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ABSTRACT

Compost is organic material that has been degraded into a nutrient-stabilized humus-like substance through intense

microbial activity, which can provide essential plant nutrients (nitrogen, phosphorus) to aid in the growth of fruits and vegetables.

Compost can be generated from animal waste feedstocks; these can contain human pathogens, which can be inactivated through

the heat and microbial competition promoted during the composting process. Outbreaks of infections caused by bacterial

pathogens such as Escherichia coli O157:H7, Salmonella, and Listeria monocytogenes on fruit and vegetable commodities

consumed raw emphasize the importance of minimizing the risk of pathogenic contamination on produce commodities. This

review article investigates factors that affect the reduction and survival of bacterial foodborne pathogens during the composting

process. Interactions with indigenous microorganisms, carbon:nitrogen ratios, and temperature changes influence pathogen

survival, growth, and persistence in finished compost. Understanding the mechanisms of pathogen survival during the

composting process and mechanisms that reduce pathogen populations can minimize the risk of pathogen contamination in the

cultivation of fruits and vegetables.
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The intensification and structural changes in the

livestock and poultry production industry in the United

States in recent decades has concentrated livestock and

poultry operations in limited geographic areas (60). This

consolidation has led to the presence of an abundance of

manure, which has been associated with air and water

pollution as well as concerns about dissemination of excess

nutrients, microbial pathogens, and opportunities for trans-

mission of antibiotic resistance genes (47, 67). Raw,

untreated manure poses a contamination risk, particularly

from runoff from precipitation events and associated

dispersal of fecal pathogens, and also from contamination

of drinking water aquifers (6, 42, 68, 79), irrigation

reservoirs, and food crops (1). Manure management has

potential direct impacts not only on agricultural production

and the environment (e.g., crop, soil, and water nutrients and

volatile emissions), but also on the dissemination of at least

150 enteric pathogens and parasites potentially present in

fecal matter (27) that survive and contact ready-to-eat food

crops. For example, lettuce grown in the presence of manure

containing pathogens contributes to the contamination of the

edible portions of lettuce tissue (93). Furthermore, manure

from cattle feedlots has generated airborne particulates,

contaminating lettuce plants 180 m (590 ft) away with

Escherichia coli O157:H7 (3), and dust is known to support

longer survival durations of bacterial pathogens such as

Salmonella on leaves of spinach plants, compared with

waterborne contamination (70).
Bovine, swine, sheep, goat, and poultry manures are

sometimes used as fertilizers for the cultivation of fruits and

vegetables, but are also known to carry many foodborne

pathogens (31). Salmonella and pathogenic E. coli,
especially enterohemorrhagic E. coli (EHEC; e.g., E. coli
O157:H7, which has the potential to create hemolytic uremic

syndrome and also enterohemorrhagic colitis, a deadly

illness with greater severity, sequelae, and mortality than

salmonellosis), have been linked to high-profile and lethal

foodborne illness outbreaks from consumption of contam-

inated fresh produce (12, 65). Bovine and other ruminants

are the principal sources of E. coli O157:H7, which is shed

in these animals’ feces (100) (Table 1).

MANURE TREATMENT PROCESSES

Consolidation of livestock and poultry production, with

its associated concentration of manure, presents a necessity
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and opportunity for implementation of treatment systems

that can effectively address the need for nutrient stabiliza-

tion, pathogen reduction, volatile emissions, and reduced

vector attraction. As environmental stewards, farm animal

producers can play a major role in achieving these major

benefits of on-farm treatment of animal manure, directly or

indirectly. Effective treatments also can contribute to

reducing the environmental reservoir of antibiotic residues

and antibiotic resistance sources of transmissible genetic

elements in farm landscapes to which manure is land

applied. The variety of treatment processes and practices

available include anaerobic (mesophilic and thermophilic)

digestion and lagoons, drying, composting (34), and

multicomponent systems such as (i) constructed wetlands

(33) and (ii) solids separation–liquids digestion–solids

composting (104, 105).

Anaerobic digestion. To reduce the pathogenic load of

fecal wastes, one or more physical, biological, and chemical

processes are available (Table 2). Anaerobic digestion and

lagoons are widely used methods of manure treatment,

globally. In China, reportedly more than 3,800 large-scale

biogas facilities are in operation and producing 1 billion tons

(0.91 billion metric tons) of digested slurry annually (8).
Anaerobic digestion may be operated as either a mesophilic

(358C, 15 to 30 days) or a thermophilic (558C, 12 to 14

days) process (103). Mesophilic processes are reportedly

less sensitive to changes in process parameters than are

thermophilic processes, but they generate less methane

biofuel. The thermophilic process, however, requires

comparatively more costly technology and an increased

degree of operation and monitoring than mesophilic ones.

Populations of aerobic bacteria, actinomycetes, and fungi

decline significantly during anaerobic digestion. With swine

and dairy manure slurry, aerobic digestion generates humic

substances and ammonia that contribute to inhibition of

zoospore germination by the plant pathogen Phythophthora
capsici in these systems (8). This inactivation mechanism

could translate to the inactivation of spore-forming food-

borne pathogens.

Pasteurization. This process, in which heat is applied

from an external source to a material, is a common and

effective process applied by the rendering industry to

eliminate enteric pathogens and parasites from by-products

(i.e., feather meal, blood meal, etc.) of animal processing

(52). A variation of this process is applying high

temperatures (between 400 and 7008C) to manure in a low

or no oxygen environment to produce biochars (62). Under

such conditions, pathogens are eliminated within the

material; in addition, using biochars as a soil amendment

has the benefit of enhancing the inactivation of enteric

pathogens already present in contaminated soil (30).
Nevertheless, there are currently limitations to biochar use

based on broad availability and economics involving biochar

application.

Aerobic composting. This is a common means of

treating organic wastes, manures, and solid sludge by

TABLE 1. Amount of manure produced in the United States, by
animal typea

Animal/livestock Description

Poultry 120 million wet tons (108.9 million metric tons)

of manure/yr or 9.3% of total manure

production

Swine 177 million tons (160.6 million metric tons) of

manure/yr or 13.7% of total manure

production

Beef cattle Ca. 21,000 lb (ca. 9.545 kg) of manure per

animal per year for a total of 806 million wet

tons (731.2 million metric tons) of manure/yr

or 62.5% of total manure production

Dairy cattle 187 million wet tons (169.6 million metric tons)

of manure/yr or 14.5% of total manure

production

Total cattle 993 million wet tons (900.8 million metric tons)

of manure/yr or 77.0% of total manure

production

Total 1.29 billion tons (1.17 billion metric tons) of

manure/yr

a U.S. EPA 2004 (100).

TABLE 2. Process treatments designed to reduce enteric
pathogens in animal and human waste

Treatment Process description

Anaerobic digestion Microbiological decomposition of

organic wastes occurs in the absence

of oxygen, producing a sludge of

agricultural value as well as biogas

that may be used for energy

Alkaline hydrolysis Sodium or potassium hydroxide is

applied for 3 h to animal carcasses

in the presence of heat (1008C) and

pressure (103 kPa) to break down

the materials; the digestate may be

used as a fertilizer after the pH is

reduced by bubbling carbon dioxide

into it (26)
Ammonia Ammonia gas is pumped into solid

manure samples or liquid slurry

samples (4, 34, 71)
Pasteurization An external source of heat is applied

to the waste animal products

Vermicomposting Passage and digestion through the

earthworms’ gut is the main factor

decreasing the pathogen load (64, 94);
however, incomplete digestion may

facilitate earthworms serving as

vectors of cross-contamination in

continuous processing systems (107)
Aerobic composting Decomposition of waste fecal matters

in the presence of an organic carbon

amendment and large amounts of

oxygen by a succession of

microorganisms, during which

substantial amounts of heat are

generated in the initial phases
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mixing them with one or more carbonaceous amendments to

meet air porosity, moisture, and nutrient requirements of

feedstock mixtures to ensure conditions suitable for

microbial degradation of organic substrates. In practice,

aerobic composting is a dynamic process characterized by

variable availability of oxygen within microsites. When

aeration by turning or by mechanical supply is provided, air

porosity, moisture, and nutrient composition of the variously

sized particles within the mixture influence the transient

metabolic pathways exhibited by indigenous aerobic and

facultative anaerobic microbial populations present. In the

early phase of composting, and depending on the fats and

oils content of the feedstock, phytotoxic volatile organic

acids are generated by facultative and obligate anaerobes,

and this may continue until these nutrient sources and/or

microsite anaerobic pockets are depleted. The volatile

organic acids are degraded by indigenous microorganisms,

resulting in an increasing pH level, which occurs concur-

rently with the liberation of ammonia from biodegraded

proteins and peptides. The self-heating of the mass (pile)

ensues, which facilitates volatilization of ammonia and loss

of nitrogen from the composting mass. As the mass self-

heats, marking the start of the thermophilic phase, a

community of diverse indigenous thermotolerant microbes

proliferate. With continued temperature increases, thermo-

philic populations dominate the microbial community.

Compost pile design, configuration, and management

practices to ensure maximal exposure of all parts of the

composting mass to critical disinfection time-temperature

targets involve use of specialized mixing equipment and

schedules (for windrows or in-vessel systems) during this

phase, or insulation with air-porous coverings (for mechan-

ically aerated piles). Critical time-temperature regimes and

management options to inactivate parasites, viruses, and

enteric bacterial pathogens during thermophilic composting

of biosolids (formerly known as sewage sludge, i.e., solids

from municipal wastewater treatment) are stipulated by

federal regulations and are explained in guidance documents

(98, 99). These criteria and limits have been adopted for

composts produced from a wide variety of agricultural and

other by-products (32, 77) throughout the United States.

Individual states may or may not have time-temperature

regulations for manure-based composts (91). Eventually, the

rates of metabolic processes associated with the biodegra-

dation of compost feedstock mixtures decline, resulting in a

gradual decrease in metabolically derived heat from the

microbial community to a lower stable temperature in the

mesophilic range. Compost material continues to be broken

down during this period, known as a curing or maturation

period, but the rate of organic matter decomposition by the

dominant fungi and actinomycetes is much slower than it

was in the thermophilic stage (16, 56).
Aerobic composting is regarded as a low-cost and

sustainable system suitable for small- and large-scale

operations. The product of aerobic composting is a

nutrient-rich soil amendment, presumably devoid of patho-

gens, weed seeds, parasites, and fly larvae. As such, compost

is a frequently used soil amendment on many organic farms.

The continuing increase in consumer demand for organic

produce, accompanied by adoption of sustainable organic

practices (i.e., in the United States, organic farmland

increased from 1.3 million acres in 1997 to over 4 million

acres in 2005, which in turn led to an increase of 400% in

sales of organic fruits and vegetables (14)), continues to

expand demand for high-quality, stabilized compost for use

as a beneficial soil amendment. Further, organic farming

increased 12% between 2014 and 2015, and as of 2016,

there were 21,781 certified organic operations in the United

States (97). Hence, it is essential to clearly characterize the

factors that impact the efficacy of pathogen and parasite

inactivation in composts, as well as the hurdles to expansion

of manure and organics composting.

This review summarizes several surveys conducted on

the pathogen and parasite disinfection status of finished

manure-based composts, from either commercially produced

or small-scale, on-farm operations, as judged by both

pathogen prevalence and indicators of pathogen prevalence.

This review also focuses on studies that define composi-

tional and physical conditions that support optimal self-

heating compost conditions that ensure pathogen and

parasite destruction. Conditions conducive to expression of

inherent stress tolerance by pathogens subjected to heat

stress are featured, because of their critical importance to

pathogen survival. When compost time-temperature disin-

fection criteria are not met, or when recontamination occurs

during handling or in the postcuring phase, pathogen

population responses are modulated by other mechanisms.

The potential for regrowth of pathogens that survive in

finished compost is described in the context of the risk for

public health impacts when compost is used in fresh produce

cropping systems. The final component of this review deals

with the impacts of pathogen survival in soils when finished

composts are used as soil amendments.

The effect of the succession of temperatures from

mesophilic to thermophilic ranges, along with the anaerobic

pockets, is reflected in the microbial diversity and

populations within an overall aerobic composting process

(56). The overall process design and management practices

also influence the microbial community in a compost

product. Quality controls on feedstock inputs, employee

trainings, consistent monitoring of pile temperatures and

equipment performance (including aeration pumps, turners,

screeners, and biofilters), along with record-keeping and

handling throughout the whole production process, up to the

point of final product release to the user or purchaser, are all

key elements of a quality compost operation. The use of a

hazard analysis critical control point (HACCP) approach to a

composting process, including facility operation and com-

post handling and production, can aid operators and compost

producers in identifying hazards in their specific operations

and practices, as well as in establishing appropriate

monitoring and corrective action plans to avoid a variety

of hazards, including pathogen contamination (25). By

employing a HACCP approach, compost producers could

avoid process and handling failures that result in product

contamination, or recontamination with pathogens, as

indicated (5, 38, 76, 109) by pathogens reported in finished,

marketed compost products. Good compost handling
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practices also extend to postprocessing product blends.

Addition of green matter, such as municipally collected

autumn leaves, grass clippings, animal bedding, dry or moist

bulking agents, or dried manure to finished compost to

produce a compost-blended product, can unintentionally

introduce pathogens that will grow on the fresh supply of

nutrients available from the raw materials (7, 90, 109).

PATHOGEN REDUCTION
DURING COMPOSTING

Many studies have been conducted using indicator

microorganisms, including fecal coliforms, fecal streptococ-

ci, Enterococcus spp., and E. coli, to determine the bacterial

pathogen content of compost during composting operations

(29, 109). These studies reached different conclusions on the

appropriateness of use of indicator organisms. However, no

significant correlation was found between survival of these

microorganisms and that of Salmonella (85). In contrast,

both E. coli and total coliforms were inactivated at a rate

similar to that for inoculated stx-negative EHEC in dairy

manure–based static compost piles in a field setting,

suggesting the suitability of using commensal E. coli and

coliforms as indicators of EHEC inactivation (82).
Regardless of whether pathogens or their indicators are

enumerated to assess the extent of pathogen inactivation

during composting, it is imperative that the applied sampling

protocol adequately represent the composted materials.

Reynnells et al. (74) compared two methods for the recovery

of E. coli, EHEC, and Salmonella from 29 finished composts

obtained from 19 U.S. states, including three types of

compost feedstock: biosolids, manure, and yard waste.

Samples were inoculated with ca. 1 to 2 log CFU/g E. coli
and Salmonella and tested for maximum populations

recovered using the U.S. Environmental Protection

Agency’s (EPA’s) protocols as well as the U.S. Composting

Council’s Test Methods for the Examination of Composting

and Compost (TMECC) (95, 101). EPA method 1680 for

fecal coliforms recovered significantly more E. coli (68.7%)

than did the TMECC 7.01 method, which recovered 48.1%.

This difference is attributable to the fact that the EPA

method uses a larger most-probable-number (MPN) scheme,

larger transfer dilutions, and more compost in the original

homogenate than the other method (74). For Salmonella,
there was no significant difference between the methods,

likely because both methods use an initial nonselective

preenrichment broth.

SURVEYS OF PATHOGENS OR INDICATOR
MICROBES IN COMMERCIALLY AVAILABLE

COMPOSTS

Many surveys of finished compost preparations have

been conducted to determine whether the conditions

occurring during composting were sufficient to inactivate

pathogens or reduce the populations of indicator bacteria to

levels that would minimize risks associated with the finished

compost. In most cases, microbial standards for finished

compost follow the U.S. EPA 503 rule (,1,000 MPN/g

fecal coliforms and less than 4 MPN/3 g Salmonella) (99). In

many cases, the compost piles are expected to achieve a

temperature between 131 and 1708F (778C) for up to 3 days

(static or in-vessel composting), or for 15 days (with a

minimum of five turnings) for windrow composting, to

ensure the pile has achieved a high enough temperature to

inactive pathogens (96). Carbon:nitrogen (C:N) ratio should

be between 25:1 and 40:1 (96). Others have recommended a

moisture content between 40 and 60% to achieve the

appropriate temperatures needed to generate pathogen

inactivation (75). An early study revealed that approximately

one-third of 16 samples collected in Massachusetts did not

meet the minimum required standards for inactivating

pathogens (92).
Brinton et al. (5) tested point-of-sale composts from 94

composting facilities, which process 2.2 million ft3 (62,000

m3) of recycled green waste per year. Only one sample

contained Salmonella; however, 28% of the samples

exceeded the EPA’s Part 503 limit for fecal coliforms or

the ‘‘Process to Further Reduce Pathogens’’ to meet Class A

requirements (i.e., suitable for distribution and use by the

general public) (98). Furthermore, these composts were

shown to contain various levels of bacterial foodborne

pathogens. Six percent of all samples contained EHEC, and

22 of the 47 samples contained low levels of L.
monocytogenes. Twenty percent of samples contained

.1,000 CFU of Clostridium perfringens per g, and 70%

were positive for C. perfringens. Factors contributing to

high pathogen levels included large pile sizes, immature

compost piles, and large facility sizes. Interestingly,

windrow composts (narrow trapezoidal elongated rows)

contained lower pathogen levels than static pile composts.

Shepherd et al. (83) conducted a survey of the

microbiological safety of composts produced on small- and

medium-size South Carolina poultry farms to determine

whether their methods for composting were effective.

Samples collected from nine compost heaps at different

stages of composting on five poultry farms were analyzed for

E. coli O157:H7, Salmonella, Listeria monocytogenes, and

indicator microorganisms, including E. coli and coliforms.

Both waste materials used in the compost mix and

composting practices differed among the surveyed farms.

Results revealed that the moisture content and temperature

within the compost heaps were often below levels recom-

mended for pathogen inactivation by the Rodale Institute and

U.S. Department of Agriculture (USDA) guidelines. Micro-

biological analysis of all compost samples revealed negative

results for both E. coli O157:H7 and L. monocytogenes.

However, coliforms, E. coli, and Salmonella persisted on the

surface of first-phase composts (consisting of untreated

poultry wastes with no subsequent addition of feedstocks),

and coliforms and E. coli were greatly reduced in second-

phase (consisting of materials undergoing a second compost-

ing period due to addition of moisture or carbon sources)

composts. Salmonella was detected in 26 and 6.1% of all

surface and internal samples collected from heaps in the first

composting phase, respectively, but was absent in all compost

samples after they went through a second composting phase.

It was determined that the conditions at the compost surface

were suitable for pathogen survival, whereas a complete

composting process, including both the heating and curing

phases, can eliminate pathogens in composted poultry wastes.
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Miller et al. (63) tested 103 organic fertilizers (some of

which included manure and/or composts) for indicator

microorganisms, foodborne pathogens, and antibiotic-resis-

tant E. coli and also evaluated the regrowth potential of

Salmonella or EHEC in these fertilizers. Numbers of various

composts tested were as follows: cow manure compost, 15;

horse manure compost, 10; spent mushroom compost, 11;

super-heated chicken litter, 5; poultry manure, 6; vermicom-

post, 5; liquid fish emulsion, 4; blood, bone, feather meal, 4;

rabbit manure compost, 3; greenwaste compost, 9; composted

fish emulsion, 2; alpaca manure compost, 2; plant compost, 1;

mixed animal compost, 6; and mixed-source fertilizers, 20.

The range of results for the tested parameters of the fertilizers

varied greatly. The average pH was 7.77 (range ca. 3.72 to

10.15), moisture content ranged from ca. 1 to 86%, total

aerobic mesophile counts were ca. 3 to 9 log CFU/g,

Enterobacteriaceae counts were ca. ,1 to 7 log CFU/g,

coliform counts were ca. ,1 to 6 log CFU/g, and 29% of

samples had E. coli populations of ca. 6 log CFU/g. Tests

revealed an absence of any L. monocytogenes, Salmonella, or

EHEC. Regarding regrowth in inoculated fertilizers, EHEC

and salmonellae populations increased by ca. 1 log CFU/g

within 1 day of incubation in either plant-based compost or

fish emulsion–based compost, which contained high levels of

background aerobic mesophilic bacteria. However, when

aerobic mesophilic bacteria counts were low, pathogens

increased in blood, bone, feather meal, and mixed source

fertilizer by ca. 2.6, 3.0, 3.0, and 3.2 log, respectively, for

salmonellae and 4.6, 4.0, 4.0, and 4.8 log for EHEC. A wide

range of results were obtained for the disparate composition

of the composts. Hence, care must be taken to add the correct

combination of composting materials to achieve the desired

agronomic effect in addition to limiting the survival and/or

regrowth of pathogenic microorganisms.

Identifying a single physiochemical factor (C:N ratio,

moisture content, pH, total organic carbon, percent volatile

solids, electrical conductivity, and compost maturity) of

compost that can predict regrowth or resuscitation of

pathogens in finished composts has proven challenging. In

an evaluation of the resuscitation of pathogens, 29 different

finished compost samples were inoculated with 1 to 2 log

CFU/g E. coli O157:H7 and Salmonella and were stored at

258C for 3 days in sealed bags. In most cases, the majority of

the growth of these pathogens occurred between days 0 and

1, with population levels remaining static after day 1. E. coli
O157:H7 and Salmonella populations increased by up to 2

and 1.5 log CFU/g, respectively, in individual compost

samples. However, these pathogen populations also de-

creased by the same amounts in individual samples.

Although no single physicochemical factor was predictive

of E. coli O157:H7 or Salmonella growth, composts which

had higher moisture levels, C:N ratios, and total organic

carbon were influential in resuscitation of pathogens in

finished compost samples (74).

FACTORS CONTRIBUTING TO HEAT
PRODUCTION IN COMPOST SYSTEMS AND

RESULTING PATHOGEN INACTIVATION

Heat is the primary factor responsible for pathogen

inactivation in aerobic composting systems that incorporate

fecal waste as a nitrogen source. Hence, it is important to

understand the factors that affect the generation of heat in a

composting system, as well as the factors affecting a

pathogen’s response to the heat. To study these factors in a

controlled environment, enclosed containers or bioreactors

(in which oxygen is pumped into the system and the

containers are held in a heated incubator to ensure that heat

generated by the metabolic breakdown of organic matter

remains within the container) are often used. To study

systems that affect heat inactivation of pathogens, external

heat is often applied to provide a constant temperature.

These controlled systems do not always predict the response

incurred in the natural settings where aerobic composting of

fecal waste takes place. Hence, field studies, where many

uncontrolled variables occur, have also been used to

determine pathogen inactivation. A selection of studies that

address each of these types of systems is presented below.

Bioreactors. Jiang et al. (43) constructed a 15-L

laboratory-scale compost bioreactor to determine the fate of

E. coli O157:H7 (EHEC) relative to aerobic mesophilic and

thermophilic bacterial counts, pH, moisture, and temperature

during composting. The compost was composed of fresh cow

manure, wheat straw, cottonseed meal, and ammonium sulfate

to obtain a moisture content of ca. 60% and a C:N ratio of

29:1. Composts were stored at 21 or 508C. When held at 218C,

EHEC populations increased 1 to 2 log CFU/g in 24 h but,

after 36 days of composting, decreased by 2 log CFU/g in the

middle of the compost reactor and by 3.5 log CFU/g close to

the bottom of the bioreactor. When held at 508C, EHEC

populations rapidly declined within 24 h, by 5.9 log CFU/g at

the bottom and 4.9 log CFU/g at the top of the reactor.

Although the bioreactor was held at 21 or 508C externally, the

internal temperatures could be higher. Nevertheless, when

inoculated at 7 log CFU/g, EHEC was not detectable after 14

days but survived for 7 days. The authors concluded that 4 to 7

log CFU/g EHEC in compost survived for 36 days at 218C but

were undetectable after 7 to 14 days when held at 508C; hence,

recommendations were made that manure with high levels of

EHEC should be composted for at least 2 weeks at a

temperature of at least 508C.

Cekmecelioglu et al. (9) conducted experiments on

layering mixtures of composting materials to reduce food-

borne pathogens in a 55-L forced-aeration composting vessel.

Nine different mixture combinations were replicated three

times. Maximum temperatures for all trials were in the range

of 37 to 54.78C. The final optimal combination of biomass

was 50% food waste, 40% manure, and 10% bulking agent,

such as wood shavings and mulch hay, which achieved

temperatures of 54.7 to 56.68C for up to 3.3 days. Salmonella
and EHEC, naturally present in the feedstocks, were reduced

by 92.3%, starting from an initial population of ca. 2.8 log

CFU/g. As expected, temperature disparities occurred in this

model system. This study relied upon natural contamination

levels of Salmonella and EHEC, which typically contain only

a low level of pathogens and may account for the relatively

small 1-log CFU/g reductions.

Microorganisms use carbon for both energy and growth,

whereas nitrogen is essential for protein and reproduction.
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Carbon-rich materials include agricultural by-products such

as hay, straw, corn stover, etc., whereas animal excrement is

rich in nitrogen. Rynk (77) reported that raw materials

blended to provide a C:N ratio of 25:1 to 30:1 are ideal for

compost (feedstock) degradation, although initial C:N ratios

from 20:1 to 40:1 are considered acceptable. Lafond et al.

(57) conducted one of the first studies addressing the fate of

pathogen indicators relative to different C:N compost

formulations using duck waste and wood shavings; they

determined that fecal streptococci and total coliforms were

eliminated in systems having a C:N ratio of 33:1 but not in

systems having a ratio of 68:1. Given that the latter C:N ratio

would not be considered acceptable for composting (77),
Erickson et al. (18) evaluated cow manure–based mixtures at

ratios spanning the range of 20:1 to 40:1 using a bioreactor,

with initial temperatures of ca. 228C. For mixtures

formulated to initial C:N ratios of 30:1 and 40:1, more than

5 and 7 days of composting, respectively, were needed to

reduce Salmonella by more than 7 log CFU/g. In contrast,

compost feed mixtures with an initial C:N ratio of 20:1

required only 4 days of composting for the same reduction

of the pathogen. Moreover, during this period, the maximum

temperature achieved in the 20:1 C:N ratio was less than

508C and the cumulative heat exposure required for

Salmonella inactivation in 20:1 C:N preparations was 15-

fold less than in 40:1 C:N preparations. Similar results were

obtained for EHEC; however, the C:N ratio did not

significantly affect the time to inactivation of L. monocyto-
genes (19). These results suggest that some factor within the

lower C:N ratio is acting synergistically with temperature to

inactivate Salmonella and EHEC. It was determined that the

pH of the 20:1 mixtures initially decreased during the period

when the pathogens were inactivated, whereas in 40:1

mixtures, the pH values increased (18, 19). Subsequently,

Erickson et al. (20) utilized compost mixtures that were

formulated to a 20:1 C:N ratio with manure from different

sources (dairy, chicken, and swine), and a regression model

was derived that related decreases in the populations of both

Salmonella and L. monocytogenes to the degree of heat

generated in the mixture (cumulative heat) and the pH of the

mixture on the day before the pathogen reductions were

calculated (P , 0.0002). High concentrations of volatile

organic acids were measured in the low pH systems as

opposed to the high pH systems (20); thus, volatile organic

acids potentially contributed to pathogen inactivation.

Hence, to benefit from this additional factor, it may be

advantageous to formulate compost mixtures at low C:N

ratios, especially when piles are small or environmental

temperatures prevent the pile from heating sufficiently to

inactivate pathogens.

Studies conducted under field conditions revealed that

pathogen inactivation was not as robust when unturned dairy

manure–based compost heaps were formulated to different

C:N ratios. These studies revealed that the pH increased for

mixtures of all C:N ratios and that mixtures of higher C:N

ratios required higher composting temperatures for greater

pathogen inactivation than in mixtures formulated at lower

C:N ratios. Such discrepancies between laboratory and field

studies reveal the need to verify that results from controlled

condition experiments are representative of those from

uncontrolled field conditions; volatile organic acids may be

generated in the latter, but they dissipate through the air-

filled pore space of the matrix to the ambient atmosphere.

The impact of low C:N ratio feedstock mixtures on the

progress of early-phase self-heating, volatile organic acid

production, pH reduction, moisture content, air-filled pore-

space, and microbial population changes, particularly for E.
coli, L. monocytogenes, and salmonellae, remains to be

examined.

Studies applying an external heat source. Jiang et al.

(44) determined the survival of E. coli O157:H7 in

autoclaved and unautoclaved compost generated from cow

manure and with a 38% moisture content at temperatures of

50, 55, 60, 65, and 708C. When tested in autoclaved

compost, 4 log CFU/g were inactivated at 50, 55, 60, 65, and

708C after 8 h, 3 h, 15 min, 2 min, and less than 1 min,

respectively. At the highest two temperatures, pathogens

were inactivated more rapidly in unautoclaved than in

autoclaved compost. For unautoclaved compost, D-values

were 135, 35.4, and 3.9 min at 50, 55, and 608C,

respectively. However, for autoclaved compost, D-values

were 137, 50.3, 4.1, 1.8, and 0.93 min at 50, 55, 60, 65, and

708C, respectively. The authors concluded that a 6-log

reduction of E. coli O157:H7 would require, respectively, 14

h, 4 h, 25 min, 11 min, and 6 min at 50, 55, 60, 65, and 708C

for autoclaved compost, whereas for unautoclaved compost,

only 24 min at 50, 55, and 608C would be required. Also

observed was a considerable tailing effect at temperatures of

60, 65, and 708C. These results reveal that, in addition to

indigenous microflora contributing to E. coli O157:H7

reduction along with heat generation in traditional compost-

ing systems, the greater degree of pathogen inactivation that

occurred in unautoclaved compost when heat was not a

limiting factor is likely indicative of the indigenous

microflora having another, but unidentified, role in pathogen

reduction.

Johannessen et al. (46) assessed the survival of an stx
bacteriophage in composts made from cattle manure

feedstocks held in a 608C water bath for ca. 1 week. The

stx bacteriophage, initially present at ca. 7 log PFU/g,

decreased rapidly within the first 48 h and was undetectable

after 3 days. As further evidence of their elimination, when

compost temperatures decreased below 408C, E. coli cells

were introduced and were able to grow, but stx phages were

not detected. Hence, elimination of stx bacteriophages

during composting at temperatures of 608C for at least 3

days removes the risk that these phages can later infect E.
coli in manure, resulting in the generation of Shiga toxin–

producing E. coli (STEC).

Singh et al. (89) simulated the early phases of

composting: they inoculated EHEC at 7 log CFU/g into

fresh dairy manure compost with either 40 or 50% moisture

content, placed it in an environmental chamber at 70%

humidity, and using an external heat source, increased the

temperature from ambient to target compost temperatures in

either 2 or 5 days. Also compared were ideal and suboptimal

C:N ratios of 25:1 and 16:1, respectively. In 25:1 C:N
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compost with 40% moisture, EHEC survived at 50, 55, and

608C for 72, 48, and 24 h, respectively, and with 50%

moisture for 72, 24, and 24 h, respectively, after a 48-h

temperature come-up time. In contrast, in the suboptimal

C:N mixture (16:1) with 40% moisture, EHEC survived at

50, 55, and 608C for 288, 72, and 48 h, and with 50%

moisture for 240, 72, and 24 h, respectively. More rapid

pathogen inactivation occurred when the moisture content

was at 50% rather than at 40% and when the C:N ratio was

ideal (25:1), compared with suboptimal (16:1). In addition,

when come-up times were compared, pathogens survived

longer with a 5-day come-up time than with a 2-day come-

up time. This latter observation may be indicative that

EHEC strains can adapt and be more resistant to heat when

temperature elevation is low or delayed.

Using standard culture enumeration and quantitative

PCR (qPCR) approaches designed for beef cattle manure

pathogen studies (54) in a microcosm study with stockpiled

and composted manure that was inoculated and incubated at

20, 37, 50, and 608C up to 69 days, Klein et al. (53) reported

inactivation rates of fecal indicators and pathogens. Key

notable T90 (days) inactivation rate results for culturable E.
coli in beef manure were 4.4 and 0.3 (composted) and 4.3

and 0.3 (stockpiled), at 20 and 508C incubation, respective-

ly, compared with results from qPCR E. coli assays, i.e., 27

and 1.7 (composted) and 12 and 1.6 (stockpiled), at 20 and

508C, respectively. Results for culturable L. monocytogenes
were 17 and 0.5 (composted) and 11 and 0.5 (stockpiled), at

20 and 608C, respectively, compared with results from

qPCR L. monocytogenes assays, i.e., 65 and 2.5 (composted)

and 36 and 2.3 (stockpiled), at 20 and 608C, respectively.

Total coliforms were not inactivated in microcosms of the

beef pen manure, possibly due to availability of nutrients

(53). These authors emphasize not only the rapid, multitarget

efficiency of the qPCR method for monitoring microbial

status of stockpiled, composted, or pen manures, but also

greater T90 values; these provide an overestimate of the

population present in the sample, which serves as a

precautionary buffer of estimated inactivation rates and,

thus, contact times. This would still require application of

appropriate temperature, moisture, and other compost factor

monitoring to ensure that process conditions conducive to

pathogen inactivation are met.

With a focus on comparing the microbial community

diversity in composts exposed to different peak tempera-

tures, Kuok et al. (56) simulated composting (turned and

unturned) of a swine manure–based feedstock mixture at a

constant 308C or a dynamic temperature range (50 to 708C),

with temperatures increasing or decreasing by 2.58C/h in

bioreactors. These results showed that turning facilitated

more organic matter decomposition within the 10-day study

period than in unturned compost. In addition, Firmicutes,
comprising Bacillus, Clostridium, Peptostreptococcaceae,
Turicibacter, and Ureibacillus, and Bacteroidetes, compris-

ing Flavobacteriaceae and Salinimicrobium, dominated

thermophilic microbial groups. No major distinctions among

microbial communities in 50 and 708C turned and unturned

bioreactor composts were found in the denaturing gradient

gel electrophoresis (DGGE)–based study; however, total

coliform counts declined precipitously during the 10-day

incubation at a specific death rate ranging from 0.319 to

0.625/day.

Composting systems evaluated in the field. Typical

process guidelines for inactivating pathogens in aerobic

compost in field situations include subjecting all compost

feedstocks to a minimum temperature of 558C for 3 days in

aerated static piles or for 15 days in windrow systems,

during which the material is turned five times (16). To

determine whether these guidelines are sufficient, Shepherd

et al. (82) conducted two field-based composting trials in

which stx-negative E. coli O157:H7 were inoculated at

populations of 7 and 5 log CFU/g. The static compost heaps,

composed of dairy manure, old hay, feed waste, calf feces, a

sawdust mixture, and new hay, reached internal tempera-

tures of at least 508C for at least 7 days. For the compost

heaps that had an initial inoculum of 7 log CFU/g, the

pathogen was detected for up to 14 days in the center of the

compost heap, suggesting that either temperatures higher

than 508C, or longer durations of time at 508C, were required

for inactivation of EHEC. However, when inoculated at 5

log CFU/g, the pathogen was not detected beyond 5, 2, and

2 days at the bottom, center, and top locations, respectively,

within the heaps, revealing that shorter times at the

temperatures encountered in the pile were sufficient for

complete inactivation of this lower level of contamination.

Cekmecelioglu et al. (10) attempted to optimize

windrow composting of food waste, manure, and bulking

agents in various combinations to maximize EHEC and

Salmonella reductions during a period of 90 to 150 days.

During the winter months, inactivation was inconsistent and

regrowth of the pathogens also occurred. Results from

summer months revealed EHEC and Salmonella populations

(377 to 483 MPN/g) decreasing to �0.3 MPN/g. Further

analysis revealed that the compost mixture that provided the

greatest or complete pathogen reduction was 43.3% food

waste, 28.3% manure, and 28.3% bulking agents to achieve

windrow temperatures .558C. These results reveal that

formulations should provide a blend of nutrients that is ideal

for microbial breakdown of feedstocks and accompanying

heat generation; however, cold environmental temperatures

may suspend these activities.

Considering the potential for environmental conditions

to influence the efficacy of composting systems to inactivate

pathogens, Cekmecelioglu et al. (11) developed a windrow

food waste composting model to optimize the inactivation of

foodborne pathogens. The model applied a heat balance to

account for temperature changes based on thermal increases

arising from biological decomposition and thermal losses

resulting from radiation, evaporation, conduction, and

convection. The model also accounted for seasonal varia-

tions that occur in the winter and summer months and for

moisture contents varying between 40 and 80%. The model

revealed that a moisture content of 40 to 60% was optimal

for the summer months and a moisture content of 40 to

,60% was optimal for the winter months.

The effect of season on inactivation of pathogens during

composting was also addressed in a field study conducted by
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Erickson et al. (17). In that study, the fate of avirulent strains

of E. coli O157:H7, L. innocua, and Salmonella Typhimu-

rium (applied at ca. 6 log CFU/g) was determined at two or

three different times of the year in static compost piles

composed of chicken litter and peanut hulls. Interestingly,

the seasonal effect varied depending on the target surrogate

pathogen. For Salmonella, no seasonal effect was observed

because the pathogen could still be detected in subsurface

samples by enrichment after 14 days of composting in both

the fall and early winter trials. In contrast, L. innocua was

completely eliminated from subsurface samples by day 4 in

the summer trial but was still detected at day 28 in both the

fall and early winter trials. For the fall trial, EHEC was still

detected on day 28 but was not detected after day 7 or day 4

in the summer and early winter trials, respectively. These

disparate results suggest that when heat is insufficient to

inactivate a pathogen, other factors (e.g., biological

[antagonistic bacteria], physical [desiccation], or chemicals

[ammonia, volatile acids]) may affect pathogen inactivation

to varying degrees depending on the resistance or sensitivity

of the pathogen to that factor.

As temperature stratification is especially prone to occur

in small-scale composting systems, one solution is to

enclose the composting materials within an insulation

barrier. As an example, a small-scale composting system

was created using fecal matter from dry toilet systems and

shredded plant material. When uncovered, the system

generated temperatures of less than 558C, insufficient to

reduce target bacteria (28). The system was then modified by

adding the waste materials to storage areas made of concrete

bricks and wooden slats. Under these conditions, tempera-

tures increased to a maximum of 708C and remained at

.508C for more than 2 weeks. This reduced E. coli,
Enterococcus faecalis, and Salmonella Senftenberg popula-

tions by more than 5 log CFU/g.

Another issue associated with field composting opera-

tions involving static piles is the potential for surface-

resident pathogens to survive for extended periods of time,

i.e., beyond the time required for pathogens resident at

internal sites. This occurred in the field trials conducted by

Shepherd et al. (82) and Erickson et al. (17). Under such

conditions, it is essential that additional steps be applied to

ensure the destruction of surface-resident pathogens.

Two main approaches are available to address the

dilemma that surface-resident pathogens often take longer to

inactivate than internal-resident pathogens. One approach is

that, early in the composting process, the contents of the pile

should be turned or mixed one or more times to ensure that

surface materials would receive the heat treatment specified

at the beginning of this section. As confirmation of the

efficacy of turning for inactivating surface-resident patho-

gens, Marin et al. (61) determined the fate of indigenously

present non-O157 STEC in sheep manure that was placed in

static composting piles that were either turned (aerated) or

not turned (nonaerated). Temperatures (average of six

equidistant points inside the heaps) were monitored over a

7-week period and were 58, 61, 66, 34, 19, 22, and 148C for

the aerated compost and 47, 51, 61, 35, 22, 21, and 148C for

the nonaerated compost. Six internal samples (25 g) were

assayed for STEC each week for 7 weeks of composting,

and STEC were detected at week 7 in both composting

systems. Whereas seven STEC isolates were isolated from

the nonaerated pile, only one STEC isolate was isolated over

the 7 weeks from the aerated pile.

Berry et al. (2) also determined the efficacy of turning

compost heaps to inactivate pathogens and also determined

whether applying insulating covers would accelerate inac-

tivation of the surface-resident pathogens. In this study,

three conical composting methods were evaluated to

determine the survival of naturally present EHEC in

compost using bovine feedlot manure. These included (i)

manure plus hay and straw that was turned every 14 days,

(ii) static manure stockpiles, and (iii) static manure plus hay

and straw stockpiles that were covered with a 15- to 20-cm

layer of hay. Results revealed that turned piles achieved

higher internal temperatures than unturned piles. No EHEC

was recovered from the top of turned piles at 28þ days, but

EHEC was recovered from the top of static manure

stockpiles for up to 42 and 56 days (for static manure plus

hay and straw stockpiles, respectively). L. monocytogenes,
Campylobacter spp., and salmonellae were not detected in

any piles at the end of the composting period (either 84 or

126 days), but EHEC and Listeria spp. were recovered from

the top samples of piles at 84 days. Based upon these results,

turning over the top cover of the piles periodically is

recommended to increase the likelihood that all parts of the

mass would be subjected to high temperatures and ensure

rapid elimination of pathogens.

Mixing compost to ensure that all the materials within

the compost pile are subjected to sufficient heat to inactivate

pathogens is not without its limitations, such as having the

equipment needed for mixing and paying the extra costs for

the energy and manpower needed for mixing. Alternatively,

covered static composts only require an initial setup. Studies

with covered static compost heaps have revealed that

finished compost is a superior insulating medium to hay or

straw, when used to cover the heap. For example, using a

cow manure–based compost mixture, Shepherd et al. (81)
determined that temperatures under compost heaps covered

with finished compost were ca. 7 to 168C higher than in

compost heaps covered with fresh straw or left uncovered.

Hence, EHEC populations were more rapidly reduced in

compost piles covered with a layer of finished compost.

Covering compost is not only useful for insulating static

piles but may also be used to cover windrows. Patel et al.

(72) determined that adding a 30-cm covering of finished

compost to the tops of static and windrow compost piles

reduced Salmonella populations significantly within the first

24 h, and populations (internal to the pile) declined to below

the detection limit within 3 and 7 days for windrow and

static piles, respectively. In addition, EHEC was undetect-

able after 1 day in covered windrow piles. Hence, the use of

a 30-cm covering of finished compost to the tops of compost

heaps increased the number of days that windrow and static

piles achieved temperatures �558C, thereby reducing the

time to inactivate bacterial pathogens.

As described above, compost formulations that provide

the proper balance of nutrients for active metabolic
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degradation by indigenous bacteria are desired. However,

instances can occur when one of the feedstocks is

contaminated with a component that modifies microbial

activity. For example, antibiotics, when fed to animals for

growth-promoting or therapeutic reasons, are not completely

degraded by the animal and are excreted into their feces. To

determine whether the composting process could be

compromised by the presence of antibiotics in manure, a

study was conducted with an aerobic compost system

composed of barley straw bedding and beef cattle manure

naturally contaminated with Campylobacter spp. (36). Two

variables were compared, one in which the manure was

obtained from cattle administered chlortetracycline in

combination with sulfamethazine (AS700), and another in

which the manure was obtained from animals administered

no antibiotics (control). Compost from manure containing

AS700 did not achieve 558C, whereas control composts did.

Moreover, Campylobacter spp. were detected (by qPCR) for

up to 15 days in the control compost and throughout the

entire 10-month trial in the AS700 compost pile (limit of

detection was ca. 3 log cells per g). Samples of

Campylobacter fetus, hyointestinalis, and jejuni DNA were

isolated from the AS700 pile. These results reveal not only

that standard times for pathogen inactivation may not be

sufficient when the manure feedstock contains antibiotics,

but also that Campylobacter spp. can persist in manure or

compost over time.

The addition of nontraditional chemicals to compost

mixtures may be used to improve composting properties or

to minimize by-product formation that is not considered

desirable. However, in these cases, it should be confirmed

that the chemical does not inadvertently affect pathogen

inactivation during the composting process. For example, Sá

et al. (78) evaluated an automated pig slurry composting

process for reducing fecal coliforms over a period of 156

days. The compost windrows were treated 14 times with pig

slurry and a mixture, in equal parts, of wood shavings and

sawdust over the first 106 days, and windrows were turned

in a specially designed machine at each addition. Two trials

were evaluated: one with the addition of phosphoric acid to

pH 6.0, to prevent nitrogen loss through ammonia, and one

without the addition of phosphoric acid. Populations of fecal

coliforms did not change based on the addition of

phosphoric acid, although the composting procedure proved

effective in reducing fecal coliforms from 10.6 to 5.1 log

CFU/g at the end of 156 days without the addition of acid

and from 10.6 to 4.36 log CFU/g with the addition of acid.

Note that the fecal coliform levels in both experimental

conditions would be greater than the 1,000 MPN/g fecal

coliform limit allowed in finished compost.

Cattle carcass composting. Composting cattle car-

casses is one way to dispose of cattle mortalities in lieu of

shipping them to rendering facilities or backhoe burial. Xu et

al. (108) studied the composting of 16 cattle mortalities by

placing carcasses on 40 cm of straw overlaid with 160 cm of

feedlot manure. At a depth of 80 cm, the compost heated

rapidly and exceeded 558C at 8 days and remained in the

range of 55 to 658C for greater than 35 days. Nevertheless, at

160 cm the temperature did not exceed 558C and remained at

408C for more than 4 months. The compost was inoculated

with EHEC, C. jejuni (both at 8 log CFU/g), and Newcastle

disease virus (at 6 log 50% egg infective doses per g) at

depths of 80 and 160 cm to determine their survival in

compost piles over time. After 7 days, EHEC and Newcastle

disease virus were undetectable at both depths, whereas C.
jejuni was detected at .147 days at 160 cm and up to 84

days at 80 cm, revealing the resilience of C. jejuni in the

cattle carcass composting process; nevertheless, C. jejuni
decreased by .6 log by day 112. These data reveal that

cattle composting may be a viable alternative to bringing

carcasses to rendering facilities or backhoe burial; however,

temperature stratification within the composting mass may

extend times for complete inactivation of pathogens at all

locations.

INHERENT PROPERTIES OF PATHOGENS
THAT CONTRIBUTE TO DIFFERENCES IN

RESPONSE TO HEAT

Composting process guidelines are intended ideally to

eliminate all plant and animal pathogens that may be

resident in animal manures. When pathogens survive, it is

surmised that an insufficient amount of heat was produced at

the location where the pathogen resided. This explanation is

logical; however, an alternative explanation could be that

some pathogens may either inherently have greater heat

resistance or may alter their metabolism to create a state that

is more heat resistant. Therefore, several studies, which are

discussed below, have addressed whether there are major

differences in heat resistance among pathogens.

Shepherd et al. (84) compared the survival of heat-

shocked (HS) and non–heat-shocked (NHS) E. coli
O157:H7 and Salmonella Typhimurium inoculated into

dairy manure and vegetable wastes that were subsequently

field composted. During the summer months, the HS

pathogens survived for 7 and 2 days longer at the surface

and bottom of compost heaps, respectively, than did NHS

strains. However, in the winter months, both HS and NHS

strains were detected in composts for .60 days, possibly

due to lower ambient and compost temperatures.

Singh et al. (88) examined HS E. coli O157:H7,

Salmonella spp., and L. monocytogenes and compared their

survivability with NHS strains in finished dairy compost.

Three-strain composites of each pathogen were heat shocked

at 47.58C for 1 h and then inoculated into the finished dairy

compost at 7 log CFU/g. Composts were placed in chambers

at 50, 55 or 608C and 70% relative humidity. At 508C for 4

h, HS strains survived better than the NHS strains, with

reductions of 2.7, 3.2, and 3.9 log CFU/g for the three

pathogens, respectively, compared with reductions of 3.6,

4.5, and 5.1 log CFU/g, respectively, for the NHS controls.

When tested at 558C for 1 h, the HS strain reductions were

1.2, 1.9, and 2.3 log CFU/g, respectively, and the control

strains were reduced by 4, 5.6, and 4.8 log CFU/g,

respectively. For the 608C treatments, rapid reductions were

observed during the 14-min come-up time, with HS cultures

reduced by 2.6, 2.4, and 1.7 log, respectively, whereas the

control cultures were inactivated by 4, 5.6, and 4.8 log,
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respectively. The survival of L. monocytogenes at all three

temperatures exhibited extensive tailing over time.

Singh and Jiang (87) heat shocked EHEC in compost at

47.58C for 10 min and then used a real-time PCR platform to

determine the response of selected genes to sublethal

heating. The same bacterium was heat shocked at 47.58C

for 10 min in Trypticase soy broth (TSB) to serve as a

control. In compost, the following genes were upregulated:

heat-shock genes (clpB, dnaK, and groEL), alternative sigma

factor (rpoH), virulence genes (stx1 and fliC), toxin-antitoxin

system genes (mazF, hipA, and yafQ), and the antitoxin gene

(dinJ). Genes that were down-regulated included virulence

genes (stx2, eaeA, and hlyA), whereas the trehalose synthesis

genes remained unchanged. For genes in the heated TSB

control, all heat-shock genes (rpoH, clpB, dnaK, and groEL)

were upregulated; however, most virulence genes (stx1, stx2,

hlyA, and fliC) and toxin-antitoxin genes (maxF-mazE, hipA-
hipB, and yafQ-dinJ and toxin gene chpS) were down-

regulated. It was concluded that induction of heat-shock

genes, possibly along with the toxin-antitoxin system, assists

EHEC survival in compost.

Singh and Jiang (86) inoculated acid-adapted or non–

acid-adapted EHEC at 7 log CFU/g into dairy compost

placed in an environmental chamber that was programmed

to come up to target temperatures (50, 55, 608C) within 48 h.

In fresh dairy compost after come-up time, acid-adapted and

control EHEC survived at 508C for 19 and 17 days,

respectively, and acid-adapted and non–acid-adapted strains

survived at 55 and 608C for 6 and 4 days, respectively. It

was concluded that acid adaptation was not significant in

affecting the survival of EHEC during composting over

time.

FACTORS CONTRIBUTING TO INACTIVATION
OF PATHOGENS OR INDICATORS

OF PATHOGENS WHEN SYSTEMS ARE
INADEQUATELY HEATED

During aerobic composting, pathogen inactivation is

attributed primarily to high temperatures (.558C) that

develop in self-insulating materials from heat produced by

indigenous microbial activity. A number of conditions may

prevent the production of lethal temperatures during aerobic

composting of animal manures, which include (i) the

surface-to-volume ratio of the mass is large and a large

portion of the heat is lost to the environment; (ii) the

indigenous microbial populations are either too low or do

not have available the proper proportions of carbon and

nitrogen to grow to generate enough heat capable of

increasing temperatures to lethal levels; and (iii) external

ambient temperatures are such that heat within the

composting mass is lost to the environment. With any of

the aforementioned factors, the time needed to obtain a

pathogen-free product that complies with EPA regulations

and that may be applied to fields is unknown. Therefore,

other factors (antagonistic bacteria, desiccation, or chemicals

such as volatile acids or ammonia) should also be taken into

consideration as contributing to pathogen inactivation.

Several studies have explored how compost formulation

may be optimized to maximize the contribution of other

factors contributing to pathogen inactivation.

Larney et al. (58) determined the survival of total

coliforms in windrow composting of cow manure from

feedlot pens supplemented with wood chips or straw. The

total coliforms in both types of beddings were initially 7.86

log CFU/g but decreased to 3.38 log CFU/g by 7 days and

1.69 log CFU/g by 14 days. The peak temperatures in the

wood chip– and straw-bedded composts (66.7 and 68.78C at

45 and 23 days, respectively) were reached much later than

when the coliform populations decreased; hence, other

physical, chemical, or biological factors likely contributed to

their inactivation.

Erickson et al. (22–24) conducted a series of studies to

determine how compost formulation may be optimized to

maximize the contribution of physical, chemical, or

biological factors to pathogen inactivation when thermal

conditions are insufficient to accomplish this. In these

studies, physical (temperatures between 20 and 408C, light

exposure) and chemical (manure source, manure age, carbon

amendment, C:N ratio, pH) properties of composting

systems were evaluated to determine whether nonthermal

pathogen inactivation could be obtained both reproducibly

and in a very short amount of time prior to field application

of the compost mixtures. Data collected to date, however,

reveal that different mechanisms for inactivation appear to

be involved in different composting mixtures and environ-

ments, and, in turn, those mechanisms affect different target

pathogens to different degrees. For example, lighting

simulating either cloudy or sunny conditions led to greater

reductions in populations of L. monocytogenes in chicken

litter compost mixtures than if the same mixtures were held

under dark conditions. In contrast, Salmonella populations

in cow manure compost mixtures were not affected by light

exposure (22). In another set of studies, Salmonella was

inactivated more rapidly in compost mixtures prepared with

fresh chicken litter than if prepared with older chicken litter,

whereas no differences in inactivation of EHEC occurred

when compost mixtures were prepared with fresh or aged

cow manure (23). As another example of the complexity of

factors that contribute to pathogen inactivation, EHEC

inactivation was affected minimally by moisture levels,

whereas Salmonella survival increased as the moisture

content decreased in peanut hull–amended compost mixtures

(24).

FACTORS CONTRIBUTING TO PATHOGEN
SURVIVAL AND REGROWTH DURING

COMPOST CURING

At some point during the thermophilic phase of aerobic

composting, the microbial activity and temperature decrease

and eventually stabilize. During the curing or maturation

period, surviving indigenous microflora (fungi and actino-

mycetes) dominate, and the degree of their microbial activity

will determine whether any surviving pathogens are

completely eliminated or whether the pathogens are able

to regrow. Hence, many studies have been conducted to

determine the fate of surviving pathogens in compost during

the curing stage, to help elucidate factors that may influence

their survival or regrowth.

Using four different types of compost (containing

different proportions of green waste, fruits and vegetables,
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and paper and cardboard) that had been composted in

laboratory bioreactors with forced aeration, Lemunier et al.

(59) determined the fate of Salmonella Enteritidis, L.
monocytogenes, or E. coli, introduced at levels of 2 log

CFU/g dry weight, when the composted material was

subsequently held at 258C to simulate the curing phase.

Salmonella survived longer in mature sterile composts (3

months) than in nonsterile composts. L. monocytogenes and

E. coli survived only in composts that were 4 weeks old and

not in older composts, suggesting either that, with time, the

indigenous microflora became more antagonistic to the

pathogens or that there were fewer nutrients available to

support pathogen survival at this stage of the composting

process. Pathogen survival did not appear to be associated

with the physiochemical characteristics of composts.

Kim et al. (49) determined the ability of three EHEC

strains to regrow in autoclave-sterilized compost as well as

compost with its indigenous microbiota. The EHEC

populations increased from an initial value of 1.0 to as high

as 4.85 log CFU/g in autoclaved compost (background

microbiota of 2.3 to 2.9 log CFU/g) when moisture levels of

20% (0.986 water activity level) were maintained and the

compost was held at 228C for 7 days. However, in compost

with a background microbiota of 6.5 log CFU/g, all EHEC

growth was suppressed. When the initial inoculation

populations of EHEC were 3 log CFU/g, EHEC could

grow in the high levels of background microbiota. These

results reveal that EHEC growth in compost is dependent on

the level of background microbiota as well as the population

level of pathogens present in the system.

Kim and Jiang (48) determined the growth potential of

E. coli O157:H7, Salmonella spp., and L. monocytogenes in

autoclaved and nonautoclaved mature manure compost in a

greenhouse (48). Five-strain composites of the three

pathogens were inoculated into dry compost at 1 log CFU/

g and then adjusted to various moisture levels between 10

and 50%. All three pathogens increased from 2.1 to 3.9 log

CFU/g within 3 days in the autoclaved compost at 40%

moisture. When the moisture content was 30%, L.
monocytogenes increased to 2.4 log CFU/g and was detected

for up to 28 days for each of the seasons tested, whereas the

other two pathogens in the same compost increased by only

ca. 1 log CFU/g and only in the winter months in autoclaved

compost. However, in nonautoclaved compost, no pathogen

growth occurred during the entirety of the study.

To further determine the influence of indigenous

microflora on the regrowth of human pathogens in cured

compost, Kim et al. (50) treated dairy manure–based

compost by either autoclaving or by dry-heat methods to

obtain targeted populations of indigenous microorganisms.

The acclimated autoclaved compost, which was incubated at

room temperature for different periods of time, and dry-

heat–treated compost, which was heated to 808C for 6 and

18 h, with different moisture contents were inoculated with a

three-strain mixture of E. coli O157:H7 at an initial

population of ca. 2 log CFU/g and were stored at 8, 22, or

308C. As revealed by both culturing and molecular detection

(16S rRNA PCR-DGGE) assays, only selected groups of

microorganisms grew in acclimated autoclaved compost

during acclimation. The growth of E. coli O157:H7 in

compost was negatively correlated with the population of

indigenous microorganisms. In the presence of the same cell

population of indigenous mesophilic bacteria, E. coli
O157:H7 grew to greater populations in acclimated

autoclaved compost than dry-heat–treated compost, regard-

less of the compost moisture content or storage temperature.

Hence, the level and type of indigenous microorganisms

(i.e., actinomycetes and fungi) are critical for the suppres-

sion of E. coli O157:H7 growth in compost. Additionally,

the dry-heat treatment can produce a compost product that

resembles cured compost with different levels of indigenous

microorganisms, which may be more useful for studying the

influence of indigenous microorganisms on the growth of

pathogens.

Studies were conducted to determine the microbial

community that is primarily responsible for the different

growth responses of EHEC in nonsterile and autoclaved cow

manure composts, by using an EHEC-inoculated slurry of

finished compost with and without cycloheximide, an

inhibitor of eukaryotic microorganisms (73). In the absence

of cycloheximide, EHEC populations increased by ca. 4 log

CFU/g within 16 days; however, in the presence of

cycloheximide, very little growth of the pathogen occurred.

DGGE evaluation of the microbial communities that were

present with and without cycloheximide revealed minor

differences in the fungal communities, but drastic differenc-

es in the community complexity of protists, suggesting

predation of EHEC by protists during the curing phase.

Knerr and Tripepi (55) used PCR-DGGE to analyze

composted dairy manure over a 9-month period to determine

changes in bacterial communities. The five predominant

bacterial phyla that were identified during the 9 months of

composting were Firmicutes, Proteobacteria, Actinobacte-
ria, Deinococcus-Thermus, and Bacteroidetes. The strict

anaerobes that were identified included Clostridium, Clos-
tridiales, Eubacterium tenue, Halanaerobiales, Moorella,
Ruminofilibacter xylanolyticum, Staphylococcus lentus, S.
lugduensis, S. sciuri, and Thermoanaerobacterales. The pH

and salt concentration of the compost significantly influ-

enced the bacterial populations, leading to an increase of

halotolerant or halophilic and alkaliphilic bacteria. Alkaline-

adapted bacteria identified included Bacillus cohnii, Mari-
obacter alkaliphilus, Nitriliruptorales, and Nocardiopsis
alkaliphila. Halotolerant or halophilic bacteria identified

included Bacillus cohnii, Gillisia, Halanaerobiales, Hal-
omonas, Halomonas nitritophilus, Halomonas salina, Hy-
phomonas, Idiomarina, Marinobacter, Marinobacter
alkaliphilus, Marinimicrobium, Microbulbifer, Nitriliruptor-
ales, Nocardiopsis, Nocardiopsis alkaliphila, Nocardiopsis
halotolerans, Nocardiopsis salina, Oceanospirillales, Pae-
nibacillus, Planococcus, and Pseudidomarina. DNA se-

quences with strong homology to fecal bacteria (e.g., E. coli,
Salmonella) were absent during the collection process,

suggesting reduced levels of fecal coliforms due to

composting procedures.

Diao et al. (13) determined survival of EHEC or

Salmonella Typhimurium in finished dairy compost at three

moisture levels (20, 30, and 40%) and three sieved compost

particle sizes (.1,000, 500 to 1,000, or ,500 lm) after 5 or

30 days. Salmonella reduction at moisture levels of 20 and
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30% within 5 days of storage for particle sizes .1,000, 500

to 1,000, or ,500 lm were as follows: summer, 2.15, 2.27,

and 2.47 log CFU/g; late autumn, 1.60, 2.03, and 2.26 log

CFU/g; and winter, 2.61, 3.33, and 3.67 log CFU/g,

respectively. EHEC reduction at moisture levels of 20 and

30% within 5 days of storage for particle sizes .1,000, 500

to 1,000, or ,500 lm were as follows: summer, 1.98, 2.30,

and 2.54 log CFU/g; and winter, 1.70, 2.56, and 2.90 log

CFU/g, respectively. Both EHEC and salmonellae were

inactivated more rapidly in compost with smaller particle

size. This rapid rate of inactivation may be attributed to the

initial moisture loss associated with smaller compost

particles compared with larger ones. During the same

season, EHEC or salmonellae survived overall significantly

better at an initial moisture content of 20% than at 40%,

which may be associated with desiccation cross-resistance at

lower moisture levels.

Furthermore, regrowth of Salmonella and EHEC could

not be predicted by any of the compost physiochemical

parameters measured: C:N ratio, total organic carbon,

volatile solids, moisture content, pH, electrical conductivity,

and maturity. The authors recommended that the TMECC

method be modified to test a larger amount of compost in the

original homogenate to increase the likelihood of recovering

the target microorganisms.

Wang et al. (106) determined the survival of the ‘‘big

six’’ non-O157 STEC (O26:H11, O45:H2, O103:H2,

O111:H11, O145:NM [nonmotile], and O121:H19) when

inoculated at a starting population of 5.1 log CFU/g in

finished dairy compost at moisture levels of 20, 30, or 40%

and stored at 4 or 228C for 125 days. In compost samples at

30 and 40% moisture content and stored at 228C, STEC

increased within the first 24 h by 0.69 and 0.79 log CFU/g,

respectively, followed by a rapid decrease in populations

and then tailing. All other conditions resulted in rapid

decreases in pathogen populations from day 0 followed by a

tailing. After 125 days, inactivation of the six aforemen-

tioned STEC serovars was .4.52, .4.55, 3.89, .4.61,

3.60, and 3.17 log CFU/g, respectively. Overall, there was

greater STEC reduction in samples held at 4 than at 228C, as

well as at 40 than at 20% moisture content. Rapid increase of

STEC in these finished composts at 228C agrees with

findings of others who showed that the majority of E. coli
O157:H7 growth in finished composts held at 258C occurred

within the first 24 h (74). Further, the two strains surviving

at the completion of the longitudinal study were STEC O145

and O45.

PATHOGEN REGROWTH IN COMPOST TEAS

Liquid compost extracts have been increasingly applied

to crop soils as a drench or to control foliar and fruit diseases

on plants and have become known as compost tea (CT) (35).
Ingram and Millner (37) tested two methods of producing

CT (aerated and unaerated) to assess the survival and growth

of EHEC and Salmonella Enteritidis. Composts inoculated

with EHEC and Salmonella at 1 to 3 log CFU/g were used to

create CT. In aerated and nonaerated CT, EHEC was

undetectable by 36 h and 8.5 days, respectively, when CT

was not fortified with nutritional supplements. However,

when CTs were fortified with commercial mixtures of

nutrient supplements, EHEC, Salmonella, and fecal coliform

populations increased by 1 to 4 log CFU/g in both CT

treatments. Ingredients in the two supplement mixtures used

in the experiments included molasses, bat guano, sea bird

guano, soluble kelp, citric acid, Epsom salts, ancient seabed

minerals, calcium carbonate, powdered kelp, liquid humic

acids, and glacial rock dust. Because the addition of

supplements supports the growth of enteric pathogens, the

Produce Safety Rule of the Food Safety Modernization Act

treats CT with such supplements as equivalent to raw

(untreated) manure and currently requires a 90- to 120-day

interval between application of CT and harvest of produce

intended for human consumption (102).
Kim et al. (51) evaluated several environmental factors

affecting the growth of three bacterial species, Salmonella
spp., E. coli O157:H7, and L. monocytogenes, in compost

extract, a solution that is similar to CT. Pathogens

previously adapted to low nutrients (i.e., diluted TSB) grew

well in compost extracts with different dilution levels in

water (1:2, 1:5, and 1:10). Regrowth potentials of all

pathogens with an initial inoculation level of ca. 1 log CFU/

mL were in the range of ca. 0.7 to 1.4 and ca. 4 to 6 log

CFU/mL for nonsterile and sterile compost extracts (1:2

ratio), respectively. Under the same experimental conditions,

both Salmonella and E. coli O157:H7 grew to higher

populations than L. monocytogenes. Moreover, room

temperature incubation resulted in more growth of these

pathogens than at 358C. These results reveal that nutrient

availability, species of pathogens, competitive microflora in

compost, and incubation temperature were important factors

affecting the regrowth of foodborne pathogens in the

compost extract ecosystem. Furthermore, dairy compost

extract contains sufficient nutrients for pathogen regrowth.

Therefore, appropriate intervals between the application of

CTs and the harvest of produce intended for human

consumption should be observed, as these studies reveal

that pathogens can regrow in nonsterile compost extracts

without additional nutrients.

CONTRIBUTION OF FINISHED COMPOST TO
PATHOGEN SURVIVAL IN SOIL AND

PATHOGEN TRANSFERENCE TO CROPS

Ideally, compost or derivatives of it (e.g., CT) should be

absent of any pathogens so they are not introduced into

fields when compost is applied as a soil amendment. When

contaminated composts are introduced to soils, the fate of

the pathogen is variable. However, survival for extended

periods may occur; therefore, there exist many opportunities

for the transfer to edible tissue of crops growing in the fields.

To determine the extent of this risk, both growth chamber

and field studies have been conducted to monitor the fate of

pathogens in cultivation systems employing compost-

amended soils and different crops.

Growth chamber studies. Erickson et al. (21)
conducted a study, using a growth chamber system, that

examined survival within soil-compost mixtures and poten-

tial transference to plants. Manure compost-soil mixtures

(ratios of 0:5, 1:5, or 2:5 [w/w]) were inoculated with EHEC
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and Salmonella at high or low populations (3 or 6 log CFU/

mL), and these mixtures were then used to grow either mid-

age plants or seedlings of leaf lettuce. The presence of

compost in the top soil mixture did not affect pathogen

survival in soil or on the roots, indicating that the top soil

provided adequate nutrients to the pathogens. Interestingly,

survival of both pathogens was affected by the plant’s age.

For instance, EHEC and Salmonella survived at higher

populations in soil containing mid-age plants than seedlings

when the compost-soil mixtures were inoculated at the high

inoculum levels, whereas pathogen survival on root tissue

was greater on seedlings than on mid-age plants. Moisture

levels within the high inoculum compost-soil mixtures also

affected the survival of EHEC, but not Salmonella. Root

tissue surfaces from mid-age plants contained EHEC

populations that were 1 log lower than Salmonella
populations when plants were grown in drier compared

with wetter compost-soil mixtures. The fact that no

internalization in lettuce roots nor surface contamination of

leaves occurred at any time during the study was indicative

that, under controlled conditions, pathogen transfer from

contaminated compost to the edible tissue of lettuce crops

can be prevented.

Transfer of pathogens from contaminated compost-soil

mixtures to root crops can occur. Islam et al. (41) determined

the transfer of E. coli O157:H7 (EHEC) to carrots and

onions grown in growth chambers in contaminated soil.

Commercial cattle manure compost was inoculated with 7

log CFU of EHEC per g and mixed with sandy loam soil at a

ratio of 1:5. Baby onion and carrot seedlings were planted in

the soil and sampled along with the soil for up to 3 months.

By day 64, EHEC in soil beneath the onions decreased by 3

log and by more than 2 log on the onions themselves.

However, on carrots, within 84 days, EHEC populations in

soil declined by 2 to 3 log and only by 1.7 log CFU/g on the

carrots themselves, revealing that the plant type may be an

important factor for the survival of EHEC on farmed crops.

Although surface contamination of crops in preharvest

environments is unacceptable, there is even greater concern

that internalization of pathogens via plant roots may occur

due to the inability of postharvest chemical interventions to

access these sites. Hence, a study was conducted to

determine whether EHEC, Salmonella, or L. monocytogenes
could be internalized into butterhead lettuce when the plants

were grown in pathogen-contaminated compost that had

been added to peat at 5 log CFU/g (66). Three trials were

conducted in which seedlings were grown indoors in pots at

room temperature under artificial lights over a period of 50

days. Samples were obtained throughout the growing period,

and internalization of EHEC and Salmonella across all

sampling times and replicate trials occurred in both roots

(8.2 and 6.4%, respectively) and leaves (13.3 and 17.7%,

respectively) but was only detected by enrichment culture.

In contrast, no internalization was observed in either roots or

leaves when L. monocytogenes was the contaminating

pathogen. Internalization into leafy greens has previously

only been observed when plants grew in the presence of

high pathogen contamination levels in the compost-soil

mixture (15). Furthermore, uptake and internalization

studies conducted with spinach plants grown in soil

inoculated with low or high populations of fluorescent E.
coli O157:H7 showed that internalization to roots but not

edible tissue can occur, with no microscopic observation of

E. coli O157:H7 in foliar tissue (80). These differing results

with regard to uptake and internalization of E. coli O157:H7

show that the matrix (soil versus compost or peat) may

influence persistence of pathogens and potential to internal-

ize to leafy greens tissues. Further elucidation of the factors

contributing to this exceptional finding is needed.

Field studies. In contrast to growth chamber studies,

results from field studies are more representative of those

derived from natural settings, but one limitation of field

studies is that unknown variables can often unknowingly

affect the results. One of the first studies to incorporate

compost as a variable in field studies to address pathogen

survival was conducted by Johannessen et al. (45). In this 2-

year study, the field in which iceberg lettuce was grown was

fertilized with bovine compost, firm manure, and manure

slurry. EHEC was isolated from both the firm manure and

slurry, but not from the compost or lettuce.

In another field study, soil was amended with

contaminated bovine or poultry compost (7 log CFU/g of

compost), and then lettuce or parsley seedlings were

transplanted into the soil-compost mixtures (39). EHEC

was detected on parsley and lettuce up to 177 and 77 days,

respectively, following seedling transplantation, implying

that transfer of pathogens to the phyllosphere tissue was

occurring, potentially through a variety of mechanisms (e.g.,

splash, aerosolization). EHEC persisted for up to 217 days in

plots containing inoculated compost. However, EHEC

continued to survive in the plots after the plants were

harvested (60 days longer on parsley plots than on bare

lettuce plots) and could be present in these compost-

amended soils when another crop is planted.

A similar set of field experiments to the parsley and

lettuce experiments (39) was conducted using the root crops

carrots and onions (40). In these studies, EHEC survived in

soil up to 196 days and was isolated from carrots and onions

for 168 and 74 days, respectively. Unlike the parsley and

lettuce experiments, EHEC tended to have the greatest

survival in soil amended with poultry compost, in

comparison to alkaline-amended dairy manure compost.

Oliveira et al. (69) determined the ability of EHEC to

survive in compost-contaminated soil as well as to transfer

to leaves of plants growing in pots under outdoor conditions.

Initial EHEC populations in fall and spring compost-

contaminated soil were 6.8 and 6.1 log CFU/g dry weight,

respectively. Within 9 weeks, EHEC populations decreased

to 4.5 and 1.5 log CFU/g dry weight in the fall and spring,

respectively, indicating there was a seasonal and environ-

mental influence on EHEC survival in the soil. The authors

also determined that EHEC transferred from the contami-

nated compost to lettuce. In those cases, outer leaves were

more likely contaminated than inner leaves, and leaves from

plants in the fall trial were at a greater risk of being

contaminated than leaves from plants in the spring trial. This

study again highlights the fact that low-growing crops are
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especially vulnerable to pathogen contamination that is

transferred from compost-amended soil to the edible tissue

of plants. In addition, this study revealed that the outer

portions of the plant were more likely to be cross-

contaminated than the inner portions and that, when

contamination occurred, the prevalence and degree of

surface contamination could be affected by resident

environmental conditions.

CONCLUSIONS

Compost is an important vehicle to recycle nutrients

(nitrogen, phosphorus) present in animal and food wastes,

which may also contain human pathogens. Properly

composted feedstocks that optimize C:N ratios, temperature,

and moisture levels can reduce or eliminate bacterial

foodborne pathogens present in animal manures to levels

recommended by U.S. regulatory agencies and can still be

used as a biological soil amendment to grow fruits and

vegetables. The continuing popularity of organic agriculture,

which does not allow the use of chemical fertilizers, makes

investigations into efficient and cost-effective ways to

produce compost and to examine methods of inactivation

of foodborne pathogens essential. Methods of microbial

analysis of compost and investigations into the relationship

between the indigenous microorganisms, foodborne patho-

gens, C:N ratios, moisture, and temperature present are all

needed to ensure that compost can be used as a biological

soil amendment to grow fruits and vegetables intended for

human consumption.
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