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For economic, agricultural, and environmental reasons, composting is frequently used for organic waste
recycling. One approach to limiting the potential risk from bacterial food-borne illnesses is to ensure that soil
amendments and organic fertilizers are disinfected. However, more knowledge concerning the microbiological
safety of composted substrates other than sludge and manure is necessary. Experimental in-vessel biowaste
composts were used to study the survival of seeded Listeria monocytogenes, Salmonella enterica subsp. enterica
serotype Enteritidis, and Escherichia coli. Four organic waste mixtures, containing various proportions of paper
and cardboard, fruits and vegetables, and green waste, were composted in laboratory reactors with forced
aeration. The physicochemical and microbiological parameters were monitored for 12 weeks during compost-
ing. The survival of bacteria over a 3-month period at 25°C was assessed with samples collected after different
experimental composting times. Strain survival was also monitored in mature sterilized composts. Nonsterile
composts did not support pathogen growth, but survival of seeded pathogens was observed. Salmonella serovar
Enteritidis survived in all composts, and longer survival (3 months) was observed in mature composts (8 and
12 weeks of composting). Mature biowaste composts may support long-term survival of Salmonella serovar
Enteritidis during storage at room temperature. E. coli and L. monocytogenes survival was observed only in
4-week-old composts and never in older composts. Proper composting may prevent long-term survival of E. coli
and L. monocytogenes. These results suggest that like composted sewage sludge or manure, domestic waste
composts may support pathogen survival. Survival was not related to the physicochemical characteristics of the

composts.

The presence of pathogens in food and outbreaks of food-
associated diseases can be linked to the poor microbial quality
of raw agricultural products (5, 9). Furthermore, the transfer
of microbial pathogens, such as Listeria monocytogenes, Esch-
erichia coli O157:H7, and Salmonella enterica serovar Typhi-
murium, from amended soil to fresh agricultural products has
been described (3, 24, 37). Composting is a time-honored bi-
ological treatment used for organic wastes; the resulting com-
posts are useful in agriculture and horticulture for improving
many soil attributes. However, microbial safety of organic
amendments and fertilizers used in agriculture is required to
prevent colonization by food-borne illness pathogens, like E.
coli O157:H7 and Salmonella spp. (9). In order to reduce the
likelihood of pathogen transfer from waste to fresh produce,
several international standards for meeting pathogen limits
through composting are available (14, 39). According to the
U.S. Environmental Protection Agency (US-EPA) standard,
class A composts must not exceed maximal limits for either
Salmonella spp. (less than 3 most probable numbers [MPN]/4
g) or thermotolerant coliforms (less than 1,000 MPN/g) (39). A
draft of a forthcoming European Community standard for the
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microbial quality of composted biowaste includes the absence
of Salmonella spp. and Clostridium perfringens in 50 g and 1 g,
respectively (14). Finally, in France, the agricultural use of
sewage sludge composts is subject to compliance with French
standard NF U 44-095, which sets the following limits: for E.
coli, less than 1,000 MPN/g; for C. perfringens, less than 100
CFU/g; for Enterococcus spp., less than 10° CFU/g; and ab-
sence of Salmonella spp., viable nematode ova, and L. mono-
cytogenes in 25 g (1).

Some raw organic waste used in composting may contain
pathogens. The presence of L. monocytogenes has been re-
ported in sewage sludge (2, 7, 17, 33) and on plants (42, 44),
including vegetables (5). Salmonella spp. and nonpathogenic E.
coli have been detected in sewage sludge (10, 13, 29), in mu-
nicipal solid wastes (8, 20), and in animal waste in which E. coli
O157:H7 was also present (19). If properly managed, compost-
ing can reduce pathogen levels (8, 20, 31, 32). Inactivation of
nonpathogenic E. coli, pathogenic E. coli O157:H7, and Sal-
monella spp. has been reported during composting of several
types of waste, such as animal manure and sewage sludge (10,
21, 25, 26, 29, 38). However, persistence of Listeria spp., Sal-
monella spp., and nonpathogenic E. coli during composting
(10-12) and survival of Salmonella spp. and nonpathogenic E.
coli in mature composts have been reported (22, 34-36). Most
investigations concerning E. coli and Salmonella spp. have fo-
cused on manure or sewage sludge composts, but little atten-
tion has been paid to other composted substrates, such as
green waste and the organic fraction of municipal solid waste.
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TABLE 1. Initial organic waste proportions and amounts of water
added at the beginning of the composting process in the four
reactors

APPL. ENVIRON. MICROBIOL.

Temperature
probes

Content (%)

Reactor Basis Paper and Fruits and Green Added
cardboard vegetables waste water
A Wet wt 8 31 55 6
Dry wt 21 8 71 0
B Wet wt 10 54 36 0
Dry wt 28 17 55 0
C Wet wt 15 54 27 3
Dry wt 44 17 40 0
D Wet wt 21 54 18 7
Dry wt 59 16 26 0

Moreover, in spite of the presence of L. monocytogenes in
various raw wastes, the behavior of this organism in composted
substrates remains unclear (18). The aim of this study was to
evaluate the survival of L. monocytogenes, S. enterica subsp.
enterica serotype Enteritidis, and E. coli in four experimental
biowaste composts. Laboratory reactors with forced aeration
were used to conduct in-vessel composting of four organic
waste mixtures containing different proportions of paper and
cardboard, fruits and vegetables, and green waste. The physi-
cochemical and microbiological parameters were monitored
for 12 weeks during composting. Samples collected during
composting were inoculated with rifampin-resistant (Rif")
strains of the bacteria mentioned above and incubated at 25°C
for 3 months to simulate storage.

MATERIALS AND METHODS

Composting and sampling procedure. Four mixtures, mixtures A, B, C, and D,
were prepared from 50-mm chopped vegetables (apples, oranges, lettuce, car-
rots, and zucchini), green waste (20 mm, crushed), and 20- to 50-mm chopped
paper and cardboard (1:3 to 2:3, wt/wt) (Table 1). Water was added when
necessary in order to obtain the same initial moisture content. These four
mixtures were composted in laboratory reactors designated reactors A, B, C, and
D using an in-vessel composting method.

The reactors consisted of polyvinyl chloride cylinders that were 90 cm high and
40 cm in diameter, had a capacity of 170 liters, and were insulated with a layer
of glass wool. The composting process lasted 12 weeks, and aeration was pro-
vided through the bottom of each reactor (Fig. 1). The airflow decreased from
400 liters h~' during the first month to 60 liters h~! at the end of the incubation.
The temperature in the core of each reactor was continuously monitored with a
50-cm-long temperature probe. After 1, 2, 4, 6, 8, 10, and 12 weeks, the contents
of each reactor were mixed before sampling.

Physicochemical analysis and organic matter characterization. Subsamples
were freeze-dried at —110°C for 24 h and ground (<1 mm) for physicochemical
analysis. Total organic carbon and total nitrogen contents were determined by
elementary analysis. Biochemical fractionation of compost organic matter (OM)
into soluble organic matter, hemicellulose, cellulose, and lignin was done using
crude fiber analysis as described by Van Soest (41), as modified by Robin (30).
The compost pH was measured in water (1:5, vol/vol).

Total alkaline-soluble humic substances (fulvic fraction [FA] and humic frac-
tion [HA]) were extracted with 100 ml of 0.1 M NaOH from 2-g dry, ground
compost samples over a 2-h period and were recovered by centrifugation (15 min
at 8,600 X g). The HA was precipitated overnight in 20 ml of the supernatant at
4°C after the pH was decreased to 1.5 by adding 1.84 ml of 2 M H,SO,. After
centrifugation (15 min at 6,300 X g), the acid-soluble FA was separated from the
non-acid-soluble humic fraction. The total organic C in the extracts was analyzed
using a liquid-phase carbon analyzer (Shimadzu TOC-ASI 5000). The humifica-
tion index (HA/FA) was used as an indicator of compost maturity (16).
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FIG. 1. In-vessel aerated forced system used for composting.

Soil-compost mixtures were incubated for 28 days, during which the kinetics of
compost organic matter mineralization were monitored. For these mixtures, soil
was taken from the upper layer (0 to 28 cm) of a loamy soil with the following
characteristics: clay, 187 g kg™ '; silt, 756 g kg~ '; sand, 57 g kg~ '; pH 6.9; organic
carbon content, 11.6 g kg~ !; and total N content, 1.19 g kg~ !. The soil was sieved
with a 5-mm sieve and stored at 4°C until it was used. Three replicates of
soil-compost mixtures, each containing the equivalent of 25 g of dry soil and
dried ground compost, were incubated in 0.5-liter hermetically sealed jars for 28
days at 28 = 1°C in the dark. The amounts of incorporated compost were
calculated so that all mixtures contained the same proportion of organic carbon
(4 g of organic carbon per kg of dry soil). The water content of the mixtures was
adjusted to 80% of the soil water-holding capacity (19.11% on wet basis) with
ultrapure water and was monitored during the incubation period. Control incu-
bations were performed with only soil. In all jars, both control and experimental,
carbon mineralized in the form of CO, was trapped in 10 ml of 1 M NaOH, which
was replaced after 1, 3, 7, 10, 14, 21, and 28 days of incubation, and was analyzed
by colorimetry with a continuous-flow analyzer (Skalar, The Netherlands).

Microbial analysis of composts. For each compost, 10 g (equivalent dry
weight) was suspended in 90 ml of 0.1% (wt/vol) sodium pyrophosphate (40) and
mechanically shaken (45 min, 320 rpm, 25°C). The resulting slurries were serially
diluted, and bacteria were enumerated by pour plating. Total indigenous cultur-
able mesophilic bacteria were recovered on plate count agar (Biokar Diagnostics,
Beauvais, France) to which cycloheximide (0.2 g liter ') was added to inhibit
fungi. Spore-forming bacteria were enumerated after heat treatment (80°C, 10
min). The plate count agar plates were incubated for 48 h at 30°C. Total coliform
and thermotolerant coliform counts were determined on deoxycholate (0.1%)
lactose agar (Biokar Diagnostics, Beauvais, France) after incubation for 24 h at
37°C and 44°C, respectively. Microbial analyses were performed in triplicate.
Differences between the four mixtures were identified by one-way analysis of
variance, followed by pairwise multiple comparison by the Holm-Sidak method.

Bacterial strains and culture media. Rifampin-resistant mutants of wild-type
strains L. monocytogenes EGD-e, S. enterica subsp. enterica serotype Enteritidis
CIP 81.3 (Institut Pasteur Collection, Paris, France), and E. coli K-12 (E. coli
Genetic Stock Center, New Haven, Conn.) were used. Rif" mutants were isolated
as described by Lung et al. (25), except that rifampin was added at a concentra-
tion of 0.2 g liter'. For each strain, the growth rate and the maximum growth
of 10 Rif" colonies were compared to the growth rate and the maximum growth
of wild-type strains after incubation in tryptic soy broth (TSB) (tryptone, 17 g
liter—'; peptone, 3 g liter !; NaCl, 5 g liter; K,HPO,, 2.5 g liter ™ !; dextrose,



VoL. 71, 2005

2.5 gliter™'; pH 7.3) for 24 h at 37°C. Mutants with growth characteristics which
were similar to those of the wild-type strains were selected. The stability of the
rifampin resistance trait was analyzed by culturing organisms for 100 generations.
Based on these criteria, one Rif" strain of L. monocytogenes, one Rif* strain of
Salmonella serovar Enteritidis, and one Rif" strain of E. coli were selected.

The selective media for Rif* L. monocytogenes, Salmonella serovar Enteritidis,
and E. coli were Palcam medium, Hektoen medium, and Drigalski medium
(Biokar Diagnostics, Beauvais, France), respectively, supplemented with ri-
fampin (0.2 g liter™!) and cycloheximide (0.1 g liter™"). Modified Drigalski and
Hektoen media were incubated at 37°C for 24 h, and modified Palcam medium
was incubated at 37°C for 72 h.

Inoculation of composts and survival test. Composts were inoculated with the
Rif" strain of either L. monocytogenes, Salmonella serovar Enteritidis, or E. coli.
Each strain was precultured twice in TSB (8 h at 37°C). The inoculum was
prepared after 16 h of incubation at 37°C in TSB. Compost samples collected
after 1, 2, 4, 8, and 12 weeks of composting were inoculated (10> CFU g [dry
weight] ") with 2.5-ml bacterial suspensions using appropriate dilutions.

Each inoculated compost sample (30 g [equivalent dry weight]) was placed in
a sterile air-tight flask. One 25-ml test tube containing 10 ml of sterile distilled
water was added to each flask to maintain the moisture content. The flasks were
incubated for 90 days at 25°C, opened once daily to provide O,, and sampled
after 3, 8, 30, 60, and 90 days to enumerate the inoculated bacteria. To ensure
that compost samples were free of indigenous rifampin-resistant microorgan-
isms, unseeded composts were used as controls during survival tests. When
necessary, survival tests were performed with sterile compost treated by ioniza-
tion. Several 100-g bag-packed samples were hung 20 cm from a °°Co source.
Each sample received 50 kGy of radiation and was turned halfway through the
treatment. All survival tests were done in triplicate in three independent exper-
iments.

Quantification and detection of inoculated bacteria. At each sampling time,
slurries were prepared by adding 1 g (equivalent dry weight) of compost to 9 ml
of 0.1% sodium pyrophosphate (40) and shaking the mixture (320 rpm, 45 min,
room temperature) to the resuspend bacteria. The slurries and serial dilutions
were plated on selective solid media. In order to reduce the detection limit,
selective enrichments were also performed at each sampling time. Enrichment
was performed for Rif" L. monocytogenes, Salmonella serovar Enteritidis, and E.
coli on enrichment broth supplemented with rifampin (0.1 g liter™') (Fraser
broth [Biokar Diagnostics, Beauvais, France], TSB, and TSB supplemented with
0.1% deoxycholate, respectively). Each enrichment broth was streaked for de-
tection after incubation at 37°C for 24 h.

RESULTS

Temperature during composting. In the four reactors, the
temperature remained above 60°C during the first 2 weeks
(Fig. 2). Our reactors thus met the US-EPA criteria (39): the
temperature was at least 55°C during 3.5 consecutive days in
the first week of composting and during 2.5 consecutive days in
the second week of composting. After the second turning, the
temperature increased to 48, 40, and 39°C in reactors A, B, and
C, respectively, but remained 24°C in reactor D. After the third
turning, the temperature progressively decreased in all reac-
tors.

Physicochemical characteristics during composting. A de-
crease in the total dry mass was observed in all reactors (Table
2). The total organic carbon content also decreased, while the
total nitrogen content increased, leading to a decrease in the
C/N ratio. The larger proportions of paper and cardboard in
reactors C and D explained the high initial C/N ratios in these
reactors. In reactor C, active composting resulted in a large
decrease in the C/N ratio, which was not as pronounced in
reactor D.

Up to 58% of the initial OM was mineralized during com-
posting (Table 3), and the rates of mineralization in reactors B
and C (57.2 and 57.8% mineralization, respectively) were
higher than those in reactors A and D (44.5 and 37.1% min-
eralization, respectively). The size of the soluble fraction of
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FIG. 2. Temperature during composting of organic wastes in the
four reactors. The reactor A waste content was as follows (on a wet
weight basis): paper and cardboard, 8%; fruits and vegetables, 31%;
and green waste, 55%. The reactor B waste content was 10% paper
and cardboard, 54% fruits and vegetables, and 36% green waste; the
reactor C waste content was 15% paper and cardboard, 54% fruits and
vegetables, and 27% green waste; and the reactor D waste content was
21% paper and cardboard, 54% fruits and vegetables, and 18% green
waste.

OM decreased rapidly during the first 2 weeks of composting
and then remained rather stable until the end of composting.
The sizes of the cellulose and hemicellulose fractions also
decreased rapidly throughout the composting period. A slow
decrease in the lignin content was observed, but, due to the low
degradation rate, the proportion of lignin in the residual or-
ganic matter increased from 14 to 23% of the OM in the initial
mixtures to 23 to 34% in the 12-week-old composts. The larg-
est final proportion of lignin was in reactor B.

The proportion of organic carbon mineralized during the
28-day incubation in soil was used as an indicator of compost
organic matter stabilization during composting (16). In all re-
actors, 20 to 27% of the carbon present in the initial mixtures
was highly biodegradable and mineralized during the short-
term incubation in soil. After 12 weeks of composting, only 11
to 14% of the carbon remaining in the mixtures was still highly
biodegradable and mineralized during incubation in soil.

The humification index, the ratio of the humic fraction to the
fulvic fraction, was used to evaluate the maturity of the com-
posts. Composts are usually considered mature when HA/FA is
greater than 1 (16). In the four reactors, the humification index
became greater than 1 after 8 weeks of composting, and 8- and
12-week-old composts could be considered mature.

In all reactors the pH increased from pH 5.9 to 6.2 to pH 8.2
to 8.4.

Microbial parameters. The populations of indigenous total
mesophilic bacteria, sporulated bacteria, and total and ther-
motolerant coliforms in the initial waste and the changes dur-
ing composting are shown in Fig. 3. Similar patterns were
observed in the four composts. The sizes of the populations of
indicator microorganisms (total mesophilic bacteria, total and
thermotolerant coliforms) increased during the first week of
composting and then decreased after 2 weeks of composting.
An increase in thermotolerant coliform counts was observed at
week 4, but the coliform counts decreased thereafter until the
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TABLE 2. Changes in dry mass and organic matter characteristics of the waste mixtures during composting: total organic C and N, C/N, pH,
and proportion of organic C mineralized after 28 days of incubation in soil

Dry mass Organic C Organic N Humification C mineralization
Reactor” Age (weeks) rE/kg) (%,gdry wt) (g kggl, dry wt) CN pH index? (% of organic C)

A 0 19 33.6 9.2 36.6 6.2 0.65 20
1 19 34.9 8.6 40.4 6.8

2 16 33.1 9.8 33.7 7.9 0.64 15

4 15 30.2 10.9 27.7 7.9 0.86 14

8 14 29.5 10.9 27.0 7.5 1.32 12

12 14 29.1 11.3 25.8 8.3 1.15 11

B 0 18 32.5 10.1 32.2 5.9 0.33 27
1 15 36.4 8.6 42.4 7.3

2 12 35.0 10.2 34.3 8.3 0.70 18

4 11 29.6 11.0 26.8 8.1 1.03 17

8 10 30.5 13.3 22.9 8.3 1.18 11

12 10 30.8 13.5 22.8 8.4 1.17 11

C 0 17 39.4 6.6 60.0 5.9 0.25 24
1 14 38.6 7.5 51.6 7.6

2 12 37.6 8.3 45.4 8.2 0.70 17

4 10 36.4 9.7 37.4 8.1 0.81 15

8 10 342 11.1 30.7 8.3 1.13 13

12 9 34.2 12.0 28.5 8.4 1.18 14

D 0 13 39.2 6.8 57.4 6.1 0.52 25
1 13 40.1 6.1 65.7 7.4

2 11 41.1 5.9 70.4 8.5 0.84 18

4 10 39.1 6.8 57.3 8.4 0.87 18

8 8 39.6 6.4 61.8 7.8 1.18 16

12 9 39.9 8.0 50.2 8.2 1.45 12

“ The reactor A waste content (on a wet weight basis) was 8% paper and cardboard, 31% fruits and vegetables, and 55% green waste; the reactor B waste content
was 10% paper and cardboard, 54% fruits and vegetables, and 36% green waste; the reactor C waste content was 15% paper and cardboard, 54% fruits and vegetables,
and 27% green waste; and the reactor D waste content was 21% paper and cardboard, 54% fruits and vegetables, and 18% green waste.

b Ratio of C humic acid to C fulvic acid (HA/FA).

end of composting (12 weeks), when the concentrations were

22 X 10% 1.8 X 10 3.3 X 10% and 2.3 X 10" CFU g71 in TABLE 3. Mineralization of initial OM and changes during
reactors A, B, C, and D, respectively. The concentrations of composting of biochemical fractions of organic matter in the four
spore-forming bacteria remained constant throughout. reactors

Survival in composts during incubation at 25°C. Seeded % of initial OM

composts were sampled after 3, 8, 30, 60, and 90 days of Reactor® | 138 ——
. . ° . . (weeks) Mineralized Soluble . Lo
incubation at 25°C. After inoculation, no growth was observed OM om  Hemicellulose Cellulose Lignin

in any compost, but during incubation the inoculated bacteria

were detected after broth enrichment. The duration of detec- A 0 0 258 162 34.7 23.3
. .. . . 2 23.6 12.7 9.2 32.0 225
tion for each seeded strain is shown in Table 4. The behaviors 4 31.4 136 75 276 199
of the three strains tested were different. Survival of seeded L. 8 41.7 13.3 4.6 207 196
monocytogenes was observed only in immature composts col- 12 44.5 15.2 4.4 17.2 18.7
lected after 1, 2, and 4 weeks of composting in reactor C. In
B 0 0 28.7 10.9 40.2 20.1
mature compost (8 and 12 weeks), L. monocytogenes was never > 358 s 7’5 305 147
detected. Survival of seeded E. coli was always observed in the 4 433 113 53 244 158
composts sampled after 4 weeks of composting. Seeded Sal- 8 55.1 12.9 5.1 129 140
monella serovar Enteritidis was recovered in all composts. Sur- 12 572 127 3.7 127156
vival was .sl}orter in 1-week-old composts sampled during tl}e c 0 0 3 111 518 147
thermophilic phase. Nevertheless, Salmonella serovar Enterit- 2 33.2 95 75 347 151
idis survived longer in mature composts (8 and 12 weeks), in 4 49.9 11.6 5.3 20.9 12.3
which the strain was still detected at the end of the experiment 8 50.8 9.6 4.4 205 147
(90 days), except for mature compost B, in which Salmonella 12 57.8 10.3 4.1 148 130
serovar Entfarltldls.v'vas not detected after 8 days of storage. D 0 0 17.8 10.8 579 141
Survival in sterilized 12-week-old composts. Twelve-week- 2 17.3 8.7 7.0 515 15.6
old composts from reactors B and D were ionized in order to 4 23.5 12.5 5.9 458 122
eliminate indigenous microorganisms. Growth of seeded E. 8 26.2 8.2 6.1 443 152
12 37.1 10.5 6.3 31.3 14.7

coli, Salmonella serovar Enteritidis, and L. monocytogenes was
observed during incubation in sterilized 12-week-old reactor D “ For reactor contents see Table 2, footnote a.
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FIG. 3. Amounts of indicator microorganisms during four organic waste composting tests (mixtures A, B, C, and D). The reactor A waste
content (on a wet weight basis) was 8% paper and cardboard, 31% fruits and vegetables, and 55% green waste; the reactor B waste content was
10% paper and cardboard, 54% fruits and vegetables, and 36% green waste; the reactor C waste content was 15% paper and cardboard, 54% fruits
and vegetables, and 27% green waste; and the reactor D waste content was 21% paper and cardboard, 54% fruits and vegetables, and 18% green
waste. The error bars indicate standard errors (error bars are not shown when the standard error was not larger than the histogram bar).

compost (Fig. 4). Within 3 days E. coli and Salmonella serovar
Enteritidis grew to concentrations of 3.8 X 10° and 2.6 X 10°
CFU g (dry weight) ", respectively, and the maximal popula-
tion sizes were reached after 30 days (1.2 X 10”7 and 1 X 107
CFU g [dry weight] !, respectively). In the subsequent 2
months of the experiment, the E. coli and Salmonella serovar

Enteritidis populations decreased but still contained 1.6 X 10°
and 6.2 X 10* CFU g (dry weight) %, respectively, after 90 days
of storage. Similarly, growth of L. monocytogenes was observed
within 3 days. The concentration of this organism reached
2.4 X 10* CFU g (dry weight) ' before it decreased to 2.0 X
10> CFU g (dry weight)™! after 8 days. The population re-

TABLE 4. Survival of L. monocytogenes, E. coli, and Salmonella serovar Enteritidis during 3 months of incubation at 25°C after inoculation
into organic waste at various stages of composting

Last detection day”

Ie L L. monocytogenes E. coli Salmonella serovar Enteritidis
omposting time (wk)
Reactor  Reactor  Reactor  Reactor  Reactor  Reactor  Reactor  Reactor  Reactor  Reactor Reactor Reactor
AP B C D A B C D A B C D
1 ND¢ ND 60 ND ND 3 ND ND 3 3 8 3
2 ND ND 60 ND ND 30 ND 8 8 60 30 8
4 ND ND 90 ND 90 60 90 90 60 8 8 30
8 ND ND ND ND ND 8 ND ND 90 90 90 90
12 (mature) ND ND ND ND ND 8 8 3 90 8 90 90

“ Last sampling time with positive selective enrichment (3, 8, 30, 60, or 90 days). The limit of detection was 1 CFU g (dry weight) .

? For reactor contents see Table 2, footnote a.
¢ ND, not detected after broth enrichment.
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Log CFU g'1 dry weight

Storage time (days)

FIG. 4. Growth of L. monocytogenes (A), E. coli (@), and Salmo-
nella serovar Enteritidis (O) in sterilized mature compost (12 weeks of
composting) from pilot reactor D during storage at 25°C. The reactor
D waste content was 21% paper and cardboard, 54% fruits and veg-
etables, and 18% green waste. The error bars indicate standard errors.

mained stable thereafter. The behavior of seeded strains was
different in the sterilized compost from reactor B. E. coli and
Salmonella serovar Enteritidis did not grow but survived at a
level of 10> CFU g (dry weight) ™!, the initial seeded concen-
tration (data not shown), while in this compost L. monocyto-
genes was never detected after inoculation, even after enrich-
ment (data not shown).

DISCUSSION

Monitoring of the temperature during waste composting and
the changes in the physicochemical characteristics confirmed
that satisfactory composting occurred in the four reactors. In-
deed, the duration of exposure to a temperature above 55°C
met the requirements of the US-EPA standards (three consec-
utive days or more) (39) for in-vessel composting methods.
Intense microbial activity led to organic matter mineralization
and water loss, resulting in a decrease in the dry mass in all
reactors. Simultaneously, the C/N ratio decreased, which is
usually observed during composting. The physicochemical
characteristics changed similarly in the reactors, with the ex-
ception of reactor D. The large proportion of paper and card-
board in reactor D probably explains why the C/N ratio did not
decrease as much as it did in the other reactors. Furthermore,
the level of OM mineralization was lower in reactor D, mean-
ing that the initial mixture did not have optimal physicochem-
ical characteristics for microbial activity. This was reflected by
the faster temperature drop in this reactor.

Composting is a biological treatment of organic biodegrad-
able wastes that produces a stabilized organic amendment (4).
After 8 weeks of composting, compost organic matter became
less biodegradable, as revealed by the C mineralization inten-
sity during incubation of soil compost mixtures. All composts
reached a high degree of maturity after 8 weeks, as indicated
by the humification index used as a maturity indicator (16).

The indigenous microbial flora of each compost was char-
acterized in order to assess composting quality and possible
microbial differences between reactors. The microbial param-
eters of the four mixtures changed in similar ways during com-
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posting. At the end of composting (12 weeks), no significant
differences between the composts were observed for indicator
organisms, except for the total coliform and thermotolerant
coliform counts, which were higher in reactor D. The concen-
trations of thermotolerant coliforms, which are usually used as
sanitation indicators of environmental samples (8, 20, 32),
were reduced during processing, thus confirming that there
was efficient composting. As observed by other authors in com-
posting studies based on composting in windrows (20), resur-
gent growth of thermotolerant coliforms occurred at 4 weeks,
probably due to recontamination or recolonization during
turning combined with temperatures that permitted growth.
The final thermotolerant coliform concentrations (2.2 X 10,
1.8 X 10%,3.3 X 10% and 2.3 X 10* CFU g~ ' in reactors A, B,
C, and D, respectively) were similar to concentrations obtained
in other studies (6, 8, 20, 29).

Pathogen survival was tested in mature compost to evaluate
pathogen behavior in case of postprocessing colonization. Sev-
eral samples were also collected during composting in order to
assess the effect of storage of immature composts on pathogen
survival. Rifampin-resistant strains were used to facilitate re-
covery from unsterilized composts. A low inoculation rate for
seeded strains (10> CFU g~ ') was chosen to simulate realistic
pathogen contamination.

Although the strains of L. monocytogenes, Salmonella sero-
var Enteritidis, and E. coli did not grow in any compost, we did
detect survival of these strains in some composts. However,
each strain behaved differently in composted organic waste
mixtures. This study showed that Salmonella serovar Enteriti-
dis survived better than the other bacteria tested. Survival of
seeded Salmonella serovar Enteritidis was observed in all com-
posts irrespective of their maturity. Indeed, Salmonella spp.
have been found in raw sludges (13), commercial compost-
based products (36), and sewage sludge composts (22), which
reflects the ability of this pathogen to survive in organic sub-
strates even after composting. Although rapid inactivation of
seeded Salmonella serovar Typhimurium has been described
for composted biosolids (35), in the present study long-term
survival (at least 3 months) of Salmonella serovar Enteritidis
was observed in the stabilized composts sampled after 8 weeks
of composting. Nevertheless, survival for only a short time was
observed in the composts sampled during the thermophilic
phase, after 1 week of composting. This suggests that proper
management of this thermophilic phase could allow satisfac-
tory sanitation of the composts. Nevertheless, contamination
with Salmonella serovar Enteritidis during mature compost
storage may occur.

Composting is usually efficient for reducing high initial non-
pathogenic E. coli levels. However, it has been reported that
nonpathogenic E. coli is able to survive in composts (6, 8, 20).
In the present study, in all reactors the survival of seeded E.
coli depended on the compost age; long-term survival was
observed only in the 4-week-old composts.

L. monocytogenes is an environmentally ubiquitous opportu-
nistic pathogen. For example, it can be found on decaying
vegetation, in soil (15, 43, 44), and in sewage sludge (2, 7, 33).
For composted substrates, the occurrence of Listeria spp. and
L. monocytogenes has been described for food scrap composts
(11) and for composted biosolids (18), respectively. In this
study, long-term survival of seeded L. monocytogenes was ob-
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served in immature composts collected from only one of four
reactors during the thermophilic phase. However, L. monocy-
togenes was never detected during incubation in mature com-
posts.

When pathogen survival in nonsterile composts processed in
the four pilot reactors was considered, no correlation between
survival and any physicochemical characteristics could be es-
tablished. Thus, the initial percentage of organic wastes did not
appear to influence survival in the composted material. Other
studies showed that the nature of the organic waste influenced
the behavior of Salmonella spp., nonpathogenic E. coli, and
pathogenic E. coli O157:H7 (10, 26, 38).

These results suggest that biowaste composts may support
long-term survival of Salmonella serovar Enteritidis when san-
itation has been unsatisfactory during the thermophilic phase
or in the case of colonization during storage of mature com-
post. Industrial biowaste composts are usually commercialized
after at least 4 to 6 months of composting, and other tests with
older industrial composts should be done to confirm the po-
tential risk. Mature biowaste composts did not allow L. mono-
cytogenes survival. Only a short survival time was observed for
E. coli. However, this study shows that management of the
maturation phase is critical for limiting hazards associated with
L. monocytogenes. Indeed, survival was observed in 4-week-old
immature composts. The decrease in E. coli and L. monocyto-
genes survival in composts sampled at 4 weeks could be ex-
plained by an increase in the antagonistic effects of the indig-
enous microflora. An increase in microbial diversity after the
cooling phase and during the maturation phase has been re-
ported (23, 32). As high microbial diversity should logically
increase antagonism, an increase in microbial diversity could
result in E. coli and L. monocytogenes inactivation during the
maturation phase.

All seeded strains survived better in mature sterile composts
(12 weeks of composting) than in nonsterile composts, as was
previously observed for survival of Salmonella spp. in com-
posted biosolids by several authors (22, 28, 35). Indigenous
microflora play a significant role in suppression of L. monocy-
togenes, Salmonella serovar Enteritidis, and E. coli regrowth in
organic waste composts. Indigenous microflora may limit
pathogen survival through limiting the bioavailability of nutri-
ents and through indigenous antimicrobial activities (27, 28).
However, survival differences between the sterile reactor B and
D composts highlight the complexity of interacting factors af-
fecting bacterial survival. Further investigations are necessary
to understand the impact of indigenous microflora dynamics.

Conclusions. Pathogens have been observed in sludge or
manure composts (12, 22, 36). The objective of this work was
to study the potential survival of the seeded pathogens L.
monocytogenes and Salmonella serovar Enteritidis and non-
pathogenic E. coli in biowaste composts. Composting was per-
formed in insulated reactors to allow increases in the temper-
ature in laboratory-scale amounts of organic wastes. The
composting process was an in-vessel composting process with
frequent turning. The changes in the physicochemical charac-
teristics confirmed that satisfactory composting occurred in the
reactors. Survival of the seeded strains was observed in exper-
imental composts, suggesting that composted sewage sludge
and manure and domestic waste composts may also contain
pathogens. For E. coli and L. monocytogenes, undesirable long-
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term survival could be prevented by proper management of the
maturing phase. No risk of survival during compost storage
should occur with L. monocytogenes. The survival time for
Salmonella serovar Enteritidis was very short in composts sam-
pled during the thermophilic phase but was longer when or-
ganisms were inoculated into mature biowaste compost. These
results emphasize the need for proper management of both the
thermophilic and maturation phases during the composting
process. Since there is a risk of contamination during storage,
the results also confirmed the need to take Salmonella spp. into
account in the required quality standards for composts. Al-
though waste composition affected pathogen growth in sterile
composts, no clear relationship between compost physico-
chemical parameters and pathogen survival was found. Never-
theless, the indigenous microflora plays a critical role in patho-
gen control. Further investigations of industrial composts
made from green waste, municipal solid waste, and industrial
waste should generate interesting data concerning the micro-
bial safety of composts. An increasing number of different
types of waste residues are being considered as feedstocks for
compost. A better understanding of pathogen survival in these
materials and the various procedures and approaches used for
the actual composting process is needed to address microbial
safety issues.
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