
Compost and compost tea: Principles and prospects as substrates
and soil-borne disease management strategies in soil-less vegetable
production

C.C.G. St. Martin* and R.A.I. Brathwaite

Department of Food Production, The University of the West Indies, St. Augustine,
Republic of Trinidad and Tobago

Numerous studies have demonstrated the potential of composted organic wastes not
only as substitutes for peat as a growth substrate but also to stimulate plant growth and
suppress soil-borne diseases. The major impediment to the use of compost as substrates
or biocontrol agents has been variation in physical and chemical characteristics and
disease suppression levels across and within compost types, sources, and batches.
Compost tea, a product of compost, has also been shown to suppress soil-borne diseases
including damping-off and root rots (Pythium ultimum, Rhizoctonia solani,
Phytophthora spp.) and wilts (Fusarium oxysporum and Verticillium dahliae).
Although the mechanisms involved in disease suppression are not fully understood,
sterilization of composts and compost teas has generally resulted in a loss in disease
suppressiveness. This indicates that the mechanism of suppression is often, or
predominantly, biological, although chemical and physical factors have also been
implicated. The inoculation of composts with biological control agents, manipulation
of compost tea production process, and the use of new techniques for organic matter
characterization and microbial community profiling may improve the efficacy and
reliability of disease control obtained.
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Introduction

The use of compost as a peat substitute, based on its disease suppressive properties, has

been extensively reviewed by several authors (De Ceuster and Hoitink 1999; Hoitink and

Boehm 1999; Hoitink and Fahy 1986; Hoitink et al. 2001; Ryckeboer 2001). However,

most of these reviews do not adequately discuss issues such as the physical and chemical

properties of compost as it relates to plant growth and performance. The inclusion of such

issues in a review represents a more holistic view and lends to a greater understanding of

the technical factors affecting the translation of findings into commercial vegetable

production systems. Such an approach is useful in discussing the principles and prospectus

of composts as substrates and biocontrol agents for soil-borne disease management in

vegetable production. Even rarer is the inclusion of discussions on compost tea as a means

of maximizing the potential of compost and as part of an arsenal of tools available to

improve substrate health and to sustainably manage soil-borne diseases.

The demand for technical information on compost and compost tea made from readily

available local waste materials has significantly increased over the last decade. This interest

ISSN 0144-8765 print/ISSN 2165-0616 online

q 2012 Taylor & Francis

http://dx.doi.org/10.1080/01448765.2012.671516

http://www.tandfonline.com

*Corresponding author. Email: cstmartin@hotmail.com

Biological Agriculture & Horticulture

iFirst article, 2012, 1–33



has come from both developed and developing countries as the practice and interest in

commercial production of vegetables using soil-less media have increased amidst major

long-term sustainability issues such as rising prices of imported peat-based growth media

and other inputs (Jayasinghe et al. 2010), negative environmental and ecological impact of

peat mining (Robertson 1993), and increasing generation of compostable waste material

such as agro-waste, which is discarded to landfills (Acurio et al. 1998). At the same time,

serious efforts are being made by most developing countries to address food and nutrition

security through resource maximization and the development of rural communities through

agriculture, appropriate technology, and entrepreneurship (Jagdeo 2007). Recycling

biodegradable waste into compost and compost teas is being promoted as a viable option for

treating waste material.

As well as the use of compost as a bulk fertilizer and soil ameliorant, there is

considerable evidence that shows that compost and liquid preparations such as compost

tea made from compost can suppress soil-borne diseases (Bonanomi et al. 2007; Lievens

et al. 2001; Pane et al. 2011; Santos et al. 2011; Scheuerell and Mahaffee 2004; Spring

et al. 1980). However, the effect of compost and compost teas on soil-borne diseases varies

greatly depending on the properties of the compost as affected by compost formulation,

the composting and compost tea brewing process, and the environmental conditions in

which the material is used (Litterick and Wood 2009; Scheuerell and Mahaffee 2002).

The objectives of this review are to define composting, compost, and compost teas and

extracts, to describe preparation methods, and to summarize the current knowledge of

compost used as growth substrates in vegetable production. Current knowledge of the soil-

borne disease suppression with compost and compost tea is also summarized as well as

factors affecting the efficacy of these products. Mechanisms involved in the suppression of

soil-borne diseases by compost and compost teas are also discussed and emerging areas of

research are identified and briefly discussed.

Definition of composting, compost, compost extracts, and compost teas

Composting has been defined as a biological process through which microorganisms

convert organic materials into useful end products, which may be used as soil conditioners

and/or organic fertilizers (Buchanan and Gliessman 1991; Stoffella and Kahn 2001).

The solid particulate products of composting, which are extracted during the maturation and

curing phase are referred to as compost (Litterick and Wood 2009; Paulin and O’Malley

2008). Despite these definitions, the term composting and compost remain fairly ambiguous

as compost has also been used to refer to end-products of other biological processes such as

fermentation (Lee 1994; Lwin and Ranamukhaarachchi 2006) as well as to products

extracted before the maturity and curing phase of the composting process. As such, more

detailed and rigorous definitions as provided by Haug (1993) and Golueke (1982) will be

used in this review to distinguish composting and compost from other biological processes

and end products. Composting, is the controlled, microbial aerobic decomposition and

stabilization of organic substrates, under conditions that allow the generation of high

temperatures by thermophilic microbes, to obtain an end product that is stable, free of

pathogens and viable weed seeds, and can be used in plant culture.

As with compost, the terms compost extract and compost tea have also been

ambiguously defined. Both terms have been used interchangeably in studies to refer to liquid

samples obtained from or through the use of compost by pressure, distillation, evaporation

or treatment with a solvent (Cayne and Lechner 1989). However, for the purposes of this

review, compost extracts and compost teas will be treated as different products. Compost
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extracts will be referred to as filtered products of compost mixed with any solvent, usually

water, but not fermented or brewed (Scheuerell and Mahaffee 2002), and compost teas as

filtered products of compost fermented in water (Litterick et al. 2004). Compost teas will be

further distinguished into aerated and non-aerated compost teas with respect to the

fermentation method used to prepare them. Aerated compost teas (ACT) will refer to

products where the compost-water extract is actively aerated during the fermentation

process (Litterick and Wood 2009). Non-aerated compost teas (NCT) will refer to products

where the compost-water extract is not aerated, or receives minimal aeration only at the

initial mixing stage of the fermentation process (Litterick and Wood 2009).

Compost and compost tea production

Compost production

Traditionally, compost has been produced in rural farming areas of most developing

tropical countries using small-scale, slow-rate, open composting methods, particularly

heap and pit structures (Persad 2000), whereas in urban areas and most developed

countries, larger scale techniques involving windrow or in-vessel have been adopted.

Characteristic of heap and pit methods are long composting times, inconsistent compost

quality, poor ergonomic qualities, and a relatively high demand for labour and space

(Persad 2000). In the context of increasing rates of organic waste generation in both rural

and urban areas, windrow and in-vessel systems, with higher turnovers, which can produce

end products of a more consistent quality, have been used (Diaz et al. 2007).

Windrow systems are characterized by the accumulation of substrates into piles,

typically 1.5 to 2.5 m high, formed into long rows called windrows. Typically, windrow

systems are further subdivided into turned and forced air or static pile windrows on the

basis of aeration (Diaz et al. 2007). In turned windrow systems, aeration is achieved

by periodically turning the pile either manually or by mechanical means. In contrast to

forced-air or static pile systems, the compost mass is disturbed to achieve aeration and air

is not forced upward through the composting mass or pulled downward and through the

pile (Diaz et al. 2007).

Open turned windrow systems are generally considered low-cost and suitable for

composting low-hazard materials including green or garden waste (Litterick and Wood

2009), whereas the major interest in aerated static pile systems is in its apparent utility in

composting sewage sludge and capacity to deodorize effluent air streams (Diaz et al.

2007). Turned windrow systems have been criticized for their potential threat to public

health, particularly when the process involves human excrement and residues from

animals that harbour disease organisms pathogenic to man (zoonoses) (Diaz et al. 2007).

The main features of turned windrow composting systems that relate to the critique are that

temperatures that are lethal to the pathogen do not generally prevail throughout a windrow

and the turning procedure may play an important role in recontaminating the sterilized

material with non-sterilized materials from the outer layer of the windrow (Diaz et al.

2007). Other limitations of turned windrows are the potential for objectionable odours due

to improper and insufficient turning and a relatively slow rate of degradation with a greater

space requirement (Diaz et al. 2007).

With in-vessel systems, all or part of composting takes place in a reactor and the

process tends to be more controlled or suited for quick primary stabilization of the

composting mass. In-vessel systems are generally thought to be more suitable for

composting food wastes and wastes containing animal by-products (Litterick and Wood

2009). The process normally lasts from 1 to 15 days but is highly dependent on substrate
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properties (Diaz et al. 2007). Materials exiting the reactors at the end of this rapid

degradation phase are usually placed in windrows for curing and maturation (Dziejowski

and Kazanowska 2002). In-vessel systems are generally subdivided into vertical,

horizontal, and diagonal or rotating drum systems on the basis of the position of the reactor

or classified as a function of the material movement into static and dynamic systems.

Unlike the static system, the compost mass is continuously mixed in in-vessel dynamic

systems. The sophistication and cost of these composting systems both within and across

the major groups identified vary greatly, depending on the nature of the material being

composted and on the end use of the compost being prepared (Litterick and Wood 2009).

Post-processing, which is done to refine the finished compost to meet regulatory and

market requirements, can involve a number of other processes including screening and

size reduction, which may significantly increase costs and labour requirements (Diaz et al.

2007). Generally, the economics of windrow systems are more favourable than some

mechanized systems, particularly in countries where there is excess labour.

Notwithstanding the composting system used, the three phases that occur during the

composting process and depict temperature as a function of composting time can be

observed. These phases include (1) the mesophilic phase, a rise in compost temperatures

above ambient temperature to approximately 408C; (2) the thermophilic phase, compost

temperature . 408C; and (3) the cooling and maturation phase, a decrease in compost

temperature to eventual range of ^38C of ambient temperature (Epstein 1997). For the

composting process to be optimal, ideally the input materials must be sufficiently moist

(40–60%), have a sufficiently open structure to allow air to penetrate the mass, and must

have a suitable carbon to nitrogen (C:N) ratio of about 25:1 to 40:1 (Litterick and Wood

2009). Rarely is only one feedstock composted because the C:N ratio of most materials

does not fall within the suitable range. For example, sawdust typically has a C:N ratio of

60:1 and vegetable waste, a C:N ratio of 12:1. Therefore, these feedstocks must be mixed

with other materials such as manure and mineral fertilizers to achieve the suitable C:N ratio.

Compost tea production

Most compost tea reported here was made using predominantly two approaches, aerated

and non-aerated methods. Both methods involve fermenting well-characterized compost

in water for a specific time period and require the use of a fermentation or brewing vessel,

inoculum (compost), water, incubation and filtration prior to application (Litterick and

Wood 2009; Scheuerell and Mahaffee 2002). Nutrients may be added before or after

brewing and additives or adjuvants may be added prior to application.

There has been continuous debate regarding the benefits of aeration during the

compost tea production process (Brinton et al. 1996; Ingham and Alms 2003). As such,

studies on the efficacy of aerated and non-aerated compost teas with respect to compost

source and age, optimum brewing time, benefits of aeration, addition of nutrients,

phytotoxicity, cost, energy input, and mechanism of disease suppression are numerous

(Ingham and Alms 2003; Litterick and Wood 2009).

The majority of scientific literature supports the suppression of phytopathogens and

plant diseases by non-aerated compost teas (NCT) (Cronin et al. 1996; Ketterer and

Schwager 1992; Tränkner 1992,), which has been associated with low-cost and low-

energy input (Weltzien 1991). However, NCT have been suggested to cause phytotoxicity

and provide the optimal environment for human pathogen regrowth (Litterick and Wood

2009; Scheuerell and Mahaffee 2002). Contrastingly, aerated compost teas (ACT) have

been associated with shorter brewing time (Scheuerell and Mahaffee 2002), higher
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microbial mass and diversity (Ingham and Alms 2003), lower or no phytotoxicity (Ingham

and Alms 2003), and less than ideal environment for the proliferation of human pathogen

(Ingham and Alms 2003). Contrary to claims concerning the suitability of environment of

NCT for the proliferation of human pathogens, Ingram and Millner (2007) reported that

potential for regrowth of human pathogens Escherichia coli O157:H7, Salmonella, and

faecal coliforms was not compost tea brewing method specific but was greatly dependent

on the addition of nutrient supplements at the beginning of the brewing process. In fact,

they reported that ACT sustained higher concentrations of E. coli O157:H7, Salmonella,

and faecal coliforms than did NCT when nutrient supplements were added. Scheuerell and

Mahaffee (2002) and Litterick and Wood (2009) both reported that there is little evidence

to substantiate the claims that NCT can cause phytotoxicity. There are a growing number

of companies designing and selling apparatus to produce ACT. However, to date, the

common designs of apparatus used to produce ACT include showering recirculated water

through a porous bag of compost that is suspended over an open tank (Merrill and McKeon

2001), recirculating water through a vortex nozzle mounted above a tank (Ingham and

Alms 1999), injecting air through a hollow propeller shaft (SoilSoup 2012), venturi

nozzles (Sustainable Agricultural Technologies, Inc. 2012), aquarium stones (Ingham

2000), or fine bubble diffusion mats (Growing Solutions Incorporated 2012).

Generally, NCT are produced by mixing one volume of compost with 4 to 10 volumes

of water in an open container. Initially, the mixture is stirred, then allowed to stand

undisturbed at 15–208C for at least three days (Weltzien 1991) with no or minimal

stirring. To facilitate the release of microbes from the compost particles, Brinton et al.

(1996) suggested stirring NCT every two to three days. To avoid a sampling error when

considering experimental designs for in vitro inhibition screening with NCT, Yohalem

et al. (1996) recommend that at least 500 g of compost be used in the brewing process.

Container size used to produce NCT varies from small buckets to units that can hold

several thousand litres. Notwithstanding the methods and technologies used to produce

compost and compost tea, our understanding of, and research into, compost and compost

tea, particularly in some developing countries, is at the infancy stage. Studies aimed at

investigating and modelling response patterns of key physico-chemical parameters during

composting and compost tea production process are needed. Such studies are needed to

develop effective monitoring, troubleshooting, and decision-making systems that can be

used to optimize composting and compost tea production under a wide variety of

environmental conditions as well as assist in end-product attribute development. One such

product which can be developed and will have a great impact on the sustainability of

vegetable production using soil-less media is a peat alternative growth substrate.

Composts as seedling starter and transplant growth substrates

Unlike plants grown in the field, the root systems of containerized plants are restricted to

small volumes of growth substrates which act as a reservoir for nutrients and water and

provide oxygen for root respiration and support for the plants throughout the crop

production cycle (Kuo et al. 2004). This presents unique production and management

challenges that are not normally faced in open-field cultivation of vegetable crops. In an

attempt to address these challenges, research on peat and peat alternative growth substrate,

including those involving the use of composts made from various feedstocks, has been

conducted over many years (Table 1). Most of these studies involving composts have

focused on the development of containerized growth substrates for ornamental plants

(Fitzpatrick 2001). Fewer studies have assessed the immediate and post-immediate effect
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of composts as growth substrates or components of growth substrate on the performance of

vegetable crops at the seedling and post seedling stage (Sánchez-Monedero et al. 2004;

Walker et al. 2006).

Reports concerning the evaluation of composts as seedling starter substrates for the

production of vegetable crops include work done primarily on solanaceous and cruciferous

crops, corn, cucurbits, and legumes (Roe 2000). For example, Roe and Kostewicz (1992)

reported that there was no significant difference between germination percentages of

tomato and watermelon sown in yard trimming-grass clipping compost (100% v/v) and in

a peat-lite control treament. Similar results were obtained by Ribeiro et al. (2007), who

found that germination rate and growth of tomato seedlings increased with increasing

doses of forest waste-pig slurry compost substitutions. They reported that tomato seedling

growth was highest when peat was totally replaced by compost (100% v/v).

In contrast, Lazcano et al. (2009) found that substituting peat with low doses of cow

manure compost (10% and 20% w/w) and high doses of vermicompost (75% and 100%

w/w) produced significant increases in aerial and root biomass of tomato plants in

comparison with peat (100% w/w). Lazcano et al. (2009) also reported that these

treatments significantly improved plant morphology, resulting in a higher number of

leaves and leaf area and increased root volume and branching. They concluded that total

replacement of peat by vermicompost was possible while doses of compost higher than

50% (w/w) caused prompt plant mortality.

Unlike Lazcano et al. (2009), substitution doses of composts reported by Ribeiro et al.

(2007) were not limited by high electrical conductivity (EC) values ($3.7 dS m21), which

may partly explain the differences in the results. Both research teams attributed the

enhanced growth to enhanced bulk density of the growing media and to the decrease on

total porosity and amount of readily available water in the container. Additionally,

Lazcano et al. (2009) cited the nutrient-rich and biologically active properties of the

compost and vermicompost as the cause for improved plant morphology.

Other researchers have recommended various compost substitution ratios based on

germination rate and indices, seedling and crop performance results, and use limitations of

composts due to their physical, chemical, and biological properties (Bustamante et al.

2008; Ostos et al. 2008; Spiers and Fietje 2000). It is worth noting that due to the greater

sensitivity of seeds and seedlings to phytotoxic compounds, the quality standards for

compost to be used as seedling starter substrate are generally more stringent than those to

be used for transplant substrates or potting mixes (Kuo et al. 2004). To this end, there are

some types of composted wastes which have shown to be acceptable replacements and

substitutions for sphagnum peat in transplant substrate or potting media. For example,

newspaper/horse manure-based compost was found to be a good alternative to peat-based

compost for the post-seedling cultivation of tomato plants (Ball et al. 2000). In their study,

Ball et al. (2000) noted that no phytotoxic compounds were detected in the newspaper/

horse manure-based compost, and differences in shoots, roots, or leaf biomass or in the

nutrient concentrations of leaf material among the compost treatment and the controls

(peat-based compost and coconut fibre) were not significant.

In contrast to Ball et al. (2000), Stoffella and Graetz (1996) found that tomato

transplanted in pots with compost or compost mixtures had higher shoot weights, thicker

stems, and larger shoot to root ratios than plants grown in unamended field soil. Stoffella

and Graetz (1996) used a compost made from filter cake, a sugarcane (Saccharum

officinarum) processing waste, and tomato that were transplanted into pots filled with a 1:1

(v/v) mixture of the compost and a sandy field soil, the field soil only, or the compost only.

In a more recent study, Diaz-Perez and Camacho-Ferre (2010) concluded that blond peat
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in transplant substrates could be partially substituted at a rate of 25–50% v/v by composts

to grow tomato seedlings cv. Dakapo, providing that the EC was , 2.5 dS m21. The

compost used in the study was produced from solid urban waste, vegetable waste, and vine

pomace.

Notwithstanding, the difficulty that exists in comparing the results of various studies

owing to the wide variation in experimental conditions and factors as well as cultural

practices including fertilizer application rates, production cycle, length of the experiments,

it is clear that the amount of compost component in a growing substrate depends on type

and quality of the compost, plant species to be grown, and growers’ production system.

Therefore, there is no one standard seedling starter or transplant substrate that can be

recommended for all crops produced under all growing conditions.

In most of the aforementioned peat alternative containerized growth substrate studies,

the resulting positive growth, yield, and improved nutritive value response of the

vegetable crops has been attributed to the improved physical structure of the containerized

media, increases in populations of beneficial microorganisms, and the potential

availability of plant growth influencing substances produced by microorganisms in the

composts or vermicomposts. In short, these resultant attributes have been cited as the

advantages that compost has over peat as a growth substrate or component of growth

substrate (Kuo et al. 2004).

It also is clear that most of the work on the use of composts as growth substrates has

been conducted under temperate environmental conditions using waste streams that either

differ from those in the tropical regions or are not available in sufficient quantities for local

exploitation. This, along with the lack of detailed studies on change in the physical,

chemical, and biological characteristics of compost and its effect in and across crop

production cycles, has remained a relatively poorly researched area and a constraint to the

adoption of compost as an alternative to peat by greenhouse farmers (Kuo et al. 2004).

Quality of compost and its effect on plant response

Though varied, the criteria used to evaluate compost quality in relation to its use as soil-

less growth substrate or component of soil-less growth substrate have normally consisted

of an assessment of physical (water holding capacity, bulk density, total pore space),

chemical (cation exchange capacity, electrical conductivity, buffer capacity, pH, heavy

metals and potentially toxic elements), and biological (absence of pathogens, maturity and

plant growth performance) characteristics (Brinton 2000). Specific quality recommen-

dations and guidelines have been made for the use of composts as soil-less growth

substrates or components of soil-less growth substrates (Abad et al. 1993; Zapata et al.

2005).

Yeager et al. (2007) recommended that nursery production media should possess the

following physical and chemical characteristics after irrigation and drainage (% volume

basis): a total porosity of 50% to 80%, air space of 10% to 30%, water holding capacity of

45% to 65%, a bulk density of 0.19 to 0.70 g cm23, a pH between 5.0 to 6.0, and an EC

between 0.2 and 0.5 dS m21. Recommended physical and chemical characteristics for

containerized substrates were either similar to, or differed considerable from, those of

nursery media, particularly with reference to some parameters. For example, Maronek

et al. (1985) recommended that air space of containerized substrate should range between

15% and 40% and container capacity should range from 20% to 60%, bulk density

between 0.3 and 0.8 g cm23, pH between 4.5 and 6.5, and EC from 0.6 to 1.5 dS m21.
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The end use primary test values recommended for compost to be used as growth

substrates also varied across countries and certifying agents (Table 2). Notwithstanding

these variations in standards, research and field experience have shown that the typical

factors limiting the inclusion rate of compost are pH, which affects seed germination, root

growth, and nutrient availability (Hornick et al. 1984); high soluble salt concentration,

which also affects seed germination and plant growth as well as water and nutrient uptake

(Ribeiro et al. 2007; Vavrina 1994); maturity as unstable and immature compost may

contain phytotoxic compounds, which affect seed germination capacity and rate, plant

growth, and nutrient availability (Hadar et al. 1985); and water-holding capacity (WHC)

and particle size, which directly affect plant growth due to their relation to aeration and

water and nutrient availability (Sterrett and Chaney 1982; Vavrina et al. 1996).

Factors affecting compost quality

Feedstock type, compost formulation, and composting process, and system and

management have all been reported to affect compost quality and use (Haug 1993; Rynk

1992; Sullivan and Miller 2000). For instance, Sullivan and Miller (2000) noted that final pH

of compost is highly dependent on the chemical composition of feedstock, as waste material

such as wood may be quite acidic, while others, for example, lime-treated bio-solids, may be

a significant source of alkalinity. Similar dependencies have been reported between

feedstock characteristics and soluble salts concentration, nature of microbial populations,

presence of phytotoxic compounds, and matrix physical properties of the end product

compost. For example, compost containing composted leaves and woody materials (Spiers

and Fietje 2000), municipal solid waste co-composted with bio-solids (Vavrina 1994), spent

mushroom compost (Lohr et al. 1984), and municipal leaf (Sawhney 1976) and cow manure

(Bardhan et al. 2009) have frequently been cited as having high soluble salts concentrations.

Reports also showed that compost prepared from tree barks and other lignocellulosic

substances tends to become colonized mainly by Trichoderma spp. (Kuter et al. 1983);

biosolids, municipal solid waste (MSW), and sewage sludge tend to contain heavy metals

and toxic organic pollutants (Chaney and Ryan 1993; Kuo et al. 2004; Paulsrud et al. 2000),

and slurry gives poor physical characteristics and aeration (Brito et al. 2008).

Factors depending on the formulation of composting mix such as nutrient balance, pH,

particle size, porosity, and moisture, as well as process management factors including O2

concentration, temperature, and water content, all affect the composting process and, by

extension, compost quality (Bernal et al. 2008). Bernal et al. (2008) reported that nutrient

balance outside the adequate C:N ratio range of 25–35 affects the rate of the compost

Table 2. End-use test values recommended for compost: Category potting mixesa.

Test parameter German Austrian WERL (USA)

Salt ,2.5 g l21 ,2.5 g l21 ,2.5 mmhos cm21

Avail-N ,300 mg l21 ,800 mg l21 100–300 mg l21

Phosphate ,1200 mg l21 ,800 mg l21 800–2500 mg l21

Potassium ,2000 mg l21 ,1500 mg l21 500–2000 mg l21

Maturity Dewar V Pass plant test Solvita 7-8
Organic matter .15% .20% .30%
pH declared 5.5–7.0 6.0–7.0
Foreign max 0.5% . 2 mm max 0.5% . 2 mm ,1% . 2 mm

Note: a Assuming 40–50% of mix (v/v) is compost.
Sources: Fröhlich et al. (1993); Weimer and Kern (1989, 1992); Brinton (2000).
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process as well as the concentration of nutrients, particularly inorganic nitrogen, available

in the end product. They also noted that proper aeration, that is, an oxygen concentration

between 15% and 20% (Miller 1992), controls the temperature, removes excess moisture

and CO2, and provides O2 for biological processes. Factors such as O2, compost

temperature, and rate of decomposition can be controlled by the use of in-vessel or

automated composting systems which generally produce compost of a more consistent

quality, which is particularly important where compost is used as a disease suppressive

substrate.

Composts as substrates to suppress damping-off and root rot diseases

Numerous container-based studies have consistently demonstrated suppressive effects of

composts against soil-borne diseases such as damping-off and root rots (Pythium ultimum,

Rhizoctonia solani, Phytophthora spp.) and wilts (Fusarium oxysporum and Verticillium

dahliae) (Table 3). In an early pioneer study, Spring et al.(1980) found that the percentage

kill of three-week-old apple seedlings was significantly lower in bark compost container

medium than in a peat medium after inoculation with varying concentrations of P.

cactorum zoospores and oospores. Similar results have been reported in more recent work

by authors using various compost types, including grass clippings (Boulter et al. 2000;

Nakasaki et al. 1998) and MSW (Pascual et al. 2002), for a range of crops and production

systems. In some cases, it was reported that the levels of disease control by the composts

were either equal to or greater than the level of control achieved using commercial

fungicides (Ownley and Benson 1991).

However, the level of disease control differed significantly, both between and within

studies, and there was no clear trend in the level of control of the same pathogen obtained

in different crop species. Variation in the compost inclusion rates, control media (soil,

sand, and peat), organic waste used, and the degree of decomposition of the compost, may

partly explain these differences. Though most container-based studies were conducted

with artificially introduced pathogen propagules, it is difficult to determine which compost

amendments are most effective in controlling particular pathogens due to the wide

variation in experimental conditions among studies.

Notwithstanding these issues, some of the research work has resulted in the

development of useful commercial products. The most notable commercial application

has been the use of composted bark in the United States container-produced ornamentals

sector to suppress several soil-borne plant pathogens including Phytophthora, Pythium

and Rhizoctonia spp. (Nelson et al. 1983; Spring et al. 1980). Despite the success of

research and commercial ventures such as composted bark substrates, much is still not

known about factors affecting suppressivity of compost and mechanisms by which plant

diseases are controlled.

Factors affecting disease suppression induced by compost

Several authors have reported that feedstock type and composting system, organic matter

decomposition level and compost maturity, physical, chemical, and biological attributes of

compost, and inoculation of compost with biological control agents, all affect the disease

suppressive ability of the compost (De Clercq et al. 2004; Hoitink et al. 1996; Litterick and

Wood 2009). In a study using peat potting media amended with composts, Pane et al.

(2011) found that compost derived from animal manure showed the largest and most

consistent suppression of P. ultimum, R. solani and Sclerotinia minor. In contrast, Erhart
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et al. (1999) demonstrated that compost prepared from grape marc or “biowaste” had

neutral or promoting effects on Pythium rot diseases. However, Hadar and Gorodecki

(1991) reported that compost made from grape pomace, which contains high

concentrations of sugars and relatively low levels of cellulosic substances, tends to

become colonized by Aspergillus and Penicillium spp., which have been shown to suppress

Sclerotium rolfsii. Reports also have shown that compost made from lignocellulosic

substances such as tree barks consistently suppress Pythium root rot (Hoitink 1980; Kuter

et al. 1983). In such studies, attempts have been made to link suppressivity of compost teas

to biological attributes such as microbial diversity and populations or the presence of

specific microorganisms.

Besides the selection of feedstock for their potential disease suppressive properties,

investigations have been conducted on producing disease suppressive compost from

materials that are readily available locally using various composting systems and protocols.

For example, Nakasaki et al. (1998) demonstrated that disease suppressive compost could

be produced from grass clippings using a bench-scale composting system by controlling

composting temperatures and inoculating the compost with Bacillus subtilis N4 at specific

times. In such studies, particular emphasis is placed on modelling the evolution of key

physico-chemical parameters such as temperature, nutrient balance (C:N ratio), nitrogen,

pH, moisture content, carbon loss, and electrical conductivity during composting. These

models served as important monitoring or management tools, which provide information

on the consistency of the composting process and identify specific times for interventions.

For example, Hoitink et al. (1991) used the peak heating period and/or thermophilic phase

as identified by temperature models or graphs as a time marker after which Trichoderma

hamatum 382 and Flavobacterium balustinum 299 were inoculated into compost so as to

consistently induce suppression of diseases caused by a broad spectrum of soil-borne plant

pathogens. The evaluation of the peak heating period for temperatures . 558C for at least

three days has become an industry process standard or protocol, which implies that most

plant and human pathogens have been killed (Rynk 1992).

An assessment of the degree of maturity of compost and organic matter decomposition

level also has been deemed crucial in determining disease suppressiveness of compost. De

Ceuster and Hoitink (1999) noted that fresh organic matter does not usually support

biological disease control, even if it is inoculated with microbial species/strains of proven

efficacy. It is generally accepted that immature compost frequently contains toxic

compounds, which affect the growth of crop and pre-dispose them to attack by pests and

pathogens (Hoitink and Boehm 1999; Hoitink et al. 1993), and the addition of older, more

humidified peats to composted bark reduces or eliminates suppressivity due to its inability to

support the activity of biological control agents (Boehm and Hoitink 1992). However, a

recent review paper by Bonanomi et al. (2010) showed that during organic matter

decomposition, disease suppression potential increased, decreased, was unchanged, or

showed more complex responses, such as “hump-shaped” dynamics with compost of

decreasing organic matter content. They found that the most useful features for predicting

disease suppressiveness were fluorescein diacetate (FDA) activity, substrate respiration,

microbial biomass, total culturable bacteria, fluorescent pseudomonads, and Trichoderma

populations.

Pane et al. (2011), however, found that the most useful parameters to predict disease

suppression were different for each pathogen: extractable carbon, O-aryl C and C:N ratio

for P. ultimum, alkyl/O-alkyl ratio, N-acetyl-glucosaminidase and chitobiosidase

enzymatic activities for R. solani and EC for S. minor. As it concerns the chemical

properties of compost, Hoitink et al. (1996) reported that highly saline composts enhance
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Pythium and Phytophthora diseases unless they are applied months ahead of planting to

allow leaching. The dilution of highly saline compost by producing compost teas may

allow for the lower or absence of phytotoxicity while still retaining disease suppressive

properties of the compost.

Compost teas as a plant disease control agent

Table 4 provides a summary of the relatively few studies done on the efficacy of compost

teas (aerated or non-aerated) in suppressing soil-borne diseases in soil-less or

containerized production of vegetable crops. Liping et al. (1999, 2001) reported effective

control of Fusarium wilt of greenhouse grown cucumber (F. oxysporum f.

sp. cucumerinum) and sweet pepper (F. oxysporum f. sp. vasinfectum) using drench

applications of NCT made from pig, horse, and cow manures. They found that NCT had a

mycolytic effect on Fusarium chlamydospores and microspores which suggested that

disease suppression was achieved through the destruction of the propagules of the

pathogen.

Investigations done by Scheuerell and Mahaffee (2004) showed that the development

of Pythium damping-off of cucumber grown in soil-less media was significantly reduced

by the application of aerated and non-aerated compost teas, with aerated compost teas

fermented with kelp and humic acid nutrients displaying the most consistent disease

suppression. Diánez et al. (2006, 2007) reported that nine fungi including Rhizoctonia

solani and Pythium aphanidermatum were controlled in vitro using ACT made from grape

marc compost. They demonstrated that the growth inhibition of nine of the fungi tested

was the result of siderophores excreted by microorganisms present in the grape marc

compost. Siddiqui et al. (2009) reported that non-sterilized ACT made from rice straw

(RST) and empty fruit bunch (EFB) of oil palm composts inhibited conidial germination of

Choanephora cucurbitarum, the causal pathogen for wet rot of okra. They also reported

that induced host resistance was stimulated in okra plants treated with non-sterilized and

filter-sterilized compost teas during glass house trials. However, resistance was not

maintained as it decreased with time, probably due to a highly stressed environment.

The results from these studies indicate that compost teas as soil drenches may be an

effective control strategy for root diseases in soil-less production systems. However,

further research is needed to obtain a greater understanding of the factors affecting

suppressivity of compost teas and mechanisms used to effect control. This may prove

useful in assessing the utility of in vitro pathogen screening results as predictors of disease

suppression under in vivo and in-field conditions. As it stands, testing compost teas for

soil-borne disease suppression under simulated field conditions, with the crop growing in

pathogen-inoculated soil or growing media, might be a better predictor of field suppression

than in vitro assays (Scheuerell and Mahaffee 2002).

Factors affecting disease suppression induced by compost teas

As with compost, the maturity and source of compost used to make the compost teas have

been shown to affect the suppressivity of the teas (Siddiqui et al. 2009; Tränkner 1992).

Compost tea production factors such as aeration, fermentation time, and nutrients have all

been reported to affect the biological properties of the teas (Litterick and Wood 2009). For

example, Ingham and Alms (2003) stated that ACT are generally more effective than NCT

because they tend to have higher microbial populations and diversity. Conversely, the

majority of scientific literature supports the suppression of phytopathogens by NCT.
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A comparison of the efficacy of ACT and NCT within the same study has often shown that

aeration has no effect on disease control (Scheuerell and Mahaffee 2006), implying that

the mechanism of disease control is chemical in nature rather than biological.

Disease suppressive properties of NCT and ACT have generally been reported to

increase with fermentation time to a maximum and then decline (Ketterer 1990; Ketterer

and Schwager 1992). According to Ingham and Alms (2003), optimum fermentation time is

usually between 18 and 36 h at the point where active microbial biomass is at its highest.

Conversely, other investigators have suggested that fermentation times of 7 to 14 days are

better when producing compost teas with optimal disease suppressive properties (Weltzien

1990). Although not substantiated by data, it is generally thought that optimum time is likely

to depend on the compost source and fermentation method (Litterick and Wood 2009).

Disease suppressive properties of compost teas have been enhanced (Scheuerell and

Mahaffee 2006), reduced (Scheuerell and Mahaffee 2004), or shown no significant change

(Elad and Shtienberg 1994) with the addition of nutrients. Nutrients are primarily added to

increase overall microbial populations or the population of a specific group of

microorganisms that are thought to have beneficial effects. Whilst the addition of nutrients

may enhance the disease suppressive properties of compost teas, there are mounting

concerns on the regrowth potential of human pathogens in teas (National Organic

Standards Board 2011; Yohalem et al. 1994). However, recent investigations have shown

that pathogen regrowth does not appear to be supported in compost tea fermentation that

does not contain added nutrients (Brinton et al. 2004; Duffy et al. 2002).

Compost tea application factors such as dilution rate, application frequency, and use of

adjuvants also have been reported to affect the efficacy of teas to suppress plant diseases

(Litterick and Wood 2009). Of primary importance for soil-borne disease investigations

are dilution and application frequency for which there are very few published studies.

Reports have shown that the disease suppressive properties of compost teas were either

maintained or decreased after dilution (Elad and Shtienberg 1994; Scheuerell and

Mahaffee 2004). However, more studies on dilution and application frequency are needed

to determine whether compost teas can be used economically on a large scale.

Mechanisms involved in the suppression of plant disease by compost and compost
teas

Most scientific literature has shown that the disease suppressive effect of composts is lost

following sterilization or pasteurization (Cotxarrera et al. 2002; Hoitink et al. 1996; Van

Beneden et al. 2010). El-Masry et al. (2002) found that the water extracts from several

composts were suppressive to several soil-borne pathogens, but the extracts did not

contain antibiotics or siderophores. These results have been used to indicate that, in most

instances, the suppressive effect of compost is predominantly biological rather than

chemical or physical in nature (Baker and Paulitz 1996; Joshi et al. 2009). To this end, four

mechanisms have been described through which biological control agents (BCAs)

suppress plant pathogens: antibiosis, competition for nutrients, parasitism or predation,

and induced systemic resistance (Hoitink and Fahy 1986). Most reports suggest that

microbiostasis (antibiosis and/or competition for nutrients) and hyperparasitism are the

principal mechanisms by which plant pathogens are suppressed.

Antibiosis refers to an association between organisms where the production of specific

and/or non-toxic specific metabolites or antibiotics by one organism has a direct effect on

other organisms (Litterick and Wood 2009). For example, Chernin et al. (1995) reported

that chitinolytic enzymes produced by Enterobacter strains were found to be antagonistic
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to several fungal pathogens including Rhizoctonia solani. The toxin “gliotoxin” isolated

from Gliocladium virens was found to be antagonistic against P. ultimum (Lumsden et al.

1992; Roberts and Lumsden 1990). Antagonistic activity of bacteria and fungi from

horticultural compost against other plant pathogens including F. oxysporum also has been

reported (Suarez-Estrella et al. 2007).

Competition results when there is a demand by two or more microorganisms for a

resource. It occurs when a non-pathogen successfully out-competes a plant pathogen for a

resource which may lead to disease control (Litterick and Wood 2009). For example, some

microorganisms reduce the disease incidence by limiting iron availability for pathogens

such as Pythium spp. through the production of low molecular weight ferric-specific

ligands (siderophores) under iron limiting conditions (Sivan and Chet 1989; Srivastava

et al. 2010). Suppression by microbiostasis seems to be more effective against pathogens

with propagules , 200mm diam. including Phytophthora and Pythium spp. (Hoitink and

Ramos 2008).

In contrast, parasitism has been observed with plant pathogens with propagules . 200

mm diam. The parasitic effect which has been observed in , 20% of uninoculated

composts (Hoitink et al. 1996) consists of four stages: chemotrophic growth, recognition,

attachment, and degradation of the host cell walls through the production of lytic enzymes

(Woo et al. 2006). All of these stages are affected by the organic matter decomposition

level and the presence of glucose and other soluble nutrients, which repress the production

and effect of lytic enzymes used to kill pathogens (Hoitink et al. 1996).

Induced systemic resistance (ISR) triggered by beneficial microorganisms also has

been proven to reduce disease severity in many crops (De Clercq et al. 2004; Khan et al.

2004). For example, Lievens et al. (2001) showed that composts can induce systemic

resistance to Pythium root-rot in cucumber when applied to a section of the root system

using a split root system. Similar results have been reported by other authors, who have

isolated microorganisms from compost which trigger the systemic resistance effect

(Hoitink et al. 2006; Horst et al. 2005). Most studies on ISR have involved the use of

Trichoderma spp., microorganisms also known for their mycoparasitic and antibiosis

effects (Hoitink et al. 2006; Khan et al. 2004).

To this end, the four suppression mechanisms also have been loosely divided into two

categories: general and specific (Cook and Baker 1983). General refers to disease

suppression which can be attributed to the activity of many different types of

microorganisms. Suppression usually results from the competition for nutrients and

ecological niches by numerous bacterial and fungal species that adversely affect the

activity of, or induce microbiostasis of, plant pathogens (Litterick and Wood 2009).

Specific refers to a situation where suppression of a pathogen or the disease it causes can

be attributed to the presence and/or activity of one or two microorganisms. Reports

showed that . 90% of the composts studied suppress disease through the general

mechanisms rather than the specific. However, the disease suppressive effects resulting

from general mechanisms are not easily transferable from one medium to another.

Conclusions and future work

Despite the increasing amount of information regarding compost as plant growth

substrates, and compost and compost tea as plant disease suppressive agents, the

overarching challenge remains integrating findings into commercial vegetable production

systems. An important step toward application of suppressive compost and compost tea

could be the development of quality control tools that may reduce the variability in
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efficacy (Hadar 2011). Unfortunately, there is no single chemical or physical, easy-to-

perform parameter that could predict suppression, therefore quality control is dependent

on bioassays designed for a specific pathogen or disease (Hadar 2011). This clearly

emphasises the need for a better understanding of the mechanisms and antagonistic

microorganisms involved in disease suppression.

Some of the new techniques based on organic matter characterization or assessment of

microbial diversity or functional diversity using a combination of DNA-based techniques

such as analysis of terminal restriction fragment length polymorphisms (T-RLFPs) (Michel

et al. 2002) and denaturing gradient gel electrophoresis (DGGE) (Calvo-Bado et al. 2003)

may lead to an improved understanding of the changes in microbial communities associated

with disease control resulting from compost or compost tea application to various media

(Litterick and Wood 2009; Noble and Coventry 2005). Such studies also will assist in the

development of protocols for optimizing the compost tea production process so as to

maximize disease suppressive effect without exposing the manufacturer or user to the risk

of human pathogens (Ingram and Millner 2007). To achieve consistent disease suppression,

it may be necessary to modify compost tea production steps, for example, by the addition of

nutrient amendments to ensure the growth of specific groups of microbes (Scheuerell and

Mahaffee 2002). However, there is a need to test nutrient supplements for their effect on

both targeted plant pathogens and non-targeted human pathogens (Scheuerell and Mahaffee

2002). To date, molasses has been demonstrated to support the growth of Escherichia coli

and Salmonella if inadvertently present in compost tea, posing worker and consumer health

concerns (Bess et al. 2002; Duffy et al. 2004). Further studies are needed on the interaction

between aeration and fermentation nutrients for optimising disease suppression.

Studies aimed at developing compost from locally available waste materials other than

pine bark, which has the potential to consistently suppress soil-borne pathogens and serves

as a replacement medium for peat-based products, are needed. It may be necessary to

inoculate these composts with biological control agents which may improve the efficacy

and reliability of disease control obtained (Nakasaki et al. 1998; Scheuerell and Mahaffee

2002). To this end, it is recommended that compost and compost tea must be used as part

of an integrated disease management system with other strategies, including genetic

disease resistance, fertility and water management, disease and pest forecasting, and other

cultural approaches to enhance plant health (Mahaffee and Scheuerell 2006).
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Fröhlich M, Hechenbichler G, Hundsberge S, Ortner M, Baumgartner A. 1993. Kompostqualität:
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Lohr VI, Ëbrien RG, Coffey DL. 1984. Spent mushroom compost in soilless media and its effects on
the yield and quality of transplants. J. Am. Soc. Hort. Sci. 109:693–697.

Lumsden RD, Locke JC, Adkins ST, Walter JF, Ridout CJ. 1992. Isolation and localization of the
antibiotic gliotoxin produced by Gliocladium virens from alginate prill in soil and soilless
media. Phytopathol. 82:230–235.

Lwin M, Ranamukhaarachchi SL. 2006. Development of biological control of Ralstonia
solanacearum through antagonistic microbial populations. Int. J. Agric. Biol. 8:657–660.

Mahaffee WF, Scheuerell SJ. 2006. Compost teas: Alternative approaches to the biological control
of plant diseases. In: Bailey MJ, Lilley AK, Timms-Wilson TM, Spencer-Phillips PTN, editors.
Microbial ecology of aerial plant surfaces. Oxford (UK): CABI. p. 165–179.

Mandelbaum R, Hadar Y. 1997. Methods for determining Pythium suppression in container media.
Compost Sci. Utilization. 5:15–22.

Maronek DM, Studebaker D, Oberly B. 1985. Improving media aeration in liner and container
production. Comb. Proc. Intl. Plant Prop. Soc. 35:591–597.
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