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ABSTRACT

The soil/substrate that supports plant roots and provides water and nutrients to plants is often considered a hostile environment that
harbours plant pathogens. Moreover, the most common strategy used to control risk of disease from the soil is the eradication or
minimization of soil pathogens regardless of the presence of other organisms. Consequently, the extensive use of physical/chemical
biocides generates a soil/substrate microbiological vacuum which makes it more susceptible to reinfestation by pathogens, increases
disease incidence and in some cases enhances fungal resistance. In Europe, legislation on plant protection products has been re-evaluated
since 1991 (Directives 1991/414 and 2009/128), leading to a drastic reduction in the use of chemical compounds. A reduction in
fungicides that effectively combat disease is achieved with the use of suppressive composts in pot plants. Suppressive composts similar to
suppressive soils are examples of natural biological control of disease as the result or a more or less complex three-way interaction
between microorganisms in the composts, plant pathogens, and plants. The roles of the physical properties and chemical composition of
composts are also important in the suppressive effect, not only because they are responsible for the type and quantity of microorganisms
established, but also because of their effects on pathogens, plant root health and leaf nutrient status. The two classic modes of action of
microorganisms involved in the suppression of soil-borne plant pathogens (general and specific suppression) can be defined in composts.
In specific suppression, only one or a few species are involved; while in contrast, a great diversity of microorganisms working together as
a nutrient sink contributes to general suppression. A third mode of action is also induced by microorganisms in composts: systemic
resistance, similar to challenge inoculation with a pathogen or beneficial organism.

Keywords: fungistasis, general suppression, induced systemic resistance, microbial community, specific suppression, substrate, systemic
acquired resistance
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INTRODUCTION Sphagnum peat mixed with inert products: mostly perlite

Since the 1950s, several authors (Bunt 1988; Handreck and
Black 1991) have shown the different requirements of
plants growing in soil from those growing in a container
(soilless culture), and the importance of the physical (air
and water relationship) and physicochemical properties
(nutrient availability, E.C., pH, CIC). In Europe, the leading
substrate used, due to its ease of handing, homogeneous
material and favourable agronomic properties, is based on

and vermiculite in different ratios. The low biological acti-
vity of peat (Waksman and Purvis 1932; Borrero et al. 2004,
2009; Castafio ef al. 2011) used alone or as the sole organic
component in mixtures has been shown to be generally
conducive to several plant diseases (Hoitink and Fahy 1986;
Cotxarrera et al. 2002; Noble and Coventry 2005; Borrero
et al. 2004, 2006; Trillas et al. 2006; Borrero et al. 2009;
Bonanomi ef al. 2010). Only certain Sphagnum peats (light-
coloured and classified as H, on the von Post decomposi-
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tion scale) have been shown to suppress root rot in poin-
settia (Inbar et al. 1991; Hoitink and Boehm 1999). On the
other hand, the environmental problems derived from peat
extraction, as non-removable soil and as an important CO,
sink, led to a search for other sources of substrates such as
coir fiber and composts made from a wide range of local
organic residues. Coir fiber is a renewable product obtained
from the thick mesocarp or husk of the coconut fruit, and
appears to be a suitable alternative to peat for formulation
of substrates due to its physical and chemical properties
(Abad et al. 2002). However, the microbial characteristics
of coir fiber are similar to those of peat and so it is also con-
ducive to plant diseases (Borrero ef al. 2009).

The idea of using compost instead of peat comes from
Hoitink et al. (1975). Those authors suggest using compost
made from bark in order to control root rot in ornamentals
(Hoitink et al. 1977). As part of overall control of soil-
borne plant pathogens, this strategy is widely extended for
pot plants in the USA, but not in Europe (Litterick et al.
2004). Not all composts suppress plant diseases and also the
range of pathogens and level of suppression are variable
(Table 1). For several years, for instance, our group has
been working with the same type of composts and olive and
grape marc compost has proved to consistently suppress
Fusarium oxysporum f.sp. dianthi and f.sp. lycopersici to a
high degree, and to suppress moderately Rhizoctonia solani.
In contrast, cork compost consistently suppresses R. solani
to a high degree and only moderately suppresses Fusarium
wilt diseases (Borrero et al. 2004; Trillas et al. 2006; Borrero
et al. 2009). Disease suppression by composts is mainly
attributed to the microbial populations linked to the source
of the organic matter in the composts. This fact has been
pointed out from the very beginning by Hoitink and col-
leagues, who observed that the suppression phenomenon
was eliminated or reduced by heating (60°C) the compost or
irradiating it with gamma radiation of (Nelson and Hoitink
1983; Trillas et al. 1986). As with soils, the suppressive pot-
ential of composts can be restored by reintroducing a mix-
ture of microorganisms, a specific microorganism, or amend-
ments of suppressive soil/composts (Hoitink et al. 1997,
Cotxarrera et al. 2002; Trillas et al. 2006; Weller et al.
2002; Dukare et al. 2011; Noble 2011).

The parallels between suppressive soils and suppressive
substrates formulated with composts are many. Suppression
by soils and composts has been described for the most im-
portant soil pathogens and it is not considered a rare pheno-
menon (Cook and Baker 1983; Tilston et al. 2002; Raviv
2009). Furthermore, mechanisms that confer suppressive
potential to composts are phenomena that have been studied
and can be classed as general or specific suppression, as
proposed for soils.

PHYSICAL CHARACTERISTICS OF COMPOSTS
THAT REDUCE PLANT DISEASES (HYDRAULIC
CONDUCTIVITY AND IMPROVED AIR AND WATER
AVAILABILITY)

The higher air capacity of composts compared with some
soils and peats not only improves plant growth but also has
a positive effect on the severity of rotting diseases of the
plant roots. The use of pine bark compost alone or peat
amended with pine bark compost reduced root rot in rho-
dodendrons caused by Phytophthora cinnamomi grown in
15-cm-tall containers in commercial conditions. Phytoph-
thora root rot in thododendrons is most prevalent in growth
media with an air capacity lower than 15% (Hoitink 1980;
Hoitink and Kuter 1985). Tree bark composts usually have
an air capacity of over 25%, a percolation rate of more than
2.5 cm/min and they suppress root rots. Amendments of
sand to pine bark reduce the air capacity of the medium and
destroy the suppressive effect. This suggests the importance
of air capacity in those diseases where free water is impor-
tant in the asexual multiplication of fungi (Spencer and
Benson 1982; Hoitink and Fahy 1986). Nevertheless, the
physical properties per se are not enough to explain the ob-

served suppression of Phytophthora root rot by pine bark
composts, since pine bark compost mixed with sand and
peat mixed with sand (media with very similar drainage
properties) showed different disease incidence in lupin
seedlings at three different inoculum levels of P. cinnamomi.
Other factors might be important in the suppression, pos-
sibly including heat-stable chemical(s) (Sang et al. 2010).
Due to the fact that the water potential is important in
diseases caused by oomycetes, as a control strategy, the
possibility of producing adverse conditions for as long as
possible during zoospore formation presents itself (Hoitink
and Kutter 1986; Hardy and Sivasithamparam 1991b). A
negative water potential inhibits zoospore release from the
sporangia of several Phytophthora spp. (Duniway 1979;
Wilcox and Mircetich 1985). In order to reduce the inci-
dence of disease due to these root rot pathogens, the neces-
sary components of the growth media should be chosen in
the proper amounts together with the correct irrigation sys-
tem and watering strategy (Filmer et al. 1986; Hoitink and
Kuter 1986; Hoitink and Powell 1990; Ownley ef al. 1990).

THE EFFECTS OF pH AND ELECTRIC
CONDUCTIVITY IN INTERFERING NUTRIENTS
AVAILABILITY TO THE PATHOGENS

Blaker and MacDonald (1983) showed that the majority of
Phytophthora root rot diseases are inhibited by a low pH.
The low pH reduced sporangium formation, zoospore rel-
ease and motility, for this reason the low pH of Shagnum
peats and pine bark compost might have beneficial sec-
ondary effects to plants. In this sense root rots caused by P.
cinnamomi or Phytophthora citricola in Aucuba japonica
was reduced in a pine bark compost with a pH of 4.4 — 4.5
even in waterlogging conditions (Spencer and Benson
1981). However the pH of pine bark increase after few
weeks of crop, reaching values of about 6, making imprac-
tical this approach for disease control. Moreover, there are
few plants with an optimal growth condition of low pH and
for this reason it is difficult to use it in the control of the
root rot diseases (Hoitink and Kuter 1985).

Nevertheless, high pH values justify the suppressive
effect of certain composts made from agricultural and in-
dustrial wastes, compared with peat, on Fusarium wilt in
tomato and carnation (Borrero ef al. 2004, 2009). The pH of
the plant growth medium, as a determinant of Fusarium wilt
severity, is associated with the availability of macro- and
micro-nutrients, important for growth, sporulation and the
virulence of F. oxysporum (Jones et al. 1991). The pH
reduces the availability of nutrients such P, Mg, Mn, Cu, Zn
and Fe in organic growth media (Handreck and Black 1991),
as the pathogen is more vulnerable than the host plant
(Woltz and Jones 1981). Borrero et al. (2004) show a sig-
nificant positive correlation between Fusarium wilts
severity and final availability in the growth media of Cu on
the one hand, and the final nutrient status in the plants of Fe,
Cu and P on the other. These results are consistent with the
importance of pH as a chemical environmental index for
Fusarium wilt in tomato (Woltz and Jones 1981; Jones et al.
1991; Alabouvette et al. 1996; Cotxarrera et al. 2002).

The lignin/cellulose ratio of wastes affects the duration
of the composting process and also further use and handling
of fertilisation as container media (Hoitink and Fahy 1986).
Pine bark, for instance, has a high lignin and low cellulose
content, and frequently is not composted or is composted
for only a short period before its use as a container medium.
Under these circumstances, the pine bark does not im-
mobilize large amounts of nitrogen, but it can be amended
with essential micronutrients such as calcium and magne-
sium in order to improve the potential for growth of the
majority of crops (Brown and Pokorny 1975; Cobb and
Keever 1984). On the other hand, hardwood bark and sew-
age sludge, which experience important levels of decom-
position during the composting process, do not require the
addition of micronutrients. However, high levels of chloride,
in the form of ions or as salt, can neutralize the suppressive
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Table 1 Summary of the main composts studied, soil pathogens, main effects and reference groups studying composts as an inducer of plant disease

suppression.

Compost materials

Disease suppression

Observed effects

References

Hard wood bark — sand compost

Hard wood bark and pine bark

Hardwood bark (HBC) and pine
bark (PB)

Composted liquorice roots

Hardwood bark

Pine bark: sand (3: 1), pine bark :
peat (3: 1) and peat: sand: soil
(1:1: 1)

Leachates extracted from pine
bark (NM) and Eucalyptus bark
medium (CEB)

Peat with different levels of
decomposition and bark

Peats mixtures (peat : perlite, 1:1,
v/v) with different levels of
decomposition

Organic mulch (oat straw +
mature chicken manure) applied
in soil

Composts from a variety of
feedstocks of different ages

Composted municipal waste
(CMW) amendment of citrus soils
Animal manures

Peat moss amended with a range
of 4 to 20% composted swine
wastes at different weeks of
maturity

Compost from viticulture (1),
organic fraction differentiated (2)
or undifferentiated (3) municipal
bio waste, cow manure (4) and
peat and differentiated municipal
biowaste (1: 1, v/v)

Hardwood bark

Hardwood bark suppressive and
conducive

Cattle manure compost and grape
marc compost

Vegetable fruit and garden (VFG)
waste

Cork compost (CC)

Olive marc compost (OC)

Grape marc compost (GMC)
Spent mushroom compost (SMC)

Phytopthora cinnamomi in lupine
seedlings

Phytophtora. Pythium. Thielaviopsis
root rots, Rhizoctonia damping off
and Fusarium wilt

Phytophthora citricola and P.
cinnamomi in lupine

Pythium aphanidermatum

Pythium ultimum in cucumber plants

Phytophthora cinnamonmi in
rhododendron plants

Five Phytophthora spp.

Pythium ultimum in cucumber plants

Pythium ultimum root rot of
cucumber and Poinsetia

Phytophthora cinnamomi in avocado
plantation mulch

Pythium graminicola
damping off and root rot of creeping
bentgras

Phytophthora nicotianae in citrus
seedlings

Phytophthora cinnamomi in lupine
and two cut-flower species

Pythium ultimum and cucumber
bioassay.

Rhizoctonia pre-emergence damping-
off of impatiens

Pythium ultimum, Rhizoctonia solani
and Sclerotinia minor

Rhizoctonia solani on Celosia and
radish plants

Rhizoctonia solani in radish plants

Rhizoctonia solani and Sclerotium
rolfsii in radish plants, pothos, beans
and chickpeas

Rhizoctonia solani in cucumber
plants

Rhizoctonia solani
(Rhizoctonia damping-oft)

Suppressiveness of compost was not related to drainage.
Suppression was link to chemical and biological factors.
Hardwood bark suppressed all 5 diseases; however, pine
bark suppressed Phytopthora and Pythium but not
Rhizoctonia.

HBC was more effective than PB with and without added
sand. Sand and lime amendments to PB reduced the
suppressive capacity to values similar than peat.

This compost is proposed as substitute to peat substrate.

Hardwood bark centre pile (high temperature, >60°C)
was conducive and after 3-4 days at 25°C became
suppressive. Suppression was due to mesophilic
organisms, great microbial activity and low levels of
nutrients. Importance of microbiostasis.

Best control with pine bark : sand, intermediate with pine
bark and peat and greatest disease with peat : sand : soil.
Importance of the physical properties in the disease
development.

In non sterile CEB, sporangia of all five Phytophthora
spp. were suppressed.

Microbial activity predicted suppressiveness to this
disease.

Less decomposed light peat (H2) mixed (1: 1, v/v) with
perlite) was more suppressive than the most decomposed
dark (H4) peat. Suppression is biological in origin.
Control was related with proportion of fungi and
actinomycetes which were affected by temperature and
moisture of the mulch.

The best compost was from brewery sludge, biosolids
and some animal manures. The microbial properties are
the major factors influencing suppression. Microbial
activity is also related to suppression. Disease
suppressiveness was reduced or eliminated in heated
composts.

Disease decreased increasing proportions of one CMW
(20% v/v).

Chicken manure compost better control than cow, horse
and sheep manure. Suppression was biological in nature
and populations of fluorescent Pseudomonas were
involved in the effect.

Potting mixes amended at a rate of 20% with composts
after 35 weeks or more of curing was more suppressive to
Rhizoctonia and Pythium damping-off. Compost maturity
and cellulose content have direct effects over
Rhizoctonia.

All composts performed better than peats. The best
composts against P. ultimum were: 2, 4 and 5. The best
composts against R. solani were 1 and 4. The best
compost against S. minor was 2.

Importance of antagonisms and compost age (degree of
decomposition) on disease suppression.

High populations of Trichoderma spp. were isolated from
suppressive compost while the most abundant taxa from
conducive were Penicillium and Geomyces.

Importance of antagonistic microorganisms since gamma
irradiation eliminated suppressive effect.

Long matured (5 — 7 months) 20% VFG amending peat
perlite mixtures was more suppressive than short (1
month) matured compost. Origen and age of compost is
important in this disease suppression.

Disease incidence reduction in CC (0.5 — lyear age) and
in OC, GMC and SMC (1.5 — 3 year age).

Effect of T34 in disease incidence reduction.
Importance of nature of materials and age of compost.

Hoitink et al. 1977

Hoitink 1980

Spencer and
Benson 1981

Hadar and
Mandelbaum 1986
Chen et al. 1988

Ownley et al. 1990

Hardy and
Sivasithamparan
1991

Inbar et al. 1991

Boehm and
Hoitink 1992

You and
Sivasithamparam
1995

Craft and Nelson
1996

Widmer ef al. 1998

Aryantha et al.
2000

Diab et al. 2003

Pane et al. 2011

Nelson and Hoitink
1983; Nelson ef al.
1983

Kutter et al. 1983

Gorodecki and
Hadar 1990

Tuitert ef al. 1998

Trillas et al. 2006
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Compost materials

Disease suppression

Observed effects

References

Hardwood bark

Organic fraction of the municipal
solid wastes

Vegetable+ animal market wastes
+ sewage sludge and yard wastes

Grape marc compost (GMC),
Cork compost (CC).

Grape marc compost, cork
compost, olive oil husk+ cotton
gin trash + rice husk, Spent
mushroom and peat.

Grape marc and extracted olive
press cake (GM + EPC), olive tree
leaves and olive mill waste water
(OL + OMW), and spent
mushroom compost (SMC)

Pulp and paper mill

Compost from tomato plants and
cow manure

Mature biosolids compost
(sewage sludge and yard waste)

Cork compost and light peat

18 composts from different
countries

Fusarium oxysporum f.sp.
conglutinans

Fusarium oxysporum f.sp. lini
2 x 10*cfu/g”, in flax plants

Fusarium oxysporum f.sp. lycopersici

(Fusarium wilt of tomato)

Two dose of pathogen 5 x 10* cfu/ml

and 5 x 10° cfu/cm®

Fusarium oxysporum f.sp. lycopersici

(Fusarium wilt of tomato)
10° conidia/cm’

Fusarium oxysporum f.sp. dianthus
(Fusarium wilt of caration)

6.5 x 10* conidia/ml

Fusarium oxysporum f.sp. radicis
lycopersici in tomato plants

Fusarium oxysporum f.sp. radicis
lycopersici in tomato plants

Fusarium oxysporum f.sp. melonis

Sclerotinia rolfsii in bean plants

Verticillium wilt of tomato

Verticillium dahliae (eggplants),
Rhizoctonia solani (cauliflower and
pinus), Phytophthora nicotianae
(tomato) Phytophthora cinamomi

(lupin), Cylindrocladium spathiphylli

(spathiphyllum); Fusarium
oxysporum f.sp. lini (flax)

Suppressiveness was biotic, since heat destroyed the
suppressive effect. A combination of Trichoderma and
Flavobacterium restored suppressive heat effect, but not
added singly.

Soil moderately suppressive. Heat treated soil amended
with compost at 10, 20 and 30% made the soil
suppressive. Heat treated compost was as effective as
untreated compost.

Compost suppressiveness is compared with peat:
vermiculite mix (1: 1), natural Fusarium Chateaurenard
suppressive soil, sterilized natural soil amended with 10%
compost, or with Trichoderma spp. or Fo47, BCAs.
GMC was the most suppressive, CC was intermediate
and peat and vermiculite were conducive media. Heated
GMC was still moderately suppressive. Importance of
pH, B-glucosidase activity and microbial populations.
Compost data is compared to peat, coir fiber and
vermiculite. Grape marc was the most effective. pH and
B-glucosidase activity are confirmed as good predictive
factors of suppressiveness.

The three composts were highly suppressive and
suppression is related to the presence of specific
microorganism.

Pythium oligandrum enriched composts induced
histological and cytological changes near the pathogen
ingress.

These composts were very suppressive to this disease
and in this study it is evaluated the effect of storage
(different temperature and moisture) on suppression.
The suppressiveness is maintained but not improved.
Prolonged compost curing negates suppressiveness.
Combination of microbial populations and the chemical
environment were responsible for pathogen suppression.
Cork compost was suppressive in comparison with peat.
This compost had higher microbial activity and biomass.
The two plant growth media differed in their carbon
metabolic profiles.

Among studied composts, the most consistent disease
suppression (64 — 71%) was found against £ oxysporum
and the most infrequent (4.7 — 6.5%) was against P.
cinnamomi and R. solani.

Trillas et al. 1986

Serra-Wittling ez
al. 1996

Cotxarrera et al.
2002

Borrero et al. 2004

Borrero et al. 2009

Ntougias et al.
2008; Kavroulakis
etal. 2010

Pharand et al. 2002

Saadi et al. 2010

Danon et al. 2007

Borrero et al. 2002

Termorshuizen et
al. 2006

effects of the compost against Phytophthora root rot, unless
there are washed previous to use as growth media (Hoitink
et al. 1993). In contrast, Pane et al. (2011) report a negative
correlation between the damping-off induced by Sclerotinia
minor and the salinity of compost-amended plant growth
media. Phytotoxicity due to the manganese available in cer-
tain bark composts is also documented, which must be
amended with calcium carbonate before use (Solbraa 1986).

NITROGEN SOURCES AND C/N RATIO IN
DISEASE SUPPRESSION

High nitrogen levels and high ammonium to nitrate ratios
increase Fusarium wilt incidence and severity (Woltz and
Jones 1981; Jones et al. 1993, Borrero et al. 2012). In this
sense, nitrate amendments may help to subdue Fusarium
wilt diseases in ornamentals (carnation, chrysanthemum)
and horticultural crops (cucumber, tomato, asparagus, pea,
radish, etc.) (Huber and Thompson 2007). Plants grown in
bark compost immobilize nitrogen; mainly as ammonium

since nitrates contain the nitrogen available for plant growth.

However, sewage sludge compost (with a low C/N ratio)
might release ammonium and consequently increase Fusa-
rium wilt, even under colonization by biological control

agents capable of inducing suppression under other condi-
tions (Hoitink et al. 1987). Cotxarrera et al. (2002) used
compost from vegetable and animal wastes, sewage sludge
and yard wastes and it suppressed Fusarium wilt in tomato
to a high degree. This compost had low available ammonia,
which might be a direct effect of the high C/N ratio of other
materials also included in the composts, beside the negative
effect on the pathogen of high pH and the reduced availa-
bility of Fe, Cu and Zn.

Nitrogen fertility also affects the severity of diseases
like Phytopthora dieback, a minor disease of rhododendrons,
was related to different types of bark compost that differ in
wood (cellulose) content and fertility levels. A positive cor-
relation was established between nitrogen concentration in
the juvenile tissue of rhododendrons and dieback suscepti-
bility (Hoitink and Fahy 1986).

LEVELS OF MATURITY OF COMPOSTS AND
REDUCTION OF PLANT DISEASES

Hadar and Mandelbaum (1986) found that the degree of
decomposition of compost has a strong effect on the rate of
disease suppression. They showed that immature compost
could not suppress damping-off (Pythium aphanidermatum)
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in cucumber seedlings, while mature compost could. An-
other example can be found in R. solani (a pathogen which
is highly competitive as a saprophyte) and Trichoderma (an
effective biocontrol agent of R. solani). Fresh undecom-
posed organic matter does not exert biological control over
R. solani because both organisms grow as saprophytes and
R. solani remains capable of causing disease. The synthesis
of lytic enzymes involved in the parasitism of pathogens by
Trichoderma is repressed in fresh organic matter due to the
high glucose concentrations. In mature compost, where con-
centrations of nutrients such as glucose are low, the scle-
rotia of R. solani are killed by the parasite and biological
control prevails (Hoitink ez al. 2001). In this sense, the sup-
pressive potential of composts with regard to Rhizoctonia
damping-off increases with the maturity of the composts
(Trillas et al. 2006). Saadi et al. (2010) demonstrate that
compost suppressive potential against Fusarium wilt in
melon can be maintained for at least one year under a wide
range of storage conditions, without any loss.

On the other hand, when composts are excessively sta-
bilized, they will not support microbiological activity, so
disease suppression potential is lost (Widmer et al. 1998).
Similarly, Tahvonen (1993) found lightly decomposed peats
(H2-H3) to suppress soil-borne diseases. Darker and more
decomposed peats are lower in microbial activity and are
conducive to Pythium and Phytophthora root rots (Boehm
and Hoitink 1992). Similarly, Danon et al. (2007) demons-
trates that compost suppressive potential towards S. rolfsii
is lost over curing time.

THE ROLE OF MICROBIAL COMMUNITIES IN THE
SUPPRESSIVE POTENTIAL OF COMPOSTS

Composts are usually free from plant pathogens because,
during the high temperatures reached during the thermo-
phillic phase of the composting process, pathogens as well
as beneficial microorganisms are either killed or inactivated
(Noble and Roberts 2004). During composting, the benefi-
cial microflora may survive in the outer most layers, at
lower temperature. After temperatures fall below 40°C,
mesophilic microorganisms colonize the semi-pasteurized
compost, this is reinforced during the curing phase when
there is also recolonization by surrounding antagonists/
beneficial microorganisms which develops the natural dis-
ease suppression capacity of the compost (Hoitink and Fahy
1986; Hoitink and Boehm 1999). The environment surroun-
ding the composting plant, the system of composting used,
and the composition of the raw material, all affect the spe-
cies richness and therefore the degree and spectrum of the
suppressive effect (Hoitink ef al. 1993; Castafio et al. 2011).

The amendment of specific microorganisms to com-
posts is sometimes necessary, since the potential of com-
posts to suppress plant disease is a highly variable pheno-
menon and also because of the dilution of the suppressive
effect due to the fact that most compost must be formulated
in order to improve its physical and physicochemical pro-
perties. The inoculation of mature composts with efficient
biological control agents improves the efficiency of those
composts (Hoitink et al. 1997; Cotxarrera et al. 2002;
Trillas et al. 2006; Dukare et al. 2011; Noble 2011).

The composition of the microorganisms in composts is
affected by the chemistry of the materials from which the
compost is prepared (Castafio et al. 2011). Composts with
high lignocellulosic substances (tree barks) are mostly
colonized by Trichoderma spp. In contrast, grape pomace,
with low cellulosic substances and high sugars, becomes
colonized by Penicillium spp. and Aspergillus spp. (Kutter
et al. 1983; Gorodecki and Hadar 1990). Borrero et al.
(2006) show that in composts that suppress tomato Fusa-
rium wilt, peat conducive microbial communities use mostly
sugars (carbohydrates and acids derived from carbo-
hydrates) while the very suppressive grape marc compost
and the moderately suppressive cork compost communities
use mostly carboxylic acids, amino acids, amines, phenolic
compounds and polymers. The microbial populations in-

volved in composts that suppress Fusarium wilt in tomato
were cellulolytic and oligotrophic actinomycetes, fungi and
the ratios of cellulolytic actinomycetes/cellulolytic bacteria,
oligotrophic bacteria/copiotrophic bacteria and oligotrophic
actynomycetes/oligotrophic bacteria (Borrero et al. 2004).
The microbial community that induced suppression of
Pythium damping-off in cotton were populations of bacteria
and actinobacteria capable of metabolizing fatty acids (lino-
leic acid) and thereby reducing the sporangium germination
of Pythium ultimum (McKellar and Nelson 2003). Rhizo-
spheric and root-associated/endophytic bacteria isolated
from suppressive compost-based plant growth media showed
protection of tomato plants against F. oxysporum f.sp.
radicis-lycopersici (Kavroulakis et al. 2010).

Bonanomi ef al. (2010) concluded that fluorescein
diacetate hydrolysis, basal respiration, microbial biomass,
total culturable bacteria, fluorescent pseudomonad counts
and Trichoderma populations gave the best predictions of
disease suppression. This suggests that both total microbial
activity and that of specific groups are associated with dis-
ease suppressing effects. Various mechanisms are hypothe-
sized to drive the phenomenon of disease suppression. Most
of them are the result of interactions between the antago-
nistic microorganisms and the pathogens either by compe-
tition, antibiosis or hyperparasitism (Hoitink ez al. 1993).
However, in certain studies an additional biocontrol mecha-
nism was also suggested, which is the activation in the
plants of the induction of disease resistance in a way similar
to/ different from the induction of SAR or ISR (Zhang et al.
1996, 1998; Yogev et al. 2010; Sang et al. 2010). According
to Hoitink and Boehm (1999), the majority of composts
naturally suppress Pythium and Phytophthora root rot, while
only 20% of composts naturally suppress Rhizoctonia dam-
ping-off and very few (< 10%) induce resistance in plants.

MECHANISMS OF COMPOST SUPPRESSIVE
POTENTIAL

There are two kinds of suppressive potential (general and
specific) according to the spectrum of microorganisms in-
volved in the phenomenon. In specific suppressive potential,
suppression is related to the action of one or a few orga-
nisms in the substrate, while general suppressive potential is
linked to abiotic and biotic substrate characteristics that are
not related to a microorganism or group of antagonistic
microorganisms in particular (Baker and Cook 1974; Cook
and Baker 1983; Termorshuizen and Jeger 2008). The two
types of suppressive potential are not mutually exclusive.

General suppressive potential

General suppressive potential, in the case of it being due to
the biological characteristics of the substrate or soil, is
directly related to total microbial activity in the medium at
critical times for pathogenesis, particularly during germina-
tion of plant pathogen propagules and their growth during
host rhizosphere colonization (Baker and Cook 1974; Cook
and Baker 1983; Hoitink ez al. 1991, 1993). General sup-
pressive potential in composts is explained by the ability of
these materials to sustain sufficient microbial activity over
time, fed by slow degradation of complex carbon compounds,
particularly polymeric carbohydrates (Baker and Cook 1974;
Cook and Baker 1983; Hoitink et al. 1991, et al. 1993,
1996). Thus, the whole microbial community increases nut-
rient withdrawal, resulting in fungistasis of fungal pathogen
propagules, or competition for colonization of rhizosphere
zones which are rich in radical exudates.

Only specific suppressive potential can be transferred to
another soil by adding a small amount of the suppressive
soil. Moreover, general suppressive potential is reduced but
not eliminated by soil fumigation, and usually remains after
treatment at up to 70°C with moist heat. In contrast, specific
suppression is often eliminated by pasteurization (Weller et
al. 2002).

Fungistasis, due to nutritional competition in substrates,
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involves many species involved as agents of biocontrol
against fungal diseases (Lockwood 1988), especially those
with rapid growing at high and low nutrient concentrations
(facultative oligotrophs) (Sugimoto et al. 1990). Fungistasis
intensity depends on physical and chemical soil properties,
both determine its microbial activity (Qian and Johnson
1987, Mondal and Hyakumachi 1998; Alabouvette 1999).
Hyphae are lysed in inhibited fungi (Lockwood 1988; Man-
delbaum and Hadar 1990; Hadar and Mandelbaum 1992)
but fungi resistance structures are not eradicated, only in-
hibited for germination. Fungistasis that is maintained over
time debilitates the inhibited propagules (Lockwood and
Filonow 1981; Filonow and Lockwood 1983), and reduces
plant pathogen inocula (Lockwood 1977). Therefore, the in-
tensity of fungistasis and general suppression of soil-borne
plant-pathogenic fungal diseases are strongly linked (Ter-
morshuizen and Jeger 2008). This intensity is directly pro-
portional to the microbial population densities in substrates
and their activity, which is lasts for as long as the specific
density it is maintained (Chen ef al. 1988a, 1988b; Mandel-
baum and Hadar 1990; Inbar ef al. 1991; Craft and Nelson
1996; Hoitink et al. 1996). Thus, microbial biomass and
activity are greater in suppressive than in conducive sub-
strates (Hoitink and Boehm 1999; Borrero et al. 2004,
2009). Several studies suggest that fungistasis can also be
due to the presence of antifungal compounds or fungi in-
hibitors of a microbiological origin (Liebman and Epstein
1992, 1994). In this sense, Rousk et al. (2010) showed that
selective inhibition of bacteria in certain soils was a pre-
requisite for the stimulation of fungal growth, even when
carbon resources for fungi were not limiting.

Not all microorganisms produce antifungal compounds
and the spectrum of these compounds varies depending on
the species (de Boer ef al. 2003). This explains the positive
relationships between microbial diversity and general dis-
ease suppression reported for various pathogens (Nitta

1991; Garveba et al. 2006; Benitez et al. 2007; Postma et al.

2008). This observation may be due to synergistic interac-
tions between microbial populations producing toxic sec-
ondary metabolites, or to greater collective efficiency in the
removal of nutrients (de Boer et al. 2007; Garbeva et al.
2011). In the same way, Garbeva and de Boer (2009) indi-
cate that interspecific rather than intraspecific competitive
interactions triggered the production of broad-spectrum
antibiotics with inhibitory effects on fungi. Thus, the pro-
duction of inhibitory secondary metabolites during inter-
specific interactions of known antibiotic-producing bacteria
can also be enhanced (Dubuis and Haas 2007; Dubuis et al.
2007; Mazurier et al. 2009). There are also non-microbial
inhibiting compounds that can affect pathogens, such as
high ammonia concentration from N-rich organic matter de-
composition (Lazarovits et al. 2005).

Lockwood (1977) argued that the most likely explana-
tion for fungistasis is a combination of the nutrient-defici-
ency and inhibition theories. However, nutrient availability
may reduce fungi sensitivity to fungistatic volatiles and
toxic secondary metabolites. So, a combination of both the
nutrient-deficiency and inhibition theory may also offer the
best explanation for fungistasis (Garbeva et al. 2011).

Increased fungistasis can be the result of changing agro-
nomic management, which can alter the soil microbial com-
munity diversity (de Boer et al. 2003). Measures to bring
about strengthened fungistasis should stimulate the sapro-
trophic community, but not the pathogenic community. This
usually happens in compost substrates where, in the pre-
sence of microbial competition, nutrients are not available
for most plant pathogens (Weller et al. 2002; Noble and
Coventry 2005; Termorshuizen et al. 2006; Bonanomi et al.
2010). Another approach is to manage root exudation rate
through plant breeding (Ryan ef al. 2009).

Each pathogen is usually preferably associated with a
type of suppressive potential. Pythium spp. and Phytoph-
thora spp. have propagules with small amounts of nutrients
and depend on exogenous carbon sources for germination to
infect host plants. They are described as highly sensitive to

microbial nutrient competition and antibiosis (fungistasis)
and related to general suppression (Chen er al. 1988a;
Mandelbaum and Hadar 1990; Hardy and Sivasithamparam
1991a, 1991b; You and Sivasithamparam 1995; Craft and
Nelson 1996; Hoitink et al. 1996; Hoitink and Boehm 1999,
Aryantha et al. 2000).

Specific suppressive potential

In specific suppressive potential, one or more groups of
organisms are responsible for biocontrol, but interactions
with other members of the rhizosphere community can sig-
nificantly modulate the degree of suppressive potential ob-
served. Thus, biotic and abiotic variables can influence the
structure and activity of microbial populations including
pathogens and their antagonists (Weller et al. 2002). Speci-
fic suppressive potential in composts depends on the micro-
organisms that operate as biological control agents being
installed after the thermophilic phase. Greater consistency
in specific suppressive potential expression is possible if
suitable biocontrol agents are introduced during the com-
posting process or during cultivation, thus ensuring their
presence (Hoitink and Boehm 1999). In this vein, it has
been suggested that a combination of general and specific
suppressive potential is active against P. ultimum in sub-
strates formulated with composts, but specific suppressive
potential can be guaranteed only when the compost is colo-
nized by a specific antagonist during composting (Hoitink
et al. 2001). Several studies have examined the relationship
between the soil microbial community composition and the
suppression of diseases caused by specific soil-borne patho-
gens (Mazzola and Gu 2002; Borneman and Becker 2007).
Representatives of a range of bacterial (Pseudomonas,
Burkholderia, Bacillus, Serratia, Streptomyces) and fungal
(Trichoderma, Penicillium, Gliocladium, Sporidesmium,
non-pathogenic Fusarium spp.) genera have been identified
as antagonists of one or more soil-borne plant pathogens
(Rothrock and Gottlieb 1984; Berg et al. 2002; Cotxarrera
et al. 2002; Garbeva et al. 2004). Specific disease suppres-
sion has also been linked to the production of antibiotics
that act against the pathogen or the overlap of niches bet-
ween antagonists and pathogens with respect to similar sub-
strate preferences or micro-habitats (e.g., infection sites on
roots) (Raaijmakers and Weller 1998; Thomashow et al.
2000; Mazurier et al. 2009; Raaijmakers et al. 2010). Spe-
cific antagonistic interactions are not considered as a com-
ponent of fungistasis. However, a number of recent papers
have indicated that there may be differences between mem-
bers of the soil microbial community with respect to their
contribution to fungistasis and general soil suppression
(Garbeva et al. 2011).

A combination of biological control agents can increase
levels of suppressive potential in substrates, adding dif-
ferent mechanisms of suppressive potential (Pharand et al.
2002; de Boer et al. 2003). Mechanisms of suppression vary
depending on the compost and the pathogen, and it is not
always clear which factors are more relevant.

The biological control mechanism for plant pathogens
such as R. solani, Sclerotium rolfsii and Sclerotinia scleroti-
orum is totally different from that for Oomycetes (Hoitink
et al. 1991; Rabeendran et al. 2006). The latter species pro-
duce large propagules known as sclerotia that are not nutri-
ent dependent and therefore, less vulnerable to fungistasis
(Lockwood 1988).

Substrates formulated with composted bark that sup-
presses R. solani are usually associated with the presence of
a small group of microorganisms (fungi or bacteria). Impor-
tant fungus genera in this sense, due to their abundance and
effectiveness, are Trichoderma spp. and Gliocladium virens
(Kuter et al. 1983; Nelson et al. 1983; Hoitink and Boehm
1999; Cotxarrera et al. 2002). Their mechanisms of action
can be mycoparasitism, antibiosis, or the competition and
promotion of plant growth and development (Ghisalberti
and Sivasithamparam 1991). Some bacteria cited as biocon-
trol agents are strains of Flavobacterium balustinum and
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Xanthomonas maltophilia (Hoitink and Fahy 1986). In some
mature composts, the capacity to suppress R. solani is
related to the presence of cellulolytic actinomycetes, oligo-
trophic microorganisms and fluorescent Pseudomonas,
amongst others (Tuitert ef al. 1998; Diab and Benson 2003),
although their mechanisms of action are not well estab-
lished. The natural suppressive potential of composts to R.
solani is also conditioned by their maturity level (Trillas et
al. 2006). This is partly explained by the fact that R. solani
is highly competitive as a saprophyte in plant debris, uti-
lizing cellulose and colonizing fresh bark compost but not
barks with a low cellulose content (Hoitink et al. 1991).
Thus, older composts, with a lower cellulose content, are
more effective in controlling this disease.

During organic matter decomposition in soil, the eco-
system is subjected to oligotrophization and the relationship
between oligotrophic organisms (K strategists) and copio-
trophic (r strategists) changes during microbial succession
(Van Bruggen and Semenov 1999). The range of this rela-
tionship has been associated with general suppressive
potential depending on the pathogen and its position on the
scale of r strategists (P. ultimum) to K strategists (R. solani)
(Van Bruggen and Semenov 2000). The succession during
decomposition of organic matter in compost is similar. Thus,
Tuitert ef al. (1998) found larger populations of oligotrophic
populations in mature substrates that suppress R. solani than
in less mature and conductive composts.

The overwinter structures of F. oxysporum and Verticil-
lium dahliae (chlamydospores and microsclerotia, respec-
tively) are highly persistent and become active only by the
influence of root exudates (Ocamb and Kommedahl 1994).
F. oxysporum, through the resistance of its chamydospores,
is sensitive to competition (Alabouvette ef al. 1986; Serra-
Wittling et al. 1996; Alabouvette ef al. 2001; Borrero et al.
2004, 2006; Termorshuizen et al. 2006; Borrero et al. 2009)
and also to the activity of specific microorganisms (Alabou-
vette et al. 1996; Cotxarrera et al. 2002). The natural Verti-
cillium suppressive potential in cork compost is due to the

high activity and microbial biomass (Borrero et al. 2002).
However, different growth media amended with compost
show a negative correlation between respiration and sup-
pression to disease caused by this pathogen (Termorshuizen
et al. 2006) showing that microbial activity was not the key
factor. At the same time, fluorescent Pseudomonas and
Talaromyces flavus are described as biological control
agents that reduce Verticillium disease (Engelkes et al.
1997; Mercado-Blanco et al. 2004). For these reasons, natu-
ral suppressive soils and substrates have both general and
specific suppressive potential (Weller et al. 2002) for these
two pathogens; however, the mechanisms that drive sup-
pression to V. dahliae are not clear or well studied.

INDUCTION OF PLANT DISEASE RESISTANCE
RESPONSE BY MICROORGANISMS IN
COMPOSTS

Enhancement of basal resistance levels is a common reac-
tion of plants to biotic and abiotic stresses and is commonly
referred to as induced resistance. The classic example is that
of systemic acquired resistance (SAR) in which an initial
attack by a pathogen triggers local defence responses and
also the generation of a systemic signal throughout the plant
(Van Loon ef al. 1998; Durrant and Dong 2004). Upon re-
ception of this signal, distal plant parts become more resis-
tant to subsequent attack by a broad range of pathogens.
SAR depends on the production of, and responsiveness to,
salicylic acid, and it is associated with the induction of
novel PR proteins (pathogenesis-related proteins) (Delaney
et al. 1994; Mauch-Mani and Metraux 1998; Van Loon et al.
2006). Beneficial organisms such as mycorrhizal fungi,
plant growth promoting rhizobacteria and biological control
agents (different strains of Trichoderma spp.) can induce
two different plant response patterns: the standard ISR (in-
duced systemic resistance) where no direct effects of biolo-
gical control agent colonization are observed and later, chal-
lenges from the pathogen are counteracted by enhanced

Table 2 Summary of the main composts studied, aerial pathogens, main effects and reference groups studying composts as an inducer of plant disease

suppression.
Compost materials Disease suppression Observed effects References
Spruce and Pine Bark Colletotrichum orbiculare Reduced root rot severity was observed in split roots Zhang et al. 1996

Pythium ultimum and Pythium
aphanidermatum

Colletotrichum orbiculare
(cucumber plants) and
Pseudomonas maculicola
(Arabidopsis)

Pine bark fortified with Trichoderma
hamatum 382 and Pantoea agglomerans
E278As, and water extract with tap water
(1:1 viv)

79 different batches of mature composts
prepared from six types of wastes

Xanthomonas campestris pv.
armoraciae 704b in radish

plants
9 composts prepared from olive oil, Septoria lycopersici in tomato
grape marc (GM) and spent mushroom  plants

(SMC) mixed with peat at different
ratios
Grape marc + extracted olive press cake  Septoria lycopersici in tomato

plants

Grape marc , olive marc + gin trash,
cork, spent mushrooms, municipal
organic and yard wastes
Tomato-plant residues mixed with a
coarse fraction of separated cattle
manure

Botrytis cinerea in cucumber
plants

Fusarium oxysporum f.sp.
melonis, Botrytis cinerea in
cucumber and melon plants

Colletotrichum coccodes in
pepper plants and C.
orbiculare in cucumber plants

Compost water extract

plants produced in compost than those produced in
peat. Anthracnose was less severe on plants grown in
compost. Increased peroxidase activity and enhanced
peroxidase isozyme levels in plants produced in
compost over that in peat.

The effect of compost, compost water extract and 7.
hamatum but not P. agglomerans induced SAR. The
effect on peroxidase activity, -1,3-glucanase and GUS
was higher after the pathogens infect plants. The
induced SAR might be different from the induced by
pathogens or salicylic acid.

Only 1 of 79 composts suppressed bacterial leaf spot.
ISR is a rare phenomena and the frequency increased
with the use of fortified composts (7richoderma T382).
Only three composts mixed 1:3 (compost: peat, v/v)
conferred ISR. SMC, GM and olive trees leafs + olive
mill wastewaters.

Induction of plant resistance and PR gene expression
was done with tomato plants grown in this composts
and also using sterilized compost extract.
Importance of the nutrient status (Mo, Ca, Si),
electrical conductivity and microbial activity.

Side-grafter split root system is a good system to study
induced resistance of soil pathogens. Induction of plant
resistance could be an additional mechanism involved
in natural suppression of composts.

Enhanced PR gene expression, defence-related enzyme
production and hydrogen peroxide generation after
pathogen infection.

Zhang et al. 1998

Krause et al. 2003

Ntougias et al. 2003

Kavroulakis et al.
2005
Segarra et al. 2007

Yogev et al. 2010

Sang et al. 2011
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defences (priming); and the hybrid pattern, where transitory
direct effects of biological control agent colonization are
observed and later challenges from the pathogen are coun-
teracted mainly by the priming of defence mechanisms. ISR
requires responsiveness to jasmonic acid and ethylene (Pie-
terse et al. 1996, 1998; Van Loon 2000; Van Loon et al.
2006; Segarra et al. 2009; Trillas and Segarra 2009).

In composts, in addition to the well-documented effects
of microbial populations against several soil-borne diseases,
induction of resistance has also been reported as an ad-
ditional biocontrol mechanism against both foliar and root
diseases (Zhang et al. 1996, 1998; Kavroulakis et al. 2005;
Ntougias et al. 2008) (Table 2). Reduction in disease seve-
rity was demonstrated against Septoria [ycopersici in
tomato (Kavroulakis et al. 2005), bacterial leaf spot in
radish caused by Xanthomonas camperstris pv. armoraciae
(Krause et al. 2003), anthracnose in cucumber caused by
Colletotrichum orbiculare (Zhang et al. 1996) and Botrytis
cinerea in cucumber and melon (Segarra et al. 2007; Yogev
et al. 2010). Moreover compost water extract root treatment
induce systemic resistance to anthracnose caused by C.
orbiculare in cucumber and C. coccodes in pepper (Sang
and Kim 2011).

The way to study the involvement of specific microor-
ganism or the whole microbial biomass of composts in the
induction of plant defences is by means of temporal and
spatial separation. The latter is very easy in the case of stu-
dies of foliar diseases, but for soil-borne disease the method
used is a split-root system where the two halves of the roots
are grown in different media. Disease suppression is com-
pared for those plants where one half of the root is inocu-
lated with peat (conducive substrate) and the other part with
composts (putative inducer substrate) compared with the
case that both parts of the roots where grown in peat.

In side-grafted melon plants (based on the split-root
system) Yogev ef al. (2010) demonstrated the involvement
of plant-induced resistance against F. oxysporum f.sp. melo-
nis and also against B. cinerea by compost made from
tomato plant residues and cattle manure, in detached leaves
of cucumber and melon and in intact plants.

However, the improvement in plant nutrition might also
be responsible for the observed disease reduction in leaf
pathogens, in this sense Segarra el al. (2007) found that the
reduction of B. cinerea severity/incidence in cucumber
plants grown in composts compared to those grown in peats
was correlated to the supply of specific elements (Ca, Mo
and Si), a certain degree of salt stress and high microbial
activity. The question of whether compost microbial popu-
lations induce SAR via a signalling pathway that involves
jasmonic or salicylic acid is still open.

RECOMMENDATIONS TO EVALUATE THE
SUPPRESSIVE EFFECT OF COMPOSTS

Bioassays are needed to evaluate the suppressive capacity
of materials. In studies of natural disease suppression by
compost, the following aspects should be considered:

i) All assays should include a control plant-growth
medium that is different from the compost (soil, sand,
peat, coir fiber, etc). When the control medium has
fewer nutrients than the compost, and sub-optimal nut-
rient availability, the effect of this lack of nutrients
cannot be separated from the natural suppressiveness.
Nutritive compensation is recommended, even if the
plants are fertirrigated with complete nutrient solution
during the study. It is generally accepted that the nutri-
tive status of the plant affects the expression of disease.

ii) Several authors have speculated about the biological
and/or physicochemical nature of suppression pheno-
mena by comparing composts that had been disinfected
(by autoclave, heat dry treatment, etc.) with composts
that had not. It should be borne in mind that after dis-
infection the compost may be rapidly re-colonized by
allochthonous and autochthonous thermotolerant micro-
organisms (Hadar and Mandelbaum 1992).

iii) In many microcosm studies the quantities of amend-
ment applied to the soil are too high. Such amounts in
the field are economically unfeasible. In any case, it
should be pointed out whether the conclusions are ap-
plicable to field or pot crops.

iv) In most studies, the suppressive assays are repeated at
least two or three times. In that case, a preliminary
analysis should be performed to check whether the
interaction (treatment x repetition) is significant. When
the interaction is significant there is a large experimen-
tal error (treatments behave differently in the different
assays), and the results should not be published. When
there is no significant interaction, data from different
studies should be pooled and an ANOVA should be per-
formed.

Obviously, we should not accept studies in which the
suppressive effect of a compost is measured by the growth
inhibition of the pathogen in Petri dishes induced by adding
composts to an agarized medium. The same applies to the
evaluation of microbial isolates from composts by the inhi-
bition of the pathogen in Petri dishes. Neither approach is
realistic without the interaction of the plants, and other fac-
tors, with a rizospheric environment.

CONCLUDING REMARKS

In all three expressions of suppressivity, (general, specific
and induction of resistance) the nature and composition of
the organic matrix is determinant in selecting and main-
taining the microbial community involved.

Suppression cannot be achieved for all composts pro-
duced and the factors predicted to suppress disease are dif-
ferent for each pathogen, and only partially identified. One
important difference between suppressive soils and suppres-
sive composts is that composts can be produced in high vol-
umes from very different sources of waste materials where-
as soils are not a renewable resource.
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