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1. Introduction

ABSTRACT

Application of organic amendments has been proposed as a strategy for the management of diseases
caused by soilborne pathogens. However, inconsistent results seriously hinder their practical use. In this
work we use an extensive data set of 2423 studies derived from 252 papers to explore this strategy. First,
we assess the capability of a specific organic amendment to control different diseases; second, we
investigate the influence of organic matter (OM) decomposition on disease suppressiveness; and third,
we search for physical, chemical and biological parameters able to identify suppressive OM. OM was
found to be consistently suppressive to different pathogens in only a few studies where a limited number
of pathogens were tested. In the majority of studies a material suppressive to a pathogen was ineffective
or even conducive to other pathogens, suggesting that OM suppressiveness is often pathogen-specific.
OM decomposition in many studies (73%, n = 426) emerged as a crucial process affecting suppressive-
ness. During decomposition, disease suppression either increased, decreased, was unchanged or showed
more complex responses, such as ‘hump-shaped’ dynamics. Peat suppressiveness generally decreased
during decomposition, while responses of composts and crop residues were more complex. However,
due to the many interactions of contributing factors (OM quality, microbial community composition,
pathosystem tested and decomposition time), it was difficult to identify specific predictors of disease
suppression. Among the 81 parameters analysed, only some of the 643 correlations showed a consistent
relationship with disease suppression. The response of pathogen populations to OM amendments was
a reliable feature only for some organic matter types (e.g. crop residues and organic wastes with C-to-N
ratio lower than ~ 15) and for pathogens with a limited saprophytic ability (e.g., Thielaviopsis basicola and
Verticillium dahliae). Instead, population responses of the pathogenic fungi Phytophthora spp., Rhizoctonia
solani and Pythium spp. appeared unrelated to disease suppression. Overall, enzymatic and microbio-
logical parameters, rather than chemical ones, were much more informative for predicting suppres-
siveness. The most useful features were FDA activity, substrate respiration, microbial biomass, total
culturable bacteria, fluorescent pseudomonads and Trichoderma populations. We conclude that the
integration of different parameters (e.g. FDA hydrolysis and chemical composition by '>C NMR) may be
a promising approach for identification of suppressive amendments.

© 2009 Elsevier Ltd. All rights reserved.

context, alternative control methods with high efficacy, low cost
and limited environmental effects are a high priority research need

Increasing public interest in protecting the environment and
human health has prompted research on agronomic strategies with
reduced requirements of fungicides, fertilizers and herbicides.
Furthermore, conventional strategies, such as the use of resistant
cultivars and synthetic fungicides, are not completely able to
control soilborne fungal and oomycete plant pathogens, which
every year cause considerable losses in crop production. In this
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for contemporary agriculture (Martin, 2003).

Organic amendments, such as animal and green manure (the
incorporation of crop residues into the soil), organic wastes,
composts and peats, have been proposed to control diseases caused
by soilborne pathogens (Baker and Cook, 1974; Hoitink and Fahy,
1986). There are many examples of soilborne pathogens controlled
effectively by the application of organic amendments: Aphanomyces
euteiches (Lumsden et al., 1983), Gaeumannomyces graminis f.sp.
tritici (Tilston et al., 2002), Macrophomina phaseolina (Lodha, 1995),
Rhizoctonia solani (Papavizas and Davey, 1960), Thielaviopsis basicola
(Papavizas, 1968), Verticillium dahliae (Lazarovits et al., 1999), and
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several species of Fusarium (Szczech, 1999), Phytophthora (Szczech
and Smolinska, 2001), Pythium (McKellar and Nelson, 2003), Scle-
rotinia (Lumsden et al., 1983) and Sclerotium (Coventry et al., 2005).

Unfortunately, the suppressiveness of OM amendments (i.e. the
ability to control plant diseases) is often inconsistent: many studies
(Mazzola et al., 2001; Tilston et al., 2002) report an increase of
disease incidence after amendments. In an extensive survey on
compost effects, Termorshuizen et al. (2007) found disease
suppression in 54% of all cases, no significant suppression in 42.7%,
and disease enhancement in 3.3%. In a recent review of 1964
experimental studies, Bonanomi et al. (2007) found the effect of
OM on diseases to be suppressive in 45% of the cases, no significant
in 35% and conducive in 20% (increase of disease incidence).

Inconsistency and unpredictability of OM effects on plant
diseases seriously hinder the practical use of these materials: OMs
that are suppressive to some pathogens and conducive to others
cannot be extensively applied unless their effects on diseases can be
accurately predicted. Substantial effort has been made during the
last decade in the search for reliable indicators of OM suppressive
capability (review in Noble and Coventry, 2005; Janvier et al.,
2007). The traditional approach is based on the analysis of the
effects of a large number of OMs on different pathosystems, with
the aim to identify characteristics correlated with disease
suppression (Scheuerell et al., 2005; Termorshuizen et al., 2007).
For instance, a fluorescein diacetate (FDA) hydrolysis assay has
been used to measure non-specific enzyme activity (e.g. esterases,
proteases, lipases, etc.) and has been correlated with organic matter
decomposition (Schnurer and Rosswall, 1982), but is also positively
correlated with peat (Boehm et al., 1997) and compost suppres-
siveness (Chen et al., 1988).

Another important indicator could be the degree of decomposi-
tion of the amendments (Hoitink and Boehm, 1999; Janvier et al.,
2007). Significant changes in the correlation between suppressive-
ness and the level of decomposition have been reported for crop
residues (Wilhelm, 1951; Papavizas and Davey, 1960), organic wastes
(Croteau and Zibilske, 1998; Kotsou et al., 2004), peats (Boehm et al.,
1997) and composts (Widmer et al., 1998; Diab et al., 2003). For
example, Tuitert et al. (1998) reported that undecomposed and
mature composts were suppressive to R. solani damping-off, but
partially decomposed materials were conducive. A relationship
between decomposition state and suppressiveness was also
demonstrated by Boehm et al. on peat (1997). They showed that
suppressiveness to Pythium ultimum decreases with peat “age”
because of the progressive depletion of carbohydrates and easily
degradable organic compounds, which are necessary to sustain
biological control agents. An understanding of the influence of the
degree of OM decomposition on the suppression of soilborne disease
is essential to improve our predictive capability.

In this work we use the data set of Bonanomi et al. (2007) to 1)
assess the capability of a specific organic amendment to control
different diseases, 2) summarize the effects of OM decomposition
on disease suppressiveness, and 3) identify factors capable of pre-
dicting the effect of OM amendments on plant diseases. We also
describe trends that appear specific to different OM types and
pathogen species and that might be useful for the identification of
general features of suppressive amendments.

2. Materials and methods
2.1. Literature search and data collection

The current analysis uses the data set compiled by Bonanomi
et al. (2007). Data were obtained from 252 articles published

between 1940 and 2006 with a total of 2423 experimental study
cases concerning the effect of organic amendments on disease

incidence (n = 1964) and population (n = 459) of fungal and
oomycete pathogens. International journals were searched using
online versions of Biological Abstracts, Blackwell Synergy, ISI Web
of Knowledge, Science Citation Index, Science Direct, and within
the APSnet site. The search words were: “amendment,” “compost,”
“crop residues,” “damping-off,” “green manure,” “organic matter,”
“peat,” “root rot,” “soilborne pathogens,” “suppression,” “waste”,
and “wilt”. Only articles containing quantitative data on disease
incidence and/or severity and population response of pathogens
were included to avoid subjective selection bias. For further details
and the full list of articles utilized, see Bonanomi et al. (2007).

” o«
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2.2. Data analysis

2.2.1. Organic amendment multiple suppression

The effects of OM amendments on disease incidence and
severity caused by soilborne pathogens, relative to a non-amended
control, were classified as: 1. suppressive, (significant disease
reduction); 2. null, (not significant effect), and 3. conducive,
(significant disease increase).

The capability of a specific OM amendment to control different
pathogens was evaluated by selecting studies that dealt with at
least two different pathogens. To analyse the data we calculated an
index of multiple suppression (MSI):

_ No. Suppressive — No. Conducive Null

M No. Total cases

where: “No. Suppressive” indicates the number of cases of effective
disease control; “No. Conducive & Null” indicates the number of
cases in which the amendment is null or increases the disease; and,
“No. Total cases” indicates the number of study cases for each type
of amendment. MSI values range between +1 and —1: values
between 0 and +1 indicate that an amendment is more frequently
or always (+1) suppressive, while values between —1 and 0 indi-
cate an amendment more frequently or always (—1) conducive
or null. A MSI value of 0 indicates high variability, with both
suppressive and conducive effects on diseases. We calculated the
MSI for each OM type tested on at least two different pathosystems.

2.2.2. Decomposition of organic amendments
and disease suppression

The effects of the degree of decomposition of the OM on disease
incidence and severity was classified into six categories, and took into
account the suppressiveness trends observed during decomposition:
1. increased suppression; 2. constant suppression (with no signifi-
cant changes, as reported in the original articles); 3. constant
conducivity or null (with no significant changes); 4. decreased
suppression; 5. decreased suppression followed by an increase
(hereafter indicated as U-shaped); and 6. increased suppression
followed by a decrease (indicated as N-shaped). Data were subjected
to three types of analysis: i. the general behaviour of each organic
matter type (compost, crop residues, waste and peat); ii. the response
of each different pathogen to all amendments pooled, and, iii. all
possible combinations between OM types and pathogen species.

2.2.3. Identifying suppressive organic amendments

We followed the approach proposed by Janvier et al. (2007) for
suppressive soils to evaluate parameters for the prediction of OM
amendment suppressiveness. Correlations between analytical
parameters and suppressiveness found in literature were classified
as positive, negative or not significant, as reported in the original
articles, for both abiotic and biotic characteristics. In this way, it was
possible to assess the consistency of the relationships for each
analytical parameter with disease suppression.
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In addition, we evaluated each parameter using a literature-
based approach to calculate a quantitative, bias-free index of
suppression (Suppression Index, SI). First, available data were
categorized by assigning a numerical value to each type of rela-
tionship: 1, 0 or —1 for positive, not significant and negative rela-
tionships, respectively. Then SI was calculated as follows:

S — Correlation mean x No. studies 100
B No. total studies

where: “Correlation mean” indicates the mean of the numerical
value assigned to the correlations with suppressiveness of each
parameter; “No. studies” is the number of studies available for each
parameter; and, “No. total studies” are the number of study cases. SI
values range between +« and —: positive values indicate
a prevalence of positive correlations, while negative values are the
results of negative relationships. This index takes into account both
the consistency of the relationships with suppressiveness (positive,
not significant or negative) and the number of available correla-
tions. SI has the advantage that it gives a realistic quantification of
the values of a parameter according to the knowledge available at
present. However, the use of this index is limited because of
a dependency on the number of study cases available. Where there
are only a few study cases, the SI will be underestimated, and for
parameters with a larger number of studies higher SI values are
obtained. Moreover, since the SI index is based on correlations, it
provides only an indirect indication of the underlying mechanisms
operating during disease suppression by specific OM amendments.

A different approach was carried out to investigate the rela-
tionships between the pathogen population density and the disease
suppression after OM application. We assessed the response of the
pathogen population when the OM amendment has a suppressive
effect on disease incidence. This analysis was carried out both for
different pathogen species and OM types. Finally, we analysed the
role of OM microbial community and the capability of an OM to
induce resistance in plants in disease suppression. In the first case
we quantified the number of studies where OM sterilization posi-
tively or negatively affects disease suppression. In the latter case,
we identified the number of studies in which OM amendments
induce plant resistance to pathogens by recording the cases of
significant decreasing disease severity.

3. Organic amendment multiple suppression

In most of the studies in the data set, the suppressiveness of one
type of OM was tested against one pathogen and only 122 out of 1964
experiments tested two or more pathogens. Although the number of
pathogens tested for each type of OM ranged between 2 and 21 with
amean of 3.5, the majority of studies (95 out of 122) considered only
two or three pathogens. Our analysis showed that in a few studies,
and only when a limited number of pathogens were tested, did the
organic amendment show a consistent response (Fig. 1). In many
cases a variable response was shown, where a material suppressive
to a pathogen was ineffective or even conducive to other pathogens.
When three or more pathogens were considered (e.g. Lumsden et al.,
1983) the results were inconsistent (Fig. 1). These results suggest
that OM suppressiveness is often pathogen-specific and related to
the mechanism(s) of disease suppression. For instance, the appli-
cation of green manure with Vicia sativa, a nitrogen fixing species
that releases ammonia during residue decomposition, was able to
control T. basicola, but enhanced the incidence of Pythium spp.and R.
solani (Rothrock and Kirkpatrick, 1995). This difference could
depend on the greater sensitivity of T. basicola to ammonia (Candole
and Rothrock, 1997). In another case, Termorshuizen et al. (2007)
reported that a compost suppressive in the pathosystems

100 m Consistent lack of suppression
O Consistent suppression

O Variable response

75

Incidence of studies within each class (%)
o
=}
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- |
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No. pathogens tested

Fig. 1. Class distribution of the multiple suppression index (MSI) in relation to the
number of pathogens tested on a specific organic matter type. Classes of MSI > 0.5,
indicate consistent suppression; MSI < —0.5, indicate a consistent lack of suppression;
MSI ranging from —0.5 to 0.5 indicate a variable response.

Cylindrocladium spathiphylli — Spathiphyllum, R. solani — cauliflower,
Fusarium oxysporum — flax and Phytophthora nicotianae — tomato
was otherwise conducive in the V. dahliae — eggplant combination.
However, some notable exceptions exist: Nelson and Boehm (2002)
reported that the application of sewage sludge was significantly
suppressive to five different pathogens (Laetisaria fuciformis,
Pythium graminicola, R. solani, Sclerotinia homoeocarpa and Typhula
incarnate). Cases of consistently suppressive (e.g. Darby et al., 2006)
or conducive (e.g. Tilston et al., 2002) organic amendments are
relatively rare in our data set.

4. Decomposition of organic amendments
and disease suppression

Organic amendments introduced into soil or horticultural
substrates are subject to decomposition processes dependent on
organic matter quality, water availability and temperature (Berg
and McClaugherty, 2003). The effect of OM decomposition on
soilborne diseases was detailed in 36 of the 252 papers examined
and covered 426 studies. The duration of the decomposition
process was quite variable among the studies, ranging between
a few days to a maximum of about three years.

Our analysis indicates that decomposition is a crucial process
for pathogen suppressiveness. OM decomposition significantly
affected the degree of disease suppression in 73% of studies, either
at short (days or weeks; Phillips et al., 1971) or long time scales
(months or years; Widmer et al.,, 1998; Stone et al., 2001). The
response to decomposition was variable with a prevalence of
studies reporting an increase (32%) or a reduction (28%) of disease
suppression (Fig. 2). The U- and N-shaped responses were less
frequent, but evident in 13% of cases (Fig. 2). The large variability
observed for pathogen species and OM types makes any attempt to
make generalizations very difficult. However, some consistent
results emerged when pathogen species and OM types were ana-
lysed separately.

Peat is a natural product derived from the progressive accu-
mulation of plant and moss residues decomposed under water-
logged conditions. During decomposition, peat generally loses its
suppressiveness (Fig. 3a). This result has been attributed to the
progressive reduction of cellulose, carbohydrates and easily
degradable organic compounds (Hoitink and Boehm, 1999). These
chemical changes may drive a progressive shift in the microbial
community composition from Gram negative bacteria, which have
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M shaped
U shaped (8%) Increasing
(5%) suppression (32%)

Declining

suppression (28%) Consistently

) 3 suppressive (14%)
Consistently conducive

and null (13%)

Fig. 2. Effect of organic matter decomposition on disease suppression. Data are
expressed as percentage of the total number of studies (n = 426).

antagonistic ability, to Gram positive bacteria, which are less able to
antagonize soilborne pathogens (Boehm et al., 1997). Accordingly,
light peats which are richer in carbohydrates support more
microbial activity as measured by the rate of hydrolysis of fluo-
rescein diacetate (FDA), compared to dark peats which are often
conducive (Boehm et al., 1997).

In contrast to peat, the relationship between compost maturity
and suppressiveness is complex. Compost is obtained by the bio-
logical decomposition of organic materials which causes their
chemical stabilization and the sanitization from human and plant
pathogens and weed seeds (Noble and Roberts, 2004). Composts
are very heterogeneous materials due to the diversity of com-
posting methodologies, feedstock origin (e.g. municipal waste,
animal manure, plant pruning, etc.) and especially the stage of
maturity (Tuitert et al, 1998). The many interactions of these
factors means that it is difficult to predict the suppressive efficacy of
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Fig. 3. Effect of organic matter decomposition on disease suppression in relation to the
organic matter type (a) and pathogen species (b). Data are expressed as percentage
values calculated from the total number of studies within each OM type (a) and
pathogen species (b). The number of studies is reported in brackets.

a compost. Disease suppression often increased during decompo-
sition (44%), but also showed a significant decline (23%) in many
experiments. U- and N-shaped responses were reported only in
a few cases for composts (Fig. 3a). Increasing compost suppres-
siveness with decomposition could be related to the incomplete
microbial colonization of undecomposed OM (Scheuerell and
Mahaffee, 2005). OM not completely colonized by microbes still
contains organic carbon resources and nutrients available for
utilization by saprophytic pathogens for inoculum production.
As decomposition proceeds, the availability of easily degradable
carbon sources progressively diminishes, creating microbiostatic
conditions that may produce an increase of suppressiveness by
favouring competitive saprophytes. In the late stage of decompo-
sition, the microbial community has completely exhausted carbon-
based resources, which as already described for peats (Boehm et al.,
1997), may cause a reduction of suppressiveness. However, until
the maturation status of composts has a better chemical and
microbiological definition (Mondini et al., 2003), the search for
general principles that relate decomposition to suppressiveness
will be difficult to attain.

The relationship between the decomposition state of crop
residues and disease suppression is very variable (Fig. 3a). In nine
studies crop residues had been subjected to decomposition periods
of comparable duration and suppression of Pythium spp. consis-
tently increased during decomposition, while for R. solani it often
decreased. The contradictory behaviour of the two pathogens
(Fig. 3b) could be partially related to their different saprophytic
capability. Pythium spp. are aggressive saprophytes on fresh
materials such as undecomposed plant residues (Rothrock and
Kirkpatrick, 1995; Sumner et al., 1995). Rapid spore germination
and high growth rate (Nelson, 2004), together with the ability to
colonize senescent tissues confers to Pythium spp. an advantage
over specialized saprophytic microbes. However, since Pythium spp.
are not good competitors in soil, a general suppressiveness would
rapidly arise a few days after amendment addition (Griinwald et al.,
2000). R. solani, in contrast, is a slower colonist of OM, but more
competitive than Pythium spp. on complex substrates rich in
cellulose (Papavizas, 1970). This competitive advantage is in part
due to the enzymes that it possesses (Sneh et al., 1996) that
allow R. solani to utilize a wide array of crop residues with different
C-to-N ratios (Croteau and Zibilske, 1998; Yulianti et al., 2006).

In Fig. 4 we propose a synthesis of the relationship between OM
decomposition and disease suppression. Crop residues, composts

crop residues

. compost peat
organic waste

A 4

Organic matter type

-
1

Suppressive

Conducive

days-weeks months-years decades-centuries

>
>

Time scale of decomposition

Fig. 4. Schematic representation of disease suppression dynamics during organic
matter decomposition.
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and peats represent three points along a continuum of decompo-
sition state in which the sign (suppressive vs. conducive) and the
magnitude of suppressiveness dramatically change. Bonanomi et al.
(2007) reported that undecomposed materials, represented by crop
residues and wastes, span all the possible outcomes being either
very suppressive or conducive. More decomposed materials, such
as mature composts, are on an average more suppressive with
fewer cases of disease increase (Bonanomi et al., 2007). Finally,
extremely decomposed materials, such as peats, are much less
variable: they are slightly suppressive or moderately conducive.

5. Identifying suppressive organic amendments

Among all the variables assessed (81 for 643 correlations), only
some of them were consistently correlated with disease suppres-
sion. We therefore restrict the discussion below to the pathogens
most commonly studied.

5.1. Pathogen population and disease suppression

By comparing different OM types with all pooled pathogens, we
found that disease suppression correlated with a decrease of path-
ogen population in more than 50% of the cases for crop residues and
organic waste (Fig. 5a). Pathogen populations either increased or
decreased with a similar frequency when disease suppressive
composts were applied (Fig. 5a). A consistent positive correlation
between disease suppression and decrease of pathogen populations
was recorded for T. basicola, V. dahliae (~80%) and Fusarium spp.
These results indicate that population decline is one of the mecha-
nisms underlying the control of these microbes with organic
amendments (mainly wastes and crop residues). Fusarium spp. and
T. basicola propagules commonly germinate after amendment with
crop residues (Patrick and Toussoun, 1965; Adams and Papavizas,
1969) and consequently, in absence of the host, germinating prop-
agules are often lysed resulting in a drastic reduction of the pathogen
population. V. dahliae control is commonly due to a direct killing of
microsclerotia by toxic compounds as ammonia and nitrous acid
produced by decaying OM (Tenuta and Lazarovits, 2002).

In contrast, only in few cases could a decline of pathogen pop-
ulation be correlated with disease suppression for Phytophthora spp.,

100%
75%
50% +

25%

0%

Effect of suppressive amendment
on pathogen populations

Compost (57) F

Crop residues (85) _

All material pooled (169)
Organic waste (27)

R. solani and especially for Pythium spp. (Fig. 5b). Interestingly, for
these pathogens a large number of studies reported significant
disease suppression with increased pathogen populations. This
result has been recorded for Fusarium spp. (Ros et al., 2005),
Phytophthora spp. (Widmer et al., 1998; Szczech and Smolinska,
2001), R. solani (Sumner et al., 1995; Croteau and Zibilske, 1998) and
especially for Pythium spp. (Lewis et al., 1992). The induction of
disease resistance in plants and/or soil fungistasis is the mechanisms
proposed, but rarely tested, to explain the observed disease
suppression. The hypothesis of induced resistance merits further
investigation considering the low number of studies available
(n =17 in four papers) and the high percentage of cases where this
mechanism has been found positively correlated with suppressive-
ness (59%). In conclusion, the response of pathogen populations to
OM amendments may be a reliable indicator only for some organic
matter types (e.g. crop residues and wastes with low C-to-N ratio)
and for pathogens with limited saprophytic capability. This evidence
is consistent with the observation that crop residues can be used to
control weak saprophytic phytopathogens such as T. basicola (Hood
and Shew, 1997) and V. dahliae, but are often ineffective or conducive
to microbes with high saprophytic capability such as Pythium spp.
and R. solani (Bonanomi et al., 2007).

5.2. Chemical and physical variables

Chemical and physical variables (n = 40) were less informative
predictors of suppressiveness than enzymatic and microbiological
ones (18% and 9% of positive and negative correlations, n = 299).
Despite a large number of relevant studies, many chemical char-
acteristics (e.g. nutrients and metals) were apparently not corre-
lated with disease suppression (Figs. 6 and 7).

The C-to-N ratio is considered a key index to assess the litter
decay rate and the pattern of nitrogen release during decomposi-
tion of OM (Berg and McClaugherty, 2003). Unfortunately, the same
does not seem to be true for disease suppression because the C-to-
N ratio of OM was poorly correlated with OM suppressiveness
(Figs. 6 and 7). This probably is attributable to the suppressive
capability of materials with either a high or low C-to-N ratio.
Materials with a high C-to-N ratio stimulate microbial activity
that, by reducing the N availability, impairs pathogen saprophytic

~ ~ -
) ~ % P Q
= ) IS ) N o~
ht e < S g
ISy ~— . ~— .~ )
3 3 & : S ~
S 3 Z & 3 =
S 2 g < 2 2
= 2 S N

I = = S N
s < 5 2 s =
= 2 > = S =
= 2 s = N =
2 5 = ) 5 A
N = = =
S 3 = =4
= 3 ]

=

&

Fig. 5. Effect of suppressive organic matter on pathogen population dynamics (black = decrease, grey = null, white = increase). Analysis was carried out for different organic matter
types (a) and soilborne pathogens (b). Only OM types and pathogens with at least 15 study cases are reported (number of studies in brackets).
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capability, and thus the infection process (Snyder et al., 1959). responsible for the eradication of V. dahliae (Tenuta and Lazarovits,
However, it should also be noted that N starvation immediately 2002). These suppressive effects were reported to be variable
after OM application can impair plant growth (Hodge, 2004). On among different soil types, being more effective in sandy OM-poor
the other hand, there is evidence that the temporary accumulation soils (Tenuta and Lazarovits, 2004). Even so, in this case a low
of ammonia or nitrous acid (in acidic soils), following the applica- C-to-N ratio is not a reliable indicator of the decomposing
tion of OM with high N contents (C-to-N ratio below 15—10), is substrates that are releasing either ammonia or nitrous acid.
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Decomposed materials, such as mature composts or humus-like
OM, usually have low C-to-N ratios, but are stable and mineralize
nitrogen very slowly. The C-to-N ratio was not informative in terms
of suppressiveness to other pathogens, such as Pythium spp.,
Phytophthora spp. and R. solani. For composts, which usually have
C-to-N ratios with a more limited range compared to that of crop
residues (from ~ 10 to 40—50 and ~ 10 to >100, respectively), we
did not find significant correlations. Accordingly, the integration of
the C-to-N ratio with the other factors involved in the N cycle
(N total, NHZ, NO3, NH3, HNO,) could be a useful approach.

Amendment pH showed a prevalence of not significant rela-
tionships with both different OM types and all pathogens, except
for Fusarium species (Fig. 6). In this case we found positive corre-
lations in 43% of cases. This is in agreement with previous studies
which established the beneficial effects of high soil pH on the
reduction of soilborne diseases caused by Fusarium species (Jones
et al., 1993; Borrero et al., 2004).

The positive correlation between suppressiveness and substrate
electrical conductivity (EC) (Fig. 7) is probably spurious and results
from an increased substrate EC after amendment addition that is
difficult to related with specific mechanisms of disease suppres-
sion. The weak negative correlation between bulk density that
usually decreases after the amendment with disease suppression,
may also be a spurious correlation. Finally, analysis of OM by 3C
NMR (nuclear magnetic reasonance) spectroscopy gave rise to low
SI values indicating a prevalence of no significant relationships
(Figs. 6 and 7), with the exception of the already described study on
peats by Boehm et al. (1997). However, we suggest that 3C NMR
spectroscopy could be more useful if it is associated with analysis of
the activities and structure of microbial communities.

5.3. Enzymatic and functional variables

Correlations of disease suppression with enzymatic and func-
tional variables had larger correlation coefficients than those for
disease suppression or microbiological and chemical variables (57%
positive correlations, n = 85). The rate of FDA hydrolysis was one of
the most studied (n = 37) and has been proposed as a promising
measure for predicting organic matter suppressiveness (Hoitink
and Boehm, 1999). Chen et al. (1988) provided the first compelling
evidence that FDA hydrolysis is consistently related to suppres-
siveness of composts on Pythium. However, subsequent studies (e.g.
Erhart et al.,, 1999; Yulianti et al., 2006) and the present paper
report contrasting relationships for disease suppression in relation
to both OM type and pathogen species. For peats, organic wastes
and especially composts, we found a consistent prevalence of
positive correlations, while negative relations prevailed for crop
residues (Figs. 6 and 7). Moreover, contrasting trends between FDA
hydrolysis and suppressiveness for different pathogens (Pythium
spp. and R. solani) were found (Fig. 6). In fact, Pythium spp. and
R. solani showed the same response to crop residues (negative) and
to composts (positive), but, because of the differential research
effort (more studies were done for R. solani on crop residues) the SI
was strongly negative for R. solani and positive for Pythium spp.
Other enzyme assays (B-glucosidase, dehydrogenase, phosphatase,
urease, ATP and NGA-glucosaminase) also gave rise to consistent
positive correlations. However, in order to be considered reliable
factors, further studies are needed to extend the scanty data set
currently available.

For substrate respiration, which is another indicator of microbial
activity, we propose considerations similar to those reported for
FDA hydrolysis to explain the correlation with disease suppression.
Substrate respiration had high SI values for composts; and among
pathogens Pythium spp. recorded a SI value more than twice that of
R. solani (Figs. 6 and 7). This difference is consistent with the

hypothesis that control of Pythium spp. may be explained by the
model of general suppression (Weller et al., 2002).

Finally, a low SI value indicates that the application of Biolog™
profile is not an easily feasible and reliable method for assessing
disease suppression in relation to both OM types and pathogen
species. This is in agreement with the observation that this method
is more useful for relative comparison among samples, rather than
for community characterization (Preston-Mafham et al., 2002).

5.4. Microbiological parameters

Microbiological parameters showed a prevalence of positive
correlations (46%) compared with 5% of negative correlations
(n = 243), and some of them (e.g. culturable bacteria, fungi, fluo-
rescent pseudomonads and Trichoderma) attained the highest SI
values (Figs. 6 and 7). These results, together with the evidence that
OM sterilization generally (95% of the cases) reduced disease
suppression, confirm the crucial role of the biotic component in this
process.

Total culturable bacteria appears to be the best parameter
(highest SI) when all OM types and pooled pathogens were
considered (n = 46; Figs. 6 and 7). The occurrence of some negative
correlations for composts and crop residues (12 and 11%, respec-
tively) could be explained by the application of partially colonized
organic materials that enhance the microbial population, but also
pathogen saprophytic activity. Total cultural bacteria is an impor-
tant characteristic, but should not be considered in isolation to be
a reliable predictor of disease suppression either in relation to OM
types or different pathogen species. A similar pattern, but with
fewer cases of positive and negative correlations, has been found for
total culturable fungi in relation to OM types (Fig. 7). However,
overall we consider measurements of total cultural fungi to be
a poor predictor of disease suppression, with the exception of
Fusarium spp. for which we recorded a prevalence of positive
correlations (Fig. 6). This is indirectly supported by the evidence that
non-pathogenic Fusaria, common components of soil microbial
communities, are strongly antagonistic to pathogenic Fusaria (Fravel
et al., 2003). Moreover, deuteromycetes such as Penicillium species
are very common soilborne saprophyte fungi and are known to be
potent antagonists of pathogenic Fusaria (Sabuquillo et al., 2005).

Actinomycetes attain low SI values, in spite of the relevant
number of study cases (n = 34), both in relation to OM types
and pathogen species (Figs. 6 and 7). This is surprising because
these microbes are known to be strong producers of antibiotic
compounds (Cross, 1982) that can have a direct influence on disease
suppression (Tuitert et al., 1998; Mazzola et al., 2001). However, in
a more general context the prevalence of no significant correlations
indicates that actinomycetes are directly involved in disease
suppression in only a limited number of experimental cases.

Based on the general suppressiveness model, microbial biomass
surprisingly attained low SI values for all OM types and pathogen
species (Figs. 6 and 7). The only exception was for Pythium species
that accounted for a prevalence of positive correlations between
disease control and microbial biomass. This result is supported by
the positive correlations also found with FDA hydrolytic activity and
substrate respiration (Figs. 6 and 7). Although Phytophthora species
such as P. nicotianae and Phytophthora cinnamomi are often consid-
ered highly sensitive to microbial competition (You and Sivasi-
thamparam, 1995), this hypothesis is not supported by our analysis
because we found a prevalence of no significant correlations with
microbial biomass, FDA activity and substrate respiration.

Fluorescent pseudomonads attained the highest percentage of
positive correlation (73%), followed by sporigenus bacteria (60%)
and Trichoderma spp. (56%) (Figs. 6 and 7), with no cases of negative
correlation with suppressiveness. These microbes are well-known
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to be effective antagonists of soilborne pathogens, and several
species have been developed as biocontrol agents, with modes of
action such as antibiotic production (Whipps, 1997) and mycopar-
asitism (Harman et al., 2004). The occurrences of both positive and
no significant correlations suggest that these microbes are often
involved in disease suppression, but that they are not necessarily
the key factor in disease control. Undoubtedly, these are excellent
parameters for the prediction of OM disease suppression, but
integration with other measures is required to identify situations
where other factors are involved in disease suppression. Despite
the large number of published studies (total n = 670; n = 272 for
composts), our analysis supported the conclusions of Scheuerell
et al. (2005) and Termorshuizen et al. (2007) that suppression of
disease caused by R. solani is erratic and difficult to predict.
While microbes like Trichoderma hamatum (Krause et al., 1997) and
Trichoderma harzianum (Harman et al., 2004) have been identified
as specific antagonists of R. solani, our analysis does not support the
specific suppressiveness model proposed for control of R. solani
(Weller et al., 2002), because low SI values were recorded also
when only antagonistic microbes like Trichoderma were considered.

6. Conclusions

Amendments with OM can improve soil fertility and plant
health, but application can result in coincidental negative effects
such as increasing disease incidence and severity. In spite of the
considerable research effort of recent decades, we are still far from
being able to predict the suppressive capabilities of OM amend-
ments. However, significant progress has been made in identifying
parameters suitable for predicting OM suppressiveness and the
most useful are FDA activity, substrate respiration, microbial
biomass, total culturable bacteria, fluorescent pseudomonads and
Trichoderma populations. However, it is evident that no one vari-
able in isolation can be considered to be a reliable and consistent
feature for predicting the suppressiveness of all different OM
amendments versus all soilborne pathogens. It is likely this occurs
because the mechanisms of disease suppression are different and
there are many variables that need to be simultaneously monitored.
Although it is important to identify specific characteristics associ-
ated with suppressive organic amendments, it is equally relevant to
recognize variables consistently unrelated to suppressiveness. To
date, results summarized in this work demonstrate that many
parameters are consistently unrelated to disease suppression.

The future challenge is the identification of specific parameters
for predicting the suppressiveness of each OM type in combination
with each different pathogen species. The approach used by Bloem
et al. (2006) to quantify the concept of soil quality and identifica-
tion of a minimum data set could be an effective tool for predicting
the suppressiveness of organic amendments. This approach is
recommended as a promising way forward for the integrative use
of different parameters to produce reliable indicators capable of
characterizing suppressive amendments.
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