and
20 (Fig. 1b). The pathogens that were featured in fewer
than 20 reports (data not shown) were not further
analysed.
EFFECT OF OM AMENDMENT ON DISEASE SUPPRESSION

Considering the effect of all OM types on all
pathogens, OM was suppressive in 45% and non-significant in 35% of the cases, while in 20% a significant increase of disease incidence was found. OM amendment
resulted was highly suppressive (disease reduction
>80%) only in 12% of the cases.
Disease suppression by OM amendment: a general
comparison. Suppressive capacity varied dramatically
among different OM types (Fig. 2a). Composts and or-

Number of papers published

Decades

Number of studies

Data analysis. The impact of OM amendments on
disease incidence and severity caused by soilborne
pathogens, compared to the non-amended control, was
classified as: 1. suppressive, (significant disease reduction); 2. null, (no significant effect), and 3. conducive,
(significant disease increase). Additionally, for each
study we evaluated the percentage of suppressive experimental cases resulting in disease reduction >80% compared to the non-amendment control. This is the minimum disease control level considered adequate for
farmers to use OM in conventional agricultural systems
(Scheuerell et al., 2005).
The impact of OM amendments on population densities of soilborne pathogens, compared to the nonamended control, was analyzed in three categories taking into account the following effects: 1. significant population reduction; 2. non-significant changes, and 3. significant population increase.
The OM application rate influences suppressive ability of different amendments. For each OM type, we calculated the average application rate in the experiments
carried out either in controlled conditions (pot trials),
or in open fields. Finally, we evaluated how OM application rate influenced disease suppression.
The phytotoxicity of each type of OM was assessed
in two ways. First, we evaluated the frequency of occurrence of studies where phytotoxicity was recorded; second, we calculated the average, across all study cases, of
the minimum application rate of OM at which phytotoxicity was noted. We considered that OM was phytotoxic when it reduced plant growth in treatments not
inoculated with pathogens, and when the effect was not
due to nutrient deficit. In a large number of studies, distinctive phytotoxicity symptoms (root browning, root
tip dieback, etc.) were also reported.
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ganic wastes were the most suppressive (>50%), and
only in a few cases did these materials increase disease
incidence (<12%). The effect of amendment with crop
residues was more variable, and although they were often suppressive (45%), they could also be conducive
(28%). Disease suppression with peat was rarely significant, and was recorded only in 4% of cases.
The suppressive capacity of the amendment, considering all OM types together, varied largely towards different pathogens (Fig. 2b). Suppression was very high
for both V. dahliae and T. basicola (>65%), above 50%
of cases for Fusarium spp., Sclerotinia spp. and Phytophthora spp. and slightly below 50% for Pythium spp. In
contrast, effective control of R. solani was achieved only
in 26% of cases (Fig. 2b). An increase of disease incidence was relatively rare (<15%) for Verticillium spp.,
T. basicola, Fusarium spp. and Phytophthora spp., but
rose to 20% of cases for Sclerotinia spp. and Pythium
spp.. R. solani was a remarkable exception, because the
cases of conductivity enhancement (38%) exceeded
those of suppression (26%). Control of R. solani with
OM amendment is notoriously difficult (Krause et al.,
2001; Scheuerell et al., 2005; Termorshuizen et al.,
2007). Some authors (Hoitink and Boehm, 1999) report
that R. solani can be controlled only in the presence of
specific antagonistic microbes (e.g. Trichoderma spp.)
Obviously, this specific microflora is not consistently
present in all OM types. The control of pathogens such
as Pythium, Fusarium and Phytophthora, instead, has often been related to general suppression due to OM
amendments (Baker and Cook, 1974; Weller et al.,

(a)

Disease suppression: interaction between OM type
and pathogen species. In Table 1 we report the effect of
different OM types on the six most studied pathogens.
Compost application gave effective control in more than
55% of cases for all species studied, with the exception
of R. solani (32%). The best result was for Fusarium
spp. with successful control in 74% of cases. Organic
waste was very effective in controlling V. dahliae, with
not a single case of disease increase (Table 1). However,
organic waste had rather variable effects on R. solani,
Fusarium spp. and Phytophthora spp. Crop residues
had variable effects towards different pathogens. V.
dahliae, T. basicola, Fusarium spp. and Phytophthora
spp. were predominantly suppressed, while Pythium
spp. and R. solani were prevalently increased (Table 1).
In this context, several studies demonstrated showed
that organic waste (Gilpatrick, 1969; Tenuta and
Lazarovits, 2002) and crop residues (Wilhelm, 1951;
Candole and Rothrock, 1997) with a low C/N ratio was
very effective in the control of Verticillium spp., T. basicola and Phytophthora spp.
Finally, the use of peat showed similar results for all
pathogens, with a large prevalence of non-significant or
conducive effects, although some reports indicated significant suppression for Pythium spp. (Boehm et al.,
1997). Hoitink and Boehm (1999) suggested that the
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Fig. 2. Effect of OM amendments on disease suppression (black = highly suppressive, dark grey = suppressive, grey = null, white=
conducive) in relation to different OM types (a) and soilborne fungal pathogens (b). Total percentage of suppressive cases is the
sum of highly suppressive and suppressive. Only pathogens with more than 50 study cases (numbers in brackets) are shown.
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Table 1. Effect of amendments with different OM types on disease caused by the six most studied soilborne pathogens. Data are
the percentage of cases with highly suppressive (HS), suppressive (S), null (N) or conducive (C) effects. The total suppressive cases are the sum of HS and S. Only combinations with at least 10 studies are shown.
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limited suppressive ability of peat was related to its low
content of carbohydrates and easily degradable organic
compounds that cannot sustain the activity of biocontrol agents. This hypothesis is corroborated by the observation that light peat, richer in carbohydrates, supports more microbial activity as measured by the rate of
hydrolysis of fluorescein diacetate (FDA), compared to
dark peat which is consistently conducive (Boehm et al.,
1997).
In general negative or non-significant results are less
likely to be published, and this could affect the data reported above. However, this caveat appears less important for recent studies which compare a very large number of OM materials and plant-pathogen systems (Erhart et al., 1999; Scheuerell et al., 2005; Termorshuizen
et al., 2007), where the authors are more likely to have
included non-significant and negative results.

(b)

(a)

0%

Rhizoctonia
Rhizoctonia solani
(81)

0%

Pythium
Pythium spp.
(65)

25%

Sclerotinia
Sclerotinia spp.
(26)

25%

PhytophthoraPhytophthora
spp. (58)

50%

Fusarium
Fusarium spp.
(92)

50%

CompostCompost
(85)

75%

Crop residues
Crop residues
(325)

75%

Thielaviopsis
Thielaviopsis basicola
(17)

100%

Waste
Waste (49)

Effect of OM amendments
on population of pathogens

100%

Application rate of OM amendments. We found that
the application rate considerably varied for different
OM types, especially for studies carried out under controlled conditions (Fig. 4a). Average values were well
below 5% (v/v) for organic wastes and especially for
crop residues (1.3%). A large increase in application
rate was recorded for composts, although variability was
large (values from 1% to 100%), and for peats where
the highest application rate was reported (Fig. 4a). Possible explanations for this pattern are discussed after the
section on OM phytotoxicity. Application rates were
less variable in field experiments (Fig. 4b), but the same
trend was found (composts > wastes > residues).
In more than 50% of studies, increased application
rate corresponded to increased disease suppression for
crop residues, wastes and composts, but this was not
found for peats, for which only two studies were avail-
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Fig. 3. Effect of OM amendments on population density of fungal pathogens (black = decrease, grey = null, white = increase) in
relation to different OM types (a) and soilborne fungal pathogens (b). Only pathogens with more than 15 cases (numbers in
brackets) are shown.
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Effect of different OM types. The ability of different
OM types to reduce pathogen populations was highest
for organic waste, intermediate for crop residues and
lowest for composts (Fig. 3a). However, it is interesting
to notice that crop residues increased pathogen populations more frequently (34% of cases), compared to organic wastes and composts.
For crop residues, a key factor that affects the fate of
pathogen populations is oxygen availability in amended
soil. In aerobic conditions the effect of amendment on
fungal populations was very variable, and a decrease, no
effect, and an increase of the population were observed,
respectively in 36, 25 and 39% of the cases. One may
argue that “crop residues” is a very broad category. In
fact, this includes N rich tissue with a low C/N ratio (nitrogen fixer species such as Trifolium spp., Medicago
spp., Vicia spp., etc.), cruciferous species rich in glucosinolates that are known for their antifungal activity after
hydrolysis to isothiocyanates (Sarwar et al., 1998), and
N-poor residues with high C/N ratio (grasses, straw,
wood chips, etc.). However, when the above categories
were analyzed separately, either on the basis of their taxonomic classification (legumes vs. grasses vs. cruciferous) or C/N ratio, no consistent pattern emerged (data
not shown). In contrast, in anaerobic conditions we
found a significant reduction of the pathogen population density in all studies (n=41), irrespective of the type
of residue utilized. Examples include Verticillium spp.
(Menzies, 1962; Blok et al., 2001; López-Escudero et al.,
2007), R. solani (Blok et al., 2001), Pyrenochaeta terrestris (Watson, 1965) and several species of Fusarium
(Blok et al., 2001; Bonanomi et al., 2007).
This effect was not related to direct oxygen deficit,
but to production of fungitoxic compounds such as
methane, short-chain organic acids, aldehydes, alcohols
and sulfur which are typical products of anaerobic OM
decomposition (Ponnamperuma, 1972). Interestingly,
this phenomenon has been observed with very different
plant materials (e.g. broccoli, wheat straw, Medicago
sativa residues, leaves of many wild species, etc.), thus

Pathogen population responses. V. dahliae and T. basicola were the most sensitive species, with a significant
population reduction in more than 80% of cases, and
no report of population increase (Fig. 3b). In contrast,
Sclerotinia spp., Pythium spp. and, especially, R. solani
showed population increase in over 50% of the cases,
and a decrease only in a few experiments (Fig. 3b).

Application rate (% - v/v)

EFFECT OF OM AMENDMENTS ON PATHOGEN
POPULATIONS

suggesting that microbial anaerobic decomposition produces non-specific rather than crop-specific fungitoxic
compounds.

Application rate (t/ha)

able (Fig. 4c). However, increased application rates resulted in significantly less disease suppression, for crop
residues and organic wastes in about 30% of the cases.
This effect was less frequent for compost (Fig. 4c). Several studies (Serra-Whittling et al., 1996; Tuitert et al.,
1998; Diab et al., 2003) reported that for compost an
application rate of at least 20% (v/v) is necessary to
achieve significant disease suppression. This contrasts
with experiments where significant disease suppression
was found with application of only 1% (van Os and van
Ginkel, 2001; Pascual et al., 2002).

Suppression response to
increased application rates of OM

316

Fig. 4. Application rate of different OMs in controlled conditions (a), open field (b). In (a) and (b) values are average +1
SD; the number of study cases for each type of OM is indicated in brackets. Suppressive responses to increasing doses of
OM (black = suppression increase, grey = no effect, white =
suppression decrease) is shown in (c).
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Fusarium spp. and Phytophthora spp. showed intermediate behaviour (Fig. 3b).
Compost amendments had similar effects on Pythium
spp. and Pythophthora spp. populations (Table 2), with
a few negative cases and a majority of non-significant responses. Differently, Fusarium spp. showed population
depression in many cases (Table 2). Organic waste was
especially effective in reducing the populations of V.
dahliae and T. basicola, but was less effective towards
Fusarium species. R. solani also emerged in this case as
an exception, with no cases of population decrease
(Table 2). The population response to crop residues allowed the most complete comparison among pathogens,
because of the largest number of studies available
(n=312; 69% of total cases). Populations of V. dahliae
and T. basicola were consistently reduced by amendment with crop residues, as previously reported for organic waste (Table 2). An intermediate behaviour, with
either positive or negative responses, was observed for
Fusarium spp. and Phytophthora spp. Finally, Pythium
spp. and R. solani increased their population in the majority of the studies, and only rarely were negatively affected by the amendment (Table 2).
To explain the differential responses of the pathogens
analyzed is not easy: we suggest that a significant
amount of the observed variability could be related to
the saprophytic capacity of the pathogens. Several
Pythium species are aggressive saprophytes, especially
on fresh plant residues such as green manure
(Rothrock and Kirkpatrick, 1995; Sumner et al., 1995;
Manici et al., 2004). The rapid spore germination and
high growth rate of Pythium (Nelson, 2004) together
with its ability to colonize senescent tissues, seems to
confer on this fungus an advantage versus pure saprophyte species. However, since Pythium spp. are not
good competitors in the soil, a general suppression
could rapidly arise after amendment (Watson, 1970;
Grünwald et al., 2000). Also R. solani is a strong and
polyphagous saprophyte, but it is more competitive
than Pythium spp. in presence of complex substrates
rich in cellulose (Papavizas, 1970). This capacity is in
part determined by its enzymatic arsenal (Sneh et. al.,
1996), that allows R. solani to utilize materials with a
broad range of C/N ratios (Papavizas and Davey, 1960),
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such as various crop residues (Sumner et al., 1995; Yulianti et al., 2006) and materials very poor in N (Croteau
and Zibilske, 1998). In contrast, V. dahliae and, especially, T. basicola are known as poor saprophytes (Hood
and Shew, 1997). This is consistent with the results summarized in Fig. 3 and Table 3. For instance, soil amendments with nitrogen-fixer species significantly reduced
population density and disease incidence of T. basicola,
but not that of Pythium spp. and R. solani (Rothrock et
al., 1995). The different responses were related to the
high sensitivity of T. basicola to ammonia released during the early stage of residue decomposition (Candole
and Rothrock, 1997).
Correlation between disease suppression and
pathogen populations. Comparison of data on the impact of amendments on disease suppression and
pathogen population density showed that control of different soilborne pathogens is achieved in two different
ways: eradicating the pathogens and inducing fungistasis in the soil, or inducing resistance in the host. Thus
for T. basicola and V. dahliae, we found that disease control was almost always (>80% of cases) correlated with
a significant reduction of the pathogen population. A
similar, but less pronounced pattern was observed for
Fusarium spp. Pathogen propagules of T. basicola and
Fusarium spp. such as chlamydopores and macroconidia
are often subject, after OM amendment, to rapid germination and subsequent lysis (Patrick and Toussoun,
1965; Papavizas, 1968) that in the absence of the host
reduce the pathogen population. Bacterial colonization
of germinating propagules is thought to be involved in
the phenomenon, which remains poorly understood. A
similar process has been reported for Phytophthora cinnamomi (Hoitink et al., 1977).
In contrast, for R. solani, but especially for Pythium
spp., we found that disease control was only rarely
(<30% and <10% of cases, respectively) correlated with
significant reduction of pathogen populations. A large
number of studies reported significant disease suppression with a corresponding increase, in some cases quite
remarkable, of the pathogen population. Examples of
this unexpected result have been reported by Croteau
and Zibilske (1998) for R. solani and by Schüler et al.

Table 2. Effect of amendments with different OM types on population size of the six most studied soilborne pathogens. Data are
the percentage of cases with decreased (D), not affected (N) or increased (I) populations. Only combinations with at least 5 studies represented are shown. Sufficient data were not available for peat.
Rhizoctonia solani

Pythium spp.

Fusarium spp.

Phytophthora spp.

Verticillium dahliae

Thielaviopsis basicola

D

N

I

D

N

I

D

N

I

D

N

I

D

N

I

D

N

I

Compost

-

-

-

6

72

22

67

20

13

18

50

32

-

-

-

-

-

-

Waste

0

67

33

-

-

-

54

31

15

100

0

0

82

18

0

-

-

-

Crop residues

10

15

75

25

7

68

50

25

25

31

38

31

78

22

0

82

18

0
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(1989) for P. ultimum, among many others. Disease suppression in these cases has been related, often without
clear experimental proof, to the induction of disease resistance in the host plants and/or to the induction of
soil fungistasis.
The above examples clearly indicate how our current
knowledge is still inadequate about the ecology of the
saprophytic phase of soilborne pathogens and its role in
pathogenesis. Further studies on the saprophytic capacity of different pathogens, also in comparison with other
saprophytes which inhabit the soil, should greatly improve our ability to predict the impact of OM amendments.
ORGANIC MATTER PHYTOTOXICITY AND DISEASE
SUPPRESSION

OM phytotoxicity has often been considered an idiosyncratic phenomenon and consequently, an unpredictable side-effect of OM amendments. The present review, and recent studies on decaying litter in natural
ecosystems, indicates that occurrence and intensity of
phytotoxicity are measurable and predictable depending on the environmental conditions where decomposition occurs.
Our analysis shows that phytotoxicity largely varied
among different OM types, according to the following
rank: crop residues ≥ organic wastes > composts > peats
(Fig. 5). In detail, the occurrence of OM phytotoxicity
was high, above 10% of cases, for wastes and crop
residues, much lower for composts, and null for peats
(Fig. 5a). If the application rate of the amendment was
also taken into account, the differences among organic
materials became even more evident. The minimum application rate at which the phytotoxicity was detected,
was very low for organic waste (4.7%) and especially for
crop residues (1.9%), but this limit sharply increased
for compost, until 50% v/v (Fig. 5b).
A limited number of studies (n=19) explicitly investigated the phytotoxicity dynamics of OM during the decomposition process (results are summarized in Fig. 5c).
These experiments, all carried out in aerobic conditions,
showed that as decomposition proceeds, phytotoxicity
consistently declines. Only in a few cases was phytotoxicity constant, or an increase was followed by a decrease.
Regularly increasing phytotoxicity during decomposition was never found (Fig. 5c).
Many ecological studies report the phytotoxic effects
of decaying plant materials (review in Rice 1984). However, during decomposition, both the abundance and
the activity of phytotoxic compounds continuously
change over time because of their sorption and polymerisation on soil organic matter and clay minerals
(Makino et al., 1996), and because of chemical transformation by microorganisms (Blum et al., 1999). Bonano-

Fig. 5. Occurrence of phytotoxicity after amendments with
different OM types (a), and minimal application rate with
phytotoxic effects (b). Values are percentage +1 SD, for peat
no cases of phytotoxicity were found (*). In (c) is shown the
change of phytotoxicity during OM decomposition (n-shaped
= phytotoxicity increase followed by a decrease during decomposition). Values are percentage (n=19).

mi et al. (2006b) showed not only a widespread presence of phytotoxicity in decaying plant litter, but also
predictable dynamics in relation to both decomposition
duration and environmental conditions. In detail, litter
phytotoxicity was observed for different plant functional groups (nitrogen fixer > forbs = woody >>
grasses–sedges), and all species tested (n=25) showed
consistent patterns of phytotoxicity dynamics with a
rapid decrease, in aerobic conditions. In light of these
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findings, the observation that during decomposition of
applied amendments, phytotoxicity rapidly decreased in
aerobic conditions is coherent with the phytotoxicity
rank described above. Crop residues and organic waste
are undecomposed materials and showed the highest
phytotoxicity. At the intermediate level, we have composts which are partially decomposed materials that
have generally lost their phytotoxicity during composting (Zucconi et al., 1981). Finally, peats completely lost
their initial phytotoxicity during their long decomposition process. On this basis, we speculate that OM phytotoxicity is the main factor that determines the upper
limit of the application rate of different OM types (compare Figs. 4a and 5b).
It should be pointed out that decomposition of OM
in anaerobic or poorly aerobic conditions follows completely different pathways (Ponnamperuma, 1972), and
OM phytotoxicity is clearly higher and more persistent
in these conditions (Patrick, 1971; Bonanomi et al.,
2006b).
TOWARDS RATIONAL MANAGEMENT OF OM
AMENDMENTS FOR CONTROL OF SOILBORNE
PATHOGENS

Diversity of both OM amendment types and plantpathogen systems makes any generalization particularly
difficult. Nevertheless, some suggestions about the application of OM for plant health management can be
given.
Crop residues and organic wastes. OM amendments
have multiple direct and indirect effects on the plantpathogen-beneficial microbe system. Understanding the
relative importance of these effects is important for
management of crop residues and organic wastes. For
these materials, the balance between negative effects
(i.e. phytotoxicity and food base for pathogens) and
positive effects (i.e. fungitoxic and fungistatic effects
and resistance induction) is pivotal to avoid disease increase.
Promising results have been obtained with T. basicola
and V. dahliae. Strong evidence indicates that the temporary accumulation of ammonia or nitrous acid (in acidic
soils), following the application of crop residues or
wastes with high N contents (C/N ratio below 10), are
responsible for the eradication of Verticillium microsclerotia (Tenuta and Lazarovits, 2002). Unfortunately, these
effects were very variable among different soil types, being more effective in sandy, OM-poor soils (Tenuta and
Lazarovits, 2004). Detailed and quantitative knowledge
of the pathways of the N cycle (ammonification, nitrification, denitrification, etc.) in different soils is necessary,
for effective disease control and to avoid environmental
pollution if large quantities are applied.
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Positive results have also been achieved by using OM
with high C/N ratios. These materials can stimulate microbial activity, which can in turn deplete N availability,
and, consequently, impair the pathogen infection
process (Snyder et al., 1959). However, N starvation immediately after OM application can also impair plant
growth (Seligman et al., 1986; Michelsen et al., 1995).
To avoid OM phytotoxic effects is a basic step for
correct management of crop residues and wastes. This
can be achieved by optimizing application rate and the
timing between OM application and planting the crop.
In the early stages of decomposition, and especially
when the available oxygen is low as in water-logged soil,
crop planting should be avoided, or at least delayed to
avoid phytotoxicity. Unfortunately, it is impossible to
generalize about how long planting should be delayed.
If decomposition occurs anaerobically, OM generates
adverse conditions for many phytopathogenic fungi, but
unfortunately, also for plant growth. Applications of
OM in conjunction with anaerobiosis, for example with
the application of tarping, have been proposed (Blok et
al., 2001). Such conditions create indubitable fungitoxic
effects but great care should be taken because of the intense phytotoxicity. These results emphasize the importance of studying both plant and pathogen responses to
OM during decomposition. Special attention should be
paid to choosing the application rate.
Finally, application of crop residues, and to a lesser
extent of undecomposed organic wastes, should be
avoided if the phytopathological problems are due to
Pythium spp. or R. solani. These pathogens often respond positively to OMs and colonize them as nutrient
substrates. Sclerotium spp. is another good example of
such a pathogen, favoured by the presence of crop
residues. Volatile compounds emanating from such
residues can stimulate germination of sclerotia with a
consequent overall increase of disease incidence and
severity (Punja and Grogan, 1981).
Compost. Feedstock origin (Termorshuizen et al.,
2007), compost maturity (Tuitert et al., 1998), and application rate (Serra-Whittling et al., 1996; Tilston et al.,
2005) are the most important factors for predicting
compost suppressivity. Phytotoxicity occurs only rarely
with composts, and is limited to immature materials
(Zucconi et al., 1981; Widmer et al., 1998) and very
high application rates (Erhart et al., 1999; Szczech and
Smolińska, 2001).
Differently from organic wastes and crop residues,
the suppression capacity of composts is only in a few
cases due to eradication of pathogens. Induction of
fungistasis (Serra-Whittling et al., 1996) or systemic resistance (Zhang et al., 1996; Pharand et al., 2002) are alternative, although not mutually exclusive, explanations.
Composts are very effective for the control of several
Fusarium spp. species (Table 3). The underlying mecha-
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nisms have been elucidated in some cases (Borrero et
al., 2004), but very little is known about the relationships between the chemical and microbiological characteristics of a compost and disease suppression.
Compost amendments are often suppressive for
Pythium damping-off, but rather variable responses
have been reported (Erhart et al., 1999). In addition,
several recent broad surveys (Craft and Nelson, 1996;
Ben-Yephet and Nelson, 1999; Erhart et al., 1999; Diab
et al., 2003; Scheuerell et al., 2005) failed to identify
chemical or microbiological parameters that consistently predict compost suppressivity. A promising parameter is FDA activity (Chen et al., 1988), which includes
several soil enzymes (non-specific esterases, proteases,
lipases) related to organic matter decomposition (Nannipieri et al., 2003). FDA has been found in several
studies to positively correlate with soil disease suppressive capacity towards Pythium (Craft and Nelson, 1996;
Stone et al., 2001), but was unreliable in other cases
(Erhart et al., 1999).
Control of R. solani damping-off with composts was
erratic and almost unpredictable based on any of the
parameters that have been studied (Scheuerell et al.,
2005; Termorshuizen et al., 2007). For example, Tuitert
et al. (1998) found that immature and very mature composts were suppressive, but at an intermediate maturity
level it was conducive. In spite of the enormous number
of studies carried out (total n=670; n=272 for composts), R. solani is still the most problematic pathogen.
Considerable research will be required to obtain acceptable control of this pathogen with these materials.
Peat. Peat is the most utilized material for the preparation of potting mix in nursery systems, for both horticultural and ornamental species. Constant chemical and
physical properties such as high water retention capacity, optimal porosity and controlled pH are the main
benefits of using peat. Unfortunately, this material is
hardly ever suppressive to soilborne pathogens (Fig. 1a
and Table 2). Moreover, use of peat will probably be
discouraged because of its limited sustainability and
negative impact on global climatic changes (it is a
source of greenhouse gases). In this view, the substitution of peats with composts seems to be promising, as
demonstrated by successful applications in some countries (USA, The Netherlands, etc.).
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the most promising for its low cost and the limited environmental impact compared to fungicides and fumigants.
However, the picture that emerges from this review is
that OM amendments have great potential but give inconsistent control and sometimes increased disease severity and phytotoxicity, factors which still limit their use.
There is no doubt that the benefits of OM amendments
far outweigh their drawbacks but while the impact of this
technique on pathogen populations and disease suppression remains unpredictable, farmers may be justified in
ignoring it as a tool for controlling soilborne pathogens.
Significant progress has been made towards understanding the biology of disease suppression by OM
amendments in specific plant-pathogen systems, such as
peat-Pythium (Boehm et al., 1997), leaf compost-Pythium (McKellar and Nelson, 2003), N-rich waste-V. dahliae (Lazarovits, 2001), compost-F. oxysporum f.sp. lycopersici (Borrero et al., 2004) etc.
However, still lacking are reliable guidelines to predict the impact of any type of OM amendment on specific soilborne diseases. In this context, we doubt that
further studies with the aim of immediate application
would produce a remarkable increase of in our general
understanding of this subject. To attain significant
progress, we suggest concentrating research on the following topics:
1. Investigating how different OM types modulate
plant-pathogen-antagonist relationships;
2. Developing OM amendments able to enhance the activity of beneficial microbes, without stimulating
pathogen populations and virulence;
3. Improving the effectiveness of combined applications
of OM amendments and biological control agents;
4. Identifying parameters that consistently predict the
suppressive ability of different OMs;
5. Developing models able to integrate all the available
information.
Rapid answers to these questions are needed to predict how and when OM suppression occurs, and to
avoid possible detrimental effects.
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CONCLUSIONS AND FUTURE DIRECTIONS

There is an urgent requirement to find sustainable
strategies for the control of soilborne diseases, for both
conventional and low-input farming systems. In the last
70 years a massive number of studies have been carried
out on the subject of OM amendments for the control of
plant diseases, and this technique appears to be one of

REFERENCES
Abawi G.S., Widmer T.L., 2000. Impact of soil health management practices on soilborne pathogens, nematodes and
root diseases of vegetable crops. Applied Soil Ecology 15:
37-47.

Journal of Plant Pathology (2007), 89 (3), 311-324
Akhtar M., Malik, A., 2000. Roles of organic soil amendments
and soil organisms in the biological control of plant-parasitic nematodes-a review. Bioresource Technology 24: 35-47.
Bailey K.L., Lazarovits G., 2003. Suppressing soil-borne diseases with residues management and organic amendments.
Soil & Tillage Research 72: 169-180.
Baker K.F., Cook R.J., 1974. Biological Control of Plant
Pathogens. Freeman, San Francisco, CA, USA.
Ben-Yephet Y., Nelson E.B., 1999. Differential suppression of
damping-off caused by Pythium aphanidermatum, P. irregulare, and P. myriotylum in composts at different temperatures. Plant Disease 83: 356-360.
Blok W.J., Lamers J.G., Termorshuizen A.J., Bollen G.J.,
2001. Control of soilborne plant pathogens by incorporating fresh organic amendments followed by tarping. Phytopathology 90: 253-259.
Blum U., S.R. Shafer, Lehman M.E., 1999. Evidence for inhibitory allelopathic interactions involving phenolic acids
in field soils: concepts vs an experimental model. Critical
Reviews in Plant Science 18: 673-693.
Boehm M.J., Wu T., Stone A.G., Kraakman B., Iannotti D.A.,
Wilson G.E., Madden L.V., Hoitink H.A.J., 1997. Crosspolarized magic-angle spinning (sup13)C nuclear magnetic
resonance spectroscopic characterization of soil organic
matter relative to culturable bacterial species composition
and sustained biological control of Pythium root rot. Applied and Environmental Microbiology 63: 162-168.
Bonanomi G., Giorgi V., Del Sorbo G., Neri D., Scala F.,
2006a. Olive mill residues affect saprophytic growth and
disease incidence of foliar and soilborne plant fungal
pathogens. Agriculture Ecosystem and Environment 115:
194-200.
Bonanomi G., Sicurezza M.G., Caporaso S., Assunta E., Mazzoleni S., 2006b. Phytotoxicity dynamics of decaying plant
materials. New Phytologist 169: 571-578.
Bonanomi G., Antignani V., Pane, C., Barile E., Lanzotti V.
Del Sorbo G., Scala F., 2007. Decomposition of Medicago
sativa residues control phytotoxicity dynamics, fungal
growth and diseases caused by soilborne pathogens. (in
preparation).
Borrero C., Trillas M.I., Ordovás J., Tello J.C., Avilés M.,
2004. Predictive factors for the suppression of Fusarium
wilt of tomato in plant growth media. Phytopathology 94:
1094-1101.
Boulter J.I., Boland G.J., Trevors J.T., 2002. Evaluation of
composts for suppression of dollar spot (Sclerotinia homoeocarpa) of turfgrass. Plant Disease 86: 405-410.
Candole B.L., Rothrock C.S., 1997. Characterization of the
suppressiveness of hairy vetch-amended soils to
Thielaviopsis basicola. Phytopatologhy 87: 197-202.
Cavigelli M.A., Thien S.J., 2003. Phosphorus bioavailability
following incorporation of green manure crops. Soil Science Society American Journal 67:1186-1194.
Chen W., Hoitink H.A.J., Schmitthenner A.F., Tuovinen
O.H., 1988. The role of microbial activity in suppression
of damping-off caused by Pythium ultimum. Phytopathology 78: 314-322.
Cochrane V.W., 1948. The role of plant residues in the etiology of root rot. Phytopathology 38: 185-196.

Bonanomi et al.

321

Conklin A.E., Erich M.S., Liebman M., Lambert D., Gallandt
E.R., Halteman W.A., 2002. Effects of red clover (Trifolium pratense) green manure and compost soil amendments
on wild mustard (Brassica kaber) growth and incidence of
disease. Plant and Soil 238: 245-256.
Coventry E., Noble R., Mead A., Whipps J.M., 2005. Suppression of Allium white rot (Sclerotium cepivorum) in different soils using vegetable wastes. European Journal of
Plant Pathology 111: 101-112.
Craft C.M., Nelson E.B., 1996. Microbial properties of composts that suppress damping-off and root rot of creeping
bentgrass caused by Pythium graminicola. Applied and Environmental Microbiology 62: 1550-1557.
Croteau G.A., Zibilske L.M., 1998. Influence of papermill processing residuals on saprophytic growth and disease caused
by Rhizoctonia solani. Applied Soil Ecology 10: 103-115.
Diab H., Hu S., Benson D.M., 2003. Suppression of Rhizoctonia solani on impatiens by enhanced microbial activity in
composted swine waste amended potting mixes. Phytopathology 93: 1115-1123.
Erhart E., Burian K., Hartl W., Stich K., 1999. Suppression of
Pythium ultimum by biowaste composts in relation to compost microbial biomass, activity and content of phenolic
compounds. Journal of Phytopathology 147: 299-305.
Gilpatrick J.D., 1969. Effect of soil amendments upon inoculum survival and function in Phytophthora root rot of avocado. Phytopathology 59: 979-985.
Grünwald N.J., Hu S., van Bruggen A.H.C., 2000. Short-term
cover crop decomposition in organic and conventional
soils: soil microbial and nutrient cycling indicator variables
associated with different levels of soil suppressiveness to
Pythium aphanidermatum. European Journal of Plant
Pathology 106: 51-60.
Gurevitch, J. Hedges L.V. 1993. Meta-analysis: combining the
results of independent experiments. In: Scheiner, S.M. and
Grevitch J. (eds), Design and Analysis of Ecological Experiments, pp 378-398. Chapmn and Hall, New York,
NY, USA.
Hoitink H.A.J., Boehm M.J., 1999. Biocontrol within the context of soil microbial communities: a substrate-dependent
phenomenon. Annual Review of Phytopathology 37: 427446.
Hood M.E., Shew H.D., 1997. Reassessment of the role of
saprophytic activity in the ecology of Thielaviopsis basicola.
Phytopathology 87: 1214-1219.
Janvier C., Villeneuve F., Alabouvette C., Edel-Hermann V.,
Mateille T., Steinberg C., 2007. Soil health through soil
disease suppression: Which strategy from descriptors to indicators? Soil Biology and Biochemistry 39: 1-23.
Kotsou M., Mari I., Lasaridi K., Chatzipavlidis I., Balis C.,
Kyriacou A., 2004. The effect of olive oil mill wastewater
(OMW) on soil microbial communities and suppressiveness against Rhizoctonia solani. Applied Soil Ecology 26:
113-121.
Krause S.M., Madden L.V., Hoitink H.A.J., 2001. Effect of
potting mix microbial carrying capacity on biological control of Rhizoctonia damping off of radish and Rhizoctonia
crown and root rot of poinsettia. Phytopathology 91: 11161123.

322

Disease suppression with organic amendments

Lazarovits G., Conn K.L., Potter J.W., 1999. Reduction of potato scab, Verticillium wilt, and nematodes by soymeal and
meat and bone meal in two Ontario potato fields. Canadian Journal of Plant Pathology 21: 345-353.
Lazarovits, G. 2001. Management of soil-borne plant
pathogens with organic soil amendments: a disease control
strategy salvaged from the past. Canadian Journal of Plant
Pathology 23: 1-7.
Lewis J.A., Papavizas G.C., 1977. Effect of plant residues on
chlamydospore germination of Fusarium solani f. sp. phaseoli and on Fusarium root rot of beans Phytopathology 67:
925-929.
Litterick A.M., Harrier L., Wallace P., Watson C.A., Wood
M., 2004. The role of uncomposted materials, composts,
manures, and compost extracts in reducing pest and disease incidence and severity in sustainable temperate agricultural and horticultural crop production: A review. Critical Reviews in Plant Sciences 23: 453-479.
Lockwood J.L., 1990. Relation of energy stress to behaviour of
soilborne plant pathogens and to disease development. In:
Hornby D. (ed.), Biological Control of Soilborne Plant
Pathogens, pp. 197-214. CAB International, Wallingford,
UK.
López-Escudero F.J., Mwanza C., Blanco-López M.A., 2007.
Reduction of Verticillium dahliae microsclerotia viability in
soil by dried plant residues. Crop Protection 26: 127-133.
Lumsden R.D., Lewis J.A., Millner P.D., 1983. Effect of composted sewage sludge on several soilborne pathogens and
diseases. Phytopathology 73: 1543-1548.
Magid J., Henriksen O., Thorup-Kristensen K., Mueller T.,
2001. Disproportionately high N-mineralisation rates from
green manures at low temperatures – implications for
modelling and management in cool temperate agro-ecosystems. Plant and Soil 228: 73-82.
Makino T., Takahashi T., Sakurai Y., Nanzyo M., 1996. Influence of soil chemical properties on adsorption and oxidation of phenolic acids in soil suspension. Soil Science and
Plant Nutrition 42: 867-879.
Manici L.M., Caputo F., Babini V., 2004. Effect of green manure on Pythium spp. population and microbial communities in intensive cropping systems. Plant and Soil 263: 133142.
Martin F.N., 2003. Development of alternative strategies for
management of soilborne pathogens currently controlled
with methyl bromide. Annual Review of Phytopathology
41: 325-350.
Mazzola M., Granatstein D.M., Elfving D.C., Mullinix K.,
2001. Suppression of specific apple root pathogens by
Brassica napus seed meal amendment regardless of glucosinolate content. Phytopathology 91: 673-679.
McDonald B.A., Linde C., 2002. Pathogen population genetics, evolutionary potential, and durable resistance. Annual
Review of Phytopathology 40: 349-379.
McKellar M.E., Nelson E.B., 2003. Compost-induced suppression of Pythium damping-off is mediated by fatty-acid
metabolizing seed-colonizing microbial communities. Applied and Environmental Microbiology 69: 452-460.
Menzies J.,D., 1962. Effect of anaerobic fermentation in soil

Journal of Plant Pathology (2007), 89 (3), 311-324
on survival of sclerotia of Verticillium dahliae. Phytopathology 52: 743.
Michelsen A., Schmidt I.K., Jonasson S., Dighton J., Jones
H.E., Callaghan T.V. 1995. Inhibition of growth, and effects on nutrient uptake of arctic graminoids leaf extracts –
allelopathy or resource competition between plants and
microbes? Oecologia 103: 407-418.
Nannipieri P., Ascher J., Ceccherini M.T., Landi L.,
Pietramellara G., Renella G., 2003. Microbial diversity and
soil functions. European Journal of Soil Science 54: 655-670.
Nelson E.B., 2004. Microbial dynamics and interactions in the
spermosphere. Annual Review of Phytopathology 42: 271309.
Noble R., Coventry E., 2005. Suppression of soil-borne plant
diseases with composts: a review. Biocontrol Science and
Technology 15: 3-20.
Noble R., Roberts S.J., 2004. Eradication of plant pathogens
and nematodes during composting: a review. Plant Pathology 53: 548-568.
Ohno T., Doolan K., 2001. Effects of red clover decomposition on phytotoxicity to wild mustard seedling growth. Applied Soil Ecology 16: 187-192.
Papavizas G.C., 1968. Survival of root-infecting fungi in soil.
IV. Effect of amendments on bean root rot caused by
Thielaviopsis basicola and on inoculum density of the
causal organism. Phytopathology 58: 421-428.
Papavizas G.C., Davey C. B., 1960. Rhizoctonia disease of
bean as affected by decomposing green plant materials and
associated microfloras. Phytopathology 50: 516-522.
Papavizas, G.C. 1970. Colonization and growth of Rhizoctonia solani in soil. In: Parmeter J.R. (ed.). Rhizoctonia
solani, Biology and Pathology, pp. 108–122. University of
California Press, Berkeley, CA, USA.
Pascual J.A., Garcia C., Hernadez T., Lerma S., Lynch J.M.,
2002. Effectiveness of municipal waste compost and its humic fraction in suppressing Pythium ultimum. Microbial
Ecology 44: 59-68.
Patrick Z.A., Toussoun T.A., Snyder W.C., 1963. Phytotoxicity substance in arable soils associated with decomposition
of plant residues. Phytopathology 53: 152-161.
Patrick Z.A., Toussoun T.A., 1965. Plant residues and organic
amendments in relation to biological control. In: Baker
F.K. and Snyder W.C. (eds) Ecology of Soil-Borne
Pathogens - Prelude to Biological Control, pp. 440-459.
University of California, Berkeley, CA, USA.
Patrick ZA., 1971. Phytotoxic substance associated with the
decomposition in soil of plant residues. Soil Science 111:
13–18.
Pérez-Piqueres A., Edel-Hermann V., Alabouvette C., Steinberg C., 2006. Response of soil microbial communities to
compost amendments. Soil Biology and Biochemistry 38:
460-470.
Pharand B., Carisse O., Benhamou N., 2002. Cytological aspects of compost-mediated induced resistance against
Fusarium crown and root rot in tomato. Phytopathology 92:
424-438.
Ponnamperuma F.N., 1972. The chemistry of submerged
soils. Advance in Agronomy 24: 29-96.

Journal of Plant Pathology (2007), 89 (3), 311-324
Punja Z.K., Grogan R.G., 1981. Mycelial growth and infection without a food base by eruptively germinating sclerotia of Sclerotium rolfsii. Phytopathology 71: 1099-1003.
Rice E.L., 1984. Allelophaty. 2nd ed., Academic Press, London, UK.
Rothrock C.S., Kirkpatrick T.L., 1995. The influence of winter legume cover crops on soilborne plant pathogens and
cotton seedling diseases. Plant Disease 79: 167-171.
Sarwar M., Kirkegaard J.A., Wong P.T., Desmarchelier J.M.,
1998. Biofumigation potential of brassicas III. In vitro toxicity of isothiocyanates to soil-borne fungal pathogens.
Plant and Soil 201: 103-112.
Scheuerell S.J., Sullivan D.M., Mahaffee W.F., 2005. Suppression of seedling damping-off caused by Pythium ultimum,
P. irregulare, and Rhizoctonia solani in container media
amended with a diverse range of Pacific Northwest compost sources. Phytopathology 95: 306-315.
Scheuerell S., Mahafee W., 2002. Compost tea: principles and
prospect for plant disease control. Compost Science and
Utilization 10: 313-338.
Schüler C., Biala J., Bruns C., Gottschall R., Ahlers S. and
Vogtmann H., 1989. Suppression of root rot on peas,
beans and beetroots caused by Pythium ultimum and Rhizoctonia solani through the amendment of growing media
with composted organic household waste. Journal of Phytopathology 127: 227-238.
Seligman N.G., Feigenbaum S., Feinerman D., Benjamin
R.W., 1986. Uptake of nitrogen from high C-to-N ratio,
15N-labelled organic residues by spring wheat grown under semi-arid conditions. Soil Biology and Biochemistry 18:
303-307.
Serra-Wittling C., Houot S., Alabouvette C., 1996. Increased
soil suppressiveness to Fusarium wilt of flax after addition
of municipal solid waste compost. Soil Biology and Biochemistry 28: 1207-1214.
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