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ABSTRACT
Agaricus bisporus mushrooms of good quality immediately after harvest normally
develop brown blotches at retail, even while kept at refrigeration temperatures. The
brown blotch discoloration, caused due to high bacterial populations, diminishes the
quality and value of the product. Food safety is another significant issue of concern to
the mushrooms industry. In August 2003, the Georgia Dept. of Agriculture recalled a
brand of “ready-to-eat” mushrooms grown in Pennsylvania for testing positive for
Listeria monocytogenes. Prior to that incident, in 2001, a health alert was issued by the
Food Safety Authority of Ireland (FSAI) after Salmonella Kedougou was detected on
mushrooms.1,2 These recent incidents and several anecdotal reports within the mushroom
industry of the presence of Listeria sp. in mushroom casing soils have been an impetus to
develop preharvest Hazard Analysis Critical Control Points (HACCP) programs at the
mushroom farm level.
The first goal of this research was to evaluate crop irrigation with modified
acidic electrolyzed oxidizing water, < 1% hydrogen peroxide (H2O2), 0.3% calcium
chloride (CaCl2), and casing soil pasteurization as preharvest cultural practices to
reduce bacterial populations on fresh mushrooms and enhance quality. The cultural
practices were also evaluated for crop yield. Crops were grown using commercial
mushroom growing practices except for the treatments to the irrigation water or casing
layer. Mushrooms were aseptically sampled from the production beds for enumerating
microbial populations by standard microbiological plating procedures. Whiteness (Lvalue) and color (delta E) following harvest and postharvest storage were measured using
a Minolta Chromameter. Mushrooms were separated by treatment and weighed to
determine yield.
Preliminary studies indicated that 0.5% H2O2 in irrigation water reduced
symptoms of brown blotch in mushrooms during postharvest storage. Further studies
evaluated 0.75% H2O2 and/or 0.3% CaCl2 in irrigation water to reduce bacterial
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populations. Mushrooms irrigated with water (control) had ca. 7.3 log CFU of aerobic
bacterial populations per gram of fresh mushroom tissue. Compared to the control,
irrigation with 0.75% H2O2 and 0.3% CaCl2 reduced the bacterial populations on fresh
mushrooms by 87% to 6.4 log CFU/g. The irrigation treatment significantly enhanced
mushroom whiteness following harvest as well as 6-days of postharvest storage at 12ºC,
and had no significant effect on crop yields.
Unpasteurized casing soil prior to irrigation contained 5.9 log CFU/gm of aerobic
bacterial populations. Pasteurization of the casing soil resulted in a 2.9 log reduction in
aerobic bacterial population numbers (reducing the total aerobic bacterial population
from 5.9 to 3 log CFU/gm of casing soil (wet wt.). However, the aerobic bacterial
population increased by 3.9 log (from 3 log to 6.9 log CFU/gm) following irrigation and
holding for 1 week at 17ºC. The aerobic bacterial population of unpasteurized casing soil
increased by 1.4 log CFU/gm following irrigation and holding for 1 week (from 5.9 log
to 7.3 log). There was no significant difference in bacterial numbers in mushrooms
grown using either unpasteurized or pasteurized casing soil. However, mushrooms
grown on pasteurized casing soil had better postharvest quality. Crop yield decreased by
11.0% when mushrooms were grown using pasteurized casing soil. While casing soil
pasteurization demonstrated potential to enhance mushroom quality, the technology was
not optimized for commercial recommendations due to food safety factors discussed
below.
The second goal of this research was to determine the survival and/or growth
of Listeria monocytogenes and Salmonella sp. in whole and sliced mushrooms during
postharvest storage at 12ºC. The slicing operation was conducted following inoculation
of the foodborne pathogens over the mushroom cap surface. Inoculated and packaged
mushroom were stored at 12°C and 75-85% relative humidity. Mushroom packages were
removed over the shelf-life period to enumerate populations of L. monocytogenes and
Salmonella sp. Whole mushrooms did not significantly support the growth of L.
monocytogenes or Salmonella sp. However, slicing mushrooms significantly promoted
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the growth of the pathogens. Populations of L. monocytogenes in unwashed sliced
mushrooms rapidly increased from 4 log CFU/gm to 6.8 log CFU/gm during 5 days of
postharvest storage at 12ºC. Populations of Salmonella sp. in unwashed sliced
mushrooms increased from 4.47 log CFU/gm to 6.7 log CFU/gm during 5 days of
postharvest storage at 12ºC.
The third goal of this research was to understand the microbial ecology of
the casing soil, determine the survival of L. monocytogenes and Salmonella sp. in
casing soils, and study the influence of indigenous culturable casing soil microflora
on the survival of L. monocytogenes and Salmonella sp. Because mushrooms are in
close proximity to the casing soil and, in fact, often adhere to the mushroom surface at
retail display, there are new demands from buyers for growers to implement food safety
control measures for casing soils. A recommendation to implement a control measure for
casing soils has been reserved since the microbial ecology of the casing soil and its
influence on the survival of foodborne pathogens is currently not known.
Freshly prepared casing soil samples were used to isolate pure cultures of
indigenous microflora. Batches of casing soil were either untreated or autoclaved at
121ºC for 90 min to destroy populations of indigenous casing microflora. The casing
soils were inoculated with L. monocytogenes and/or Salmonella sp., maintained under
simulated mushroom-growing conditions (80% moisture, 22°C), and periodically
sampled for enumerating populations of the foodborne pathogens. To determine the
influence of soil biotic factors on food safety, pure cultures of indigenous microflora
were re-introduced into sterile casing soil, allowed to establish, and challenged with the
foodborne pathogens. Indigenous culturable casing soil microflora comprised
predominantly of the Pseudomonas and Pantoea bacterial genera, the Streptomyces
genera from the actinomycetes, the Penicillium fungal genera, and a high population of
native yeast. Inoculated population levels of L. monocytogenes and Salmonella sp.
remained largely unchanged in autoclaved casing soil over a period of even upto 8 weeks.
However, the foodborne pathogens were rapidly destroyed in untreated casing soil. A 4
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log reduction in populations of L. monocytogenes occurred within 10 days of introduction
into the casing soil. The presence of Penicillium sp. and Streptomyces sp. in sterile
casing soil inhibited the growth of L. monocytogenes and Salmonella sp. Penicillium
chrysogenum, indigenous to casing soil, produced the β-lactam class of antibiotic
molecule in a casing soil broth system. The studies demonstrate that unpasteurized
casing soils do not support the survival or growth of L. monocytogenes or Salmonella sp.
The extended survival of the foodborne pathogens in casing soil with no background
microflora emphasizes the importance of a viable and robust casing soil microflora.
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1. PROBLEM STATEMENT AND OBJECTIVES
Visual quality is the single most important factor affecting retail fresh mushroom
sales. Consumers prefer purchasing Agaricus (button) mushrooms that are bright white,
free of casing material or other unwanted particulate contaminants clinging to the
mushroom surface, and free of brown blotches caused by bacterial spoilage.
Nevertheless, Agaricus mushrooms of good quality and color immediately after harvest,
normally develop brown blotches at retail or in consumer homes, even while kept at
refrigeration temperatures. Symptoms of brown blotch spoilage are sunken, dark, and
brown spots on the mushroom fruit body surface.3 The brown blotch discoloration of
Agaricus mushrooms is perceived as a symptom of decreased freshness or
microbiological deterioration.
Prior research in preharvest cultural methods or postharvest handling practices has
demonstrated that reducing bacterial populations on fresh Agaricus mushrooms enhances
the postharvest quality of the mushrooms. With the current emphasis on Good
Agricultural Practices (GAPs) and implementing Hazard Analysis Critical Control Points
(HACCP) at the farm level, effective preharvest cultural practices are required that can
significantly reduce bacterial populations on fresh mushrooms and enhance the quality
and safety of the product. A benefit of developing intervention practices to reduce
bacterial populations on fresh mushrooms may also lie in improved microbial food
safety, improved point-of-sale appearance, and extended shelf-life. For easy adaptation
by growers, developed intervention practices need to be realistic, economical to use, and
should not negatively affect crop yields. Hence, the first set of objectives for this
research is to:
1. Evaluate the addition of acidic electrolyzed oxidizing water, hydrogen peroxide,
and/or calcium chloride as strategies to reduce total bacterial populations and to
enhance quality of fresh mushrooms.
2. Evaluate casing pasteurization as a means to reduce total bacterial populations of
fresh mushrooms, and assess its effects on crop yield, and point-of-sale
appearance/shelf life of fresh mushrooms.
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Recently in Ireland, a health alert was issued by government authorities after
Salmonella Kedougou was detected on mushrooms.1,2 The foodborne pathogen was
found in the mushroom compost, the casing layer, and in several mushroom samples.
Another incident occurred in August of 2003, when the Georgia Department of
Agriculture recalled a brand of “ready-to-eat” mushrooms produced in Pennsylvania
which tested positive for Listeria monocytogenes.4
Numerous attempts to reduce bacterial human pathogens by postharvest washing
of fruits and vegetables have only been moderately successful. A proactive approach to
improve the safety of fresh mushrooms would be to understand the ecology of foodborne
pathogens in mushrooms and in raw materials used to grow mushrooms, and then
develop intervention strategies based on the ecology studies. Hence, the second set of
objectives of this research is to:
3. Determine the potential for growth of L. monocytogenes inoculated on fresh
mushrooms during postharvest storage at 12ºC.
4. Evaluate the potential for growth of L. monocytogenes and Salmonella sp.
inoculated on fresh sliced mushrooms (unwashed or washed) during postharvest
storage at 12ºC.
Two major raw materials used to grow mushrooms are the composted substrate
and casing. The commercial preparation of substrate for mushroom growing involves a
pasteurization protocol. This protocol is designed to eliminate mushroom pathogens,
weeds, and insect pests.5 A successful pasteurization requires that the air and substrate
temperature reach 60oC (140oF) for at least 2 hours.6 Studies at Penn State demonstrated
that complete inactivation of human bacterial pathogens in mushroom substrate can be
achieved during a Phase II protocol where pasteurization temperatures reach 60ºC for at
least 2h.5 Hence the mushroom substrate is not a food safety concern.
The casing layer comprises of peat soil amended with calcium carbonate (to
neutralize pH). It is added as a 1 to 1.5-inch layer on top of mushroom mycelia-
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colonized substrate to retain irrigation water and to promote fruiting body formation.
Normally this casing layer receives no post-preparation pasteurization treatment. Several
recent incidents suggest that the casing layer may be a source of foodborne pathogens and
thus warrants study.
In the mushroom health alert incident in Ireland,1,2 the source of Salmonella
Kedougou contamination was found to be the casing soil. The finding by the Georgia
Department of Agriculture of L. monotcytogenes on retail mushrooms and several
anecdotal reports within the mushroom industry of the presence of Listeria sp. in casing
soil also raises concerns that foodborne pathogens may be naturally present in the casing
soil, or can be introduced by cross contamination.
Because mushrooms are in close proximity to the casing soil and, in fact, often
adhere to the mushroom surface at retail display, there are new demands from buyers for
growers to implement food safety control measures for casing soils. A recommendation
to implement a food safety control measure for casing soils should be reserved since the
microbial ecology of the casing soil and its influence on the survival of foodborne
pathogens is currently not known. Hence the last set of objectives of the present research
is to:
5. Understand the microbial ecology of the casing soil
6. Determine the survival of L. monocytogenes and Salmonella sp. in casing soils
maintained under mushroom growing room conditions, and to
7. Determine the role of indigenous culturable casing soil microflora in inhibiting
populations of L. monocytogenes and Salmonella sp. in casing soils.
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2. LITERATURE REVIEW

2.1. Fresh Mushrooms

2.1.1. Introduction
Based on phylum classification, fungi are classified as Ascomycota,
Basidiomycota, Chytridiomycota, Deuteromycota, and Zygomycota.7 While edible fungi
such as truffles and morels belong to the phylum Ascomycota, most commercially
cultivated edible fungal species including Agaricus, Lentinula, and Pleurotus belong to
the phylum Basidiomycota.
Mushrooms, the common name for a large group of edible fungi, are a common
and popular food product. The reproductive portion or the fruiting body of the
mushroom usually lies above the growing substrate. It is the portion that is commonly
used for consumption. Because of their unique earthy aroma and taste, many wild
mushroom species have been traditionally consumed. However only a few mushroom
species have been extensively cultivated on a commercial basis.8
Agaricus bisporus (J. Lge) Imbach (button mushroom) is the most widely
cultivated species of edible mushroom, representing approximately 32% of world
production in 1997.9 China, USA, and the Netherlands are the top three producers of A.
bisporus in the world.10 Lentinula edodes (Berk.) (shiitake) and Pleurotus ostreatus
(Jacq.:Fr) Kumm. (oyster mushroom), the second and third most cultivated edible
mushrooms, account for approximately 25 and 14% of world production, respectively.9,10
Mushroom farming is a large and economically important part of US agriculture. In
2004-05, 118 growers in the US produced 838 million pounds of the Agaricus mushroom
with a sale value of over $862,303,000.11 Within the last 10 years, Agaricus mushroom
production has increased by 12.2 %. In 2004-2005, U.S. fresh market production was 83
percent of total sales volume with processed mushrooms making up the remaining 17
percent, compared to 1991-1992 figures where only 69 percent were grown for fresh
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market consumption and 31 percent of the mushrooms were processed. This change
reflects the increasing consumer preference towards fresh fruits and vegetables. White
and off-white A. bisporus mushrooms still have by far the largest market share, in
particular in the western hemisphere, accounting for about 80%.12

2.1.2. Commercial Growing Practices
The Agaricus mushroom growing process is unique in that it requires decomposed
organic matter as both a substrate for growing and as a source of essential nutrients. A
typical growth substrate contains straw-bedded horse or chicken manure, hay, corn cob,
brewer’s grain, cotton seed, cocoa seed hull, and water. The substrate mixture is
aerobically fermented under semi-controlled conditions,13,14 a process known as Phase I
composting. Ingredients are mixed and placed in aerated bunkers or formed into long
rows that are periodically turned, watered, and reformed. Rapid microbial growth over a
15-25 day period causes the substrate (compost) temperatures to reach as high as 80oC
(175oF). During the Phase I process substrate nutrients are converted into forms
efficiently assimilated by the mushrooms.
Phase II composting begins when the finished substrate is transferred in bulk into
controlled atmosphere tunnels, or in trays into controlled atmosphere rooms where further
microbial activity and nutrient conversion occur. Phase II includes a controlled
pasteurization step designed to eliminate mushroom and human pathogens,5 weeds, and
insect pests. A successful crop requires that the substrate temperature reach 60oC (140oF)
for at least 2 hours.6
Agaricus mycelial starter cultures grown on cereal grains, commonly known as
mushroom spawn, is then mixed into the substrate and allowed to grow throughout the
substrate for 14 days. Following complete colonization of the substrate by Agaricus
mycelia, a 1 to 1.5-inch casing layer (consisting of peat soil amended with calcium
carbonate and water) is applied on top of the colonized substrate bed. The casing soil
enhances retention of irrigation water on the growing beds, and promotes mushroom fruit
body formation.
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Mycelial growth occurs throughout the substrate and into the casing layer. After
14-21 days, mushroom primordia are formed at the fruiting stage known as pinning. The
primordia develop into mature fruiting bodies over a one-week period. During the
development process, the growing beds are irrigated to maintain substrate moisture,
prevent disease, and maintain post-harvest mushroom quality.8,15,16 At maturity, the
mushrooms are harvested, stipe-trimmed, packaged, and moved into cold storage.

2.1.3. General Composition
Edible mushrooms especially A. bisporus (button) tend to be high in moisture.
Mattila et al. (2002)17 reported that the percent solids content of A. bisporus grown in
Finland was 7.7 percent. These values for A. bisporus mushrooms are similar to those
normally experienced in North America, but moisture can be as high as 95 percent when
mushrooms are excessively irrigated.18
Mushrooms contain large amounts of carbohydrates including polysaccharides
such as glucans and glycogen, monosaccharides and disaccharides (such as trehalose),
sugar alcohols (such as mannitol) and chitin. Mattila et al. (2002)17 reported that A.
bisporus contained 4.5 percent (fresh weight) total carbohydrates. Most of the
polysaccharides are structural components of the cell walls -chitin and glucans -and are
indigestible by humans and can be considered as dietary fiber. The Agaricus bisporus
mushroom species is also known to contain significant amounts (20-30%, dry weight) of
the sugar alcohol mannitol, and 1 to 3% of the disaccharide trehalose.19
While mushrooms contain only low levels of crude fat (0.31–0.35%, fresh
weight),20,21 they contain a significant amount of protein, vitamins and minerals. Mattila
et al. (2002) 17 found that A. bisporus mushrooms contained about 2.0 % net protein
(fresh weight). These mushrooms are also known to be high in the B-complex vitamins:
niacin, folate, pantothenic acid and riboflavin.22 It was found that A. bisporus
mushrooms contained almost 0.4% percent riboflavin (fresh wt.).17 With respect to
minerals and trace elements, A. bisporus mushrooms contain relatively high
concentrations of potassium (0.36% fresh weight),17 copper (0.22 %, fresh weight),23 and
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selenium (3.2 and 1.4 mg/kg, dry weight for brown and white Agaricus strains,
respectively).17
From the standpoint of nutrients, fresh mushrooms are capable of supporting
growth of spoilage microorganisms. Agaricus mushrooms have a neutral pH value, and
fall in the category of foods with a water activity of 0.98 or higher. These factors favor
the growth of spoilage microorganisms, predominantly belonging to the Pseudomonas
and Pantoea genus, leading to the microbial induced quality degradation and spoilage of
fresh mushrooms.

2.2. Microbiology of Fresh Mushrooms
Doores et al (1986) 24 demonstrated that normal healthy mushrooms have high
bacterial populations. Total bacterial numbers ranged from 6.3 to 7.2 log CFU/g of fresh
mushroom tissue. The majority (54.0%) of bacteria isolated from the mushrooms were
identified as fluorescent pseudomonads with flavobacteria comprising the second largest
group (10.0%). Recent experiments in our laboratory have confirmed this pattern, but we
have also been able to isolate the Chryseobacterium genus (5.5 log CFU per gram) and
the Coryneform bacterial genus (5.6 log CFU per gram) from freshly harvested
mushrooms. Halami et al. (1999) 25 isolated lactic acid bacteria belonging to the
Lactobacillus sp. and Pediococcus sp from fresh mushrooms by incubating Agaricus
mushrooms in deMan Rogosa and Sharpe (MRS) broth for enrichment of resident lactic
acid bacteria. However, the bacterial counts were not enumerated in their study.
Mushrooms also contain significant levels of yeasts and molds. Studies in our
laboratory have shown that freshly harvested mushrooms harbor approximately 3 log
CFU of molds and 6 log CFU of native yeast per gram of fresh tissue.

2.3. Spoilage of Fresh Mushrooms
Quality is the single most important factor affecting retail mushroom sales.
Whiteness, cleanliness, and brown blotches on fresh mushrooms are the principal factors
determining mushroom quality. Consumers prefer to purchase mushrooms that are bright
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white, free of casing material or other unwanted particulate contaminants clinging to the
mushroom surface, and free of brown blotches. The brown blotch discoloration of
mushrooms is perceived as a symptom of decreased freshness or microbiological
deterioration (spoilage).
Enzymatic browning catalyzed by the enzyme tyrosinase (polyphenol oxidase) 26
is an important factor involved in quality deterioration of fresh mushrooms. The
browning reactions are initiated by tissue breakdown due to senescence, mechanical
damage or bacterial activity.27 It has been suggested that the role of tyrosinase in
mushrooms is to function as a stress metabolite.28 Tyrosinase naturally occurs at high
levels in the mushroom surface tissue, and is normally found in a latent form.12 When
activated during senescence 26 the enzyme oxidizes mushroom phenolic compounds into
brown melanins 29-31 resulting in brown discoloration. In fresh mushrooms, tyrosinase
and its substrates have been hypothesized to be located in separate subcellular
compartments.26 When mushrooms are mishandled or bruised the cellular membrane is
damaged, and rapid browning of the mushroom cap is observed. It has been
hypothesized that the loss of membrane integrity provides greater access of tyrosinase to
its substrates, resulting in formation of brown compounds 26,32 and associated brown
discoloration of fresh mushrooms.
The presence of high bacterial populations in fresh mushrooms is a major factor
that significantly diminishes quality by causing a brown, blotchy appearance 27 (Figure
2.1). The rate of postharvest deterioration of fresh mushrooms has been directly related
to the initial microbial load.27 Doores et al (1986) 24 found that bacterial populations
during postharvest storage at 13ºC increased from an initial load of 7 log CFU/g to almost
11 log CFU/g over a 10 day storage period. The authors also reported that deterioration
of mushroom quality as indicated by maturity and color measurement appeared to be
concomitant with increase in bacterial numbers. Pseudomonas spp. and Flavobacterium
spp. were the two main groups that predominated during Agaricus mushroom postharvest
storage. Similarly we have observed that bacterial populations tend to increase from 7.3
log CFU/g to 8.4 log CFU/g during a 6 day storage at 4ºC. Populations of yeast
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increased from 6.9 log CFU/g to 8.0 log CFU/g during the storage period. Populations of
molds remained constant (3 log CFU/gm) during the storage period.33,34
A majority of mushrooms of good quality and color, harvested, and washed or
marketed dry develop blotches at retail or in consumer homes, even while kept at
refrigeration temperatures. Symptoms of brown blotch disease are sunken, dark, and
brown spots 3 on the mushroom fruit body surface. Psuedomonas is the major spoilage
genus associated with blotch formation of fresh mushrooms.35-37 Paine (1919) 38
attributed Pseudomonas tolaasi as the causative organism of the classical bacterial blotch
disease of cultivated mushrooms. Application of P. tolaasii cells as low as 20 CFU/cm2
of growing beds resulted in blotch formation in mushrooms.39 Symptoms of mushroom
blotch became visible when 5.4×106 CFU/cm2 were detectable in the mushrooms.39
When P. tolaasii was placed directly onto caps, 6×107 CFU/cm2 were necessary to
produce a blotch lesion (although only 3.5× 106 CFU could be recovered). The
researchers of the study, Wong and Preece (1982) 39 concluded that the number of cells of
P. tolaasii present in the early primordial stages of mushroom growth controls the extent
of blotch disease seen at harvesting. It has also been shown that tyrosinase is activated
during infection by the bacterium Pseudomonas tolaasii or exposure to its toxin, tolaasin,
causing brown blotch disease symptoms of fresh mushrooms.40 Wells et al (1986),41 by
isolating and reinoculating the bacteria on freshly harvested healthy mushrooms,
confirmed that postharvest blotch formation and associated discoloration was caused by
three phenotypic groups (pathotypes) of fluorescent pseudomonads. Severe infections
with darkened or yellowed lesions were caused by strains of pathotypes A or B
respectively. Mild infections with superficial discoloration were caused by the pathotype
C. Based on cellular fatty acid analysis, the authors concluded that each pathotype
corresponded to one or several mushroom-related pseudomonads reported in the literature
as follows: pathotype A = Pseudomonas tolaasii, pathotype B = Pseudomonas ‘gingeri’,
and pathotype C = Pseudomonas ‘reactans’. Isolates from mushroom casing material
yielded all three pathotypes.
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Fluorescent pseudomonads also produce exopolysaccharides associated with the
sliminess accompanying spoilage of mushrooms. Fett et al (1995) 42 isolated, partially
purified, and characterized acidic exopolysaccharides (EPS) from 63 strains of mushroom
associated fluorescent pseudomonads. The strains were originally isolated from
discolored lesions on mushroom caps, or from commercial lots of mushroom casing soil.
An acidic galacto-glucan named marginalan was produced by mucoid strains of the
saprophyte Pseudomonas putida and the majority of mucoid strains of saprophytic P.
fluorescens isolated from casing medium. Other strains produced EPSs that included
alginate, and unique EPSs containing neutral and amino sugars and glucuronic acid.
There has been a long and complex association between the fungal genus
Trichoderma and mushroom cultivation since Beach (1937)43 first reported disease
symptoms on caps of Agaricus mushrooms. In a study by Sharma et al. (1999)44
colonization assessments confirmed that Trichoderma harzianum biotypes Th1, Th2a,
Th2b and Th3 inoculated into the mushroom substrate became established in the
mushroom substrate. The extension rate of two Th2 isolates in the substrate was over
1000 times that of Th1 and Th3. Results confirmed that while Th1 and Th3 did not
significantly affect yield, Th2 could reduce mushroom quality and productivity by as
much as 80%. In vitro studies by Mumpuni et al (1998)45 suggested that the growth of T.
harzianum biotypes could be related to the release of metabolites by A. bisporus into the
compost substrate. Dilute aqueous solutions of n-butanol extracts of A. bisporus culture
filtrates and fruit bodies inhibited Th1 and Th3 but stimulated Th2 isolates, suggesting
that the active compound(s) may be constitutive components of the Agaricus species.
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A

B

C

Figure 2.1: Scanning electron micrographs of mushroom cap surfaces (A) healthy tissue
(X 3000) and blotched tissue showing invading bacteria (B) (X 3000) and (C) (X 10,000),
Adapted from Mau, Miklus, and Beelman (1993).8

2.3.1. Sources of Microorganisms Causing Spoilage
It has been demonstrated that the casing microflora have a vital role in the
sporophore (fruit body) formation of mushrooms from the mycelia stage.46-48 The
requirement for biotic agents in the initiation of fruit body formation 48 excludes the
possibility of mushroom cultivation on a commercial scale under axenic conditions. This

12

factor, combined with the intensity of production within a confined area, results in the
introduction of microorganisms in fresh mushrooms that contribute to spoilage during
postharvest storage.
The casing layer on which the mushroom fruiting bodies develop is a significant
reservoir for the microflora of fresh mushrooms.24 Doores et al (1986)24 found that
aerobic bacterial populations from casing material ranged between 8.2 and 8.5 log
CFU/g. In a study conducted by Wong and Preece (1980),49 the primary sources of
Pseudomonas tolaasi on a mushroom farm were the peat and limestone used in the casing
process. This mushroom pathogen could not be detected in the farm soil, water supply,
the mushroom spawn used, or in compost after spawning, but was isolated from the
casing (peat/limestone mixture) layer of symptom-free mushroom beds and both the
casing layer and compost of beds bearing blotched mushrooms. Secondary sources were
numerous once the pathogen was present in mushroom beds. These included
symptomless and blotched mushrooms, the fingers and shoes of people handling the crop,
their baskets, knives, and ladders. P. tolaasii was also isolated from dust in the air of
infected houses. While spores of infected mushrooms may transport the bacterium,
sciarid flies can act as vectors contributing to bacterial transfer.

2.3.2. Cultural (Growing) Practices Favoring Spoilage
The extent of irrigation significantly affects the bacterial populations and the
quality of the mushroom crop. Wong and Preece (1982) 39 concluded that very frequent
irrigation, resulting in over-watering, increased blotch symptoms on mushrooms during
growing.

2.3.3. Cultural Practices to Suppress Spoilage of Fresh Mushrooms
Significant efforts have been directed to improve mushroom quality by adding
calcium salts or antimicrobial treatments to irrigation water during cultivation. Barden et
al (1990)50 demonstrated that the postharvest shelf life of fresh mushrooms increased by
2 days when mushrooms were irrigated with 0.5% calcium chloride. The increase in
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shelf life was mainly due to a decreased rate of postharvest bacterial growth and a
concomitant reduction of surface browning. Solomon et al (1991)51 demonstrated a
significant improvement in quality and shelf life when mushroom crops were irrigated
with tap water containing 50 ppm stabilized chlorine dioxide and 0.25% calcium
chloride. Initial and postharvest bacterial counts and degree of browning were lower in
these mushrooms as compared to mushrooms irrigated with water without chlorine
dioxide or calcium chloride. Irrigation treatments involving the addition of calcium salts
to irrigation water to reduce bacterial populations and improve initial and postharvest
mushroom quality have been extensively studied, 15,28,51,52 and are now a common
commercial growing practice.
Kukura et al (1998)16conducted a study to examine the influence of 0.3 % CaCl2
added to irrigation water on mushroom tyrosinase activity and postharvest browning.
With the addition of CaCl2 to the irrigation water, the calcium content of mushrooms
significantly increased, accompanied by reduced postharvest browning. Irrigation with
CaCl2 had no effect on inherent tyrosinase activity. The CaCl2 irrigation treatment had
even more pronounced improvement on mushroom shelf life following a standard
bruising treatment, as indicated by reduced browning. Based on transmission electron
micrographs, the authors speculated that increased levels of calcium in mushrooms
irrigated with CaCl2 may have decreased browning by increasing vacuolar membrane
integrity, thereby reducing the opportunity for tyrosinase to react with its phenolic
substrates.
Research has been conducted to investigate the effect of natural antimicrobial
secondary metabolites added into the irrigation water. In a study by Geels (1995)53 in the
Netherlands, a 1% aqueous solution of kasugamycin, an antibiotic produced by
Streptomyces kasugaensis, was evaluated for reducing bacterial blotch after artificial
infection of the mushroom crop with P. tolaasii. An artificial infection was established in
the first flush (harvest) by inoculating the button-sized mushrooms with a suspension of
P. tolaasii. A 1% aqueous solution of kasugamycin supplied through irrigation water on
the second flush mushrooms drastically reduced bacterial blotch symptoms on these
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mushrooms at picking stage. Disease incidence in the second flush in the control
treatment (inoculated with P. tolaasii) was composed of 18% lightly, 29% moderately
and 10% heavily affected mushrooms, which totaled to 57% affected. The 1%
kasugamycin treatment significantly reduced total disease incidence to only 9% (lightly)
affected. In the same study, a sodium hypochlorite based irrigation treatment showed no
beneficial results.
Studies with canned products processed from mushrooms grown under
experimental cultural conditions indicated that canned product spoilage was reduced
significantly by employing peat versus soils as the casing material.54 While this study
has no implication on the spoilage of fresh mushrooms, it does indicate that casing type
may have an effect on the microbiology and microbial spoilage of fresh mushrooms.
Aerated steam treatment is sometimes employed to thermally treat (pasteurize) the
casing layer. Though steam treat treatment of casing material is not a common cultural
practice, some commercial growers employ pasteurization (60ºC, 140ºF) of the casing
layer to control diseases associated with some materials they employ. However, most
growers do not heat-treat their casing material because of the additional cost involved and
anecdotal evidence that crop yield will be reduced.
It has been speculated that reducing the microbial load in the casing layer may
result in reduced bacterial populations associated with the mushrooms and improve
postharvest quality.27 Hence, an aspect of the present research is to evaluate casing
pasteurization on reduction in bacterial populations in fresh mushrooms and its effect on
crop yield, and quality.
Biocontrol has been evaluated as an alternative cultural practice to reduce
bacterial populations and subsequently enhance quality and postharvest shelf life. Nair
and Fahy (1972) 55 reported the isolation of three bacteria antagonistic to P. tolaasii from
soil and peat. These were a non-fluorescent Pseudomonas species from soil, and strains
of P. fluorescens and Enterobacter aerogenes from peat. When the antagonists and the
pathogen (Pseudomonas tolaasii) were added in the ratio of 7.9: 6 log CFU/ml to
unsterilized peat and applied to mushroom trays, infection of mushroom sporophores by
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the pathogen was effectively controlled. In vitro studies failed to show lysis or growth
inhibition of P. tolaasii by the antagonists. While biocontrol based products have been
introduced into the market in the recent past for controlling bacterial brown blotch of
mushrooms, they have not been a significant commercial success.

2.3.4. Postharvest Conditions Favoring Spoilage of Fresh Mushrooms
Postharvest storage conditions significantly contribute to mushroom quality and
shelf life. Pai (2000)56 evaluated the effect of storage temperature (5, 10 and 15°C), and
relative humidity (RH) (91, 94, 97 and 99%) on weight loss, whiteness change, and
microbial activity of A. bisporus mushrooms. Weight loss of tested samples was
correlated highly with storage time at each relative humidity level. Increasing storage
temperature and decreasing relative humidity significantly enhanced (p < 0.05) the rate of
weight loss. Mushroom whiteness values were not affected by changes in relative
humidity. Microbial growth increased with increasing storage temperatures. It was
concluded that the use of clean mushrooms with low initial microbial counts, an
environment of high RH, and minimal condensation in packages are important factors for
maximizing the shelf life of mushrooms under refrigerated storage.
Temperature abuse during storage is an important factor contributing to the
spoilage of fresh mushrooms. Tano et al (1999) 57 evaluated the effects of temperature
fluctuation on the atmosphere inside modified atmosphere containers and their impact on
the quality of fresh mushrooms within the containers. Mushrooms were packaged in 4liter modified atmosphere (MA) containers, and an atmosphere of 5% O2 and 10% CO2
was maintained at 4ºC. Temperature was fluctuated from 4 to 20ºC during a 12-d storage
period in cycles of 2 days at 4ºC followed by 2 days at 20ºC. The severity of bacterial
blotch on mushrooms was assessed using a rating of 1 to 4, with 1=no bacterial blotch
and 4=above 25% of the mushrooms cap area with symptoms of blotch disease.
Temperature increase during fluctuations caused anoxic atmospheres both in O2 (1.5%)
and CO2 (10 to 22%). The quality of mushrooms stored under temperature fluctuating
regime was severely affected as indicated by extensive browning, loss of firmness, and a
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high level of ethanol in the tissue compared to mushrooms stored at constant temperature.
For the control group, the bacterial blotch index was negligible over a 6-d storage period,
whereas with mushrooms stored under temperature abuse conditions, the index increased
rapidly from 2.6 to 3.6 after 4 days. This study clearly demonstrated that temperature
abuse and temperature fluctuation seriously compromise the benefits of MA packaging of
fresh mushrooms.
Condensation of water in packages can severely affect the quality of fresh
packaged mushrooms. Apart from making the appearance of the mushroom packs
unattractive, condensation is not desirable since a water layer on mushroom caps supports
the growth of Pseudomonas tolaasii.58 Gormley and MacCanna (1967) 59studied the
effect of over-wrapping mushrooms with different types of perforated and non-perforated
films on changes in mushroom quality during storage. They found that water
condensation occurred on the underside of the non-perforated film. At the same time
excessive water loss through the perforated films caused wrinkling and brown patches on
the mushroom caps.59 Hence it is important to select packaging material taking into
consideration the high respiration rate of mushrooms and the potential fluctuating storage
temperatures during warehouse storage and retail display.

2.3.5. Postharvest Practices to Suppress Spoilage of Fresh Mushrooms
Various postharvest treatments have been investigated in order to impede
browning and reduce rate of spoilage of fresh mushrooms. While proper cold storage is a
primary requirement during postharvest storage, new or novel packaging techniques,
washing treatments, and irradiation of mushrooms can further contribute to spoilage
suppression.8

2.3.5.1. Packaging
Overwrapping mushrooms with plastic film improves their quality as observed by
rate of cap opening, color, and weight loss.59-61 Since mushrooms respire heavily (500
mg CO2/kg fresh wt/hr at ambient temperature),62 it is important to ensure proper
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ventilation of the packages to maintain a high O2 environment within the packages.
Freshly harvested mushrooms were found to induce a near anaerobic environment (<2%
O2) in unventilated, PVC-over wrapped packages within 2 to 6 h when incubated at 20 to
30ºC.63 To prevent in-package atmospheres from turning anaerobic which can increase
risk of Clostridium botulinum growth, conventional mushroom packages are perforated at
the top with two mm holes in accordance with a FDA recommendation.64
New technologies such as modified atmosphere packaging have been developed
in order to delay quality loss and to extend storage life of mushrooms. 62,65,66 The
modified atmosphere packaging (MAP) method changes the mixture of gases
surrounding a respiring product to a composition other than that of air. The gas
composition of a storage atmosphere may reduce both microbial and physiological
spoilage of fresh mushrooms.67 Lopez-Briones et al (1992) 68 demonstrated that while up
to 2.5% CO2 seems to benefit mushroom whiteness, CO2 concentrations higher than 5%
enhanced mushroom discoloration during storage. The authors suggested that a desirable
modified atmosphere for mushrooms storage should contain 2.5-5.0% CO2 and 5-10%
O2.
Water persisting on mushroom caps after irrigation supports the growth of
Pseudomonas tolaasii 58 and subsequent appearance of blotch. Roy et al (1995, 1996)
69,70

evaluated sorbitol as a moisture absorber in mushroom packages at 12ºC. Surface

moisture content of mushrooms decreased in the presence of a sorbitol pouch.
Mushrooms packaged with 10g sorbitol pouches had constant surface moisture content
and those packaged with 15g sorbitol pouches had the best overall color. Lowering the
in-package relative humidity did not affect the maturation rate of mushrooms but reduced
bacterial growth, suggesting that improvement in color was probably due to reduced
bacterial activity.
Martin and Beelman 63evaluated the potential of Staphylococcus aureus to grow
and produce staphylococcal enterotoxin in ventilated and unventilated fresh mushroom
packages when stored at 25 to 35ºC. Mushrooms were inoculated with an
enterotoxigenic strain of S. aureus and incubated in overwrapped trays at different
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temperatures. S. aureus grew and produced staphylococcal enterotoxin (SE) in
unventilated PVC-overwrapped mushroom packages when inoculated at levels of 3, 4,
and 5 log CFU/g of mushroom after 4 days of incubation at 30ºC. Growth of S. aureus
was observed at all levels of inoculation at 25ºC, but no SE was detected after 7 days of
incubation. When mushroom packages were ventilated, S. aureus growth was suppressed
and no SE was detected after 7 days at 25ºC and 4 days at 30ºC. However, S. aureus
growth in ventilated packs exceeded growth in unventilated packages when the
incubation temperature was increased to 35ºC; SE was detected within 18h of incubation
at this temperature, even in mushrooms inoculated at a low level (2 log CFU/g). These
results show the extreme importance of proper sanitation and worker hygiene during
mushroom harvesting and packaging, ventilation of fresh mushroom packages, and use of
proper storage temperatures for fresh mushrooms at all points of the food chain since SE
is extremely thermotolerant and can even survive the rigorous thermal process used in
canning mushrooms.71

2.3.5.2. Washing
Washing mushrooms has recently gained commercial popularity as a means of
removing casing soil particles and for the application of browning and microbial
inhibitors. Prior to 1986, aqueous solutions of sulfite, particularly sodium metabisulfite,
were used to wash mushrooms for the purpose of removing unwanted particulate matter
and to enhance mushroom whiteness. While sulfite treatment yielded mushrooms of
excellent initial whiteness and overall quality, it did not inhibit the growth of spoilage
bacteria. Therefore, the quality improvement brought about by sulfite use was transitory.
After 3 days of refrigerated storage, bacterial decay of sulfited mushrooms becomes
evident. In 1986, the U.S. FDA banned the application of sulfite compounds to fresh
mushrooms due to severe allergic reactions to sulfites among certain asthmatics.
Following the ban on sulfite compounds for washing fresh mushrooms, there have been
several efforts to develop wash solutions for use as a suitable replacement for sulfites.
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McConnell (1991)72conducted a review of potential wash additives for
mushrooms including sodium hypochlorite, hydrogen peroxide, potassium sorbate, and
sodium salts of benzoate, EDTA, and phosphoric acids. The researcher concluded that
effective antioxidants, in addition to antimicrobial compounds, were required to enhance
shelf-life of fresh mushrooms by washing. A fresh mushroom wash solution containing
10,000 parts per million (ppm) hydrogen peroxide and 1000 ppm calcium disodium
EDTA was developed. Hydrogen peroxide present in the wash solution acts as a
bactericide. Copper is a functional cofactor of the mushroom browning enzyme,
tyrosinase. EDTA in the wash solution binds copper more readily than tyrosinase,
thereby sequestering copper and reducing tyrosinase activity and associated enzymatic
browning of mushroom tissue.
Beelman and Duncan (1999)73 developed a mushroom wash process (U.S. Patent
5,919, 507). The method employed a first stage high pH (pH of 9.0 or above)
antibacterial wash followed by a neutralizing wash containing browning inhibitors. The
neutralizing wash contained a buffered solution of erythorbic acid and sodium
erythorbate. Other browning inhibitors such as ascorbates, EDTA, or calcium chloride
were identified as suitable ingredients for addition to the neutralizing solution. The
process also helped remove debris and delayed microbial spoilage of fresh mushrooms.
Sapers et al (2001)74 developed a two-stage mushroom wash process employing
10,000 ppm (1%) hydrogen peroxide in the first stage aqueous solution, and 2.25% to
4.5% sodium erythorbate, 0.2% cysteine-HCl, and 500 ppm to 1000 ppm EDTA in
aqueous solution in the second stage. The two stage washing typically yielded
mushrooms nearly as white as sulfited mushrooms initially, and whiteness surpassed that
of sulfited mushrooms after 1-2 days of storage at 12°C.75,76 The treatment was effective
in reducing bacterial populations in wash water and on mushroom surfaces77 and had
minimal effects on mushroom structure and composition.78 The process was further
modified and optimized 74 to include a pre-wash step using 0.5% (5000 ppm) to 1%
(10,000 ppm) hydrogen peroxide. Mushrooms washed by this process were free of
adhering soil, less subject to brown blotch than conventionally washed mushrooms, and
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at least as resistant to enzymatic browning as unwashed mushrooms during storage at
4ºC. However, storage at 10ºC accelerated development of brown blotch and browning.

2.3.5.3. Irradiation
In 1986, the U.S. FDA approved gamma irradiation doses up to 1 KGy on fruits
and vegetables for the purpose of insect and/or growth and maturation control. Low-dose
gamma-irradiation has been reported to be a very effective method of controlling
deterioration and improving quality and shelf life of fresh mushrooms.79-81 Radiation,
usually from a cobalt-60 source, is most effective when applied to the mushrooms shortly
after harvest. Mushrooms exposed to 1 KGy, a U.S.FDA approved dose, greatly reduced
bacterial counts and slowed the rate of senescence.80 A dose of 0.25 KGy was ineffective
in controlling senescence, while 2 KGy showed no significant improvement over 1 KGy
in terms of postharvest quality.80 Cap opening, stipe elongation, surface darkening, and
tissue softening were either delayed or prevented by the application of irradiation.80
Sensory data comparing irradiated mushrooms with unirradiated controls showed that the
former had equal or superior flavor and texture scores for both raw and cooked samples.80
In another study, Ajlouni et al (1993)19 concluded that low-dose gamma irradiation (1
KGy) was an effective method for improving quality and extending the shelf life of
mushrooms under commercial retail conditions, but it would need to be coupled with
refrigerated storage to be most effective. Commercial application of irradiation for
enhancing the quality of mushrooms has not yet been used in the U.S. However,
cultivated mushrooms appear to be a good candidate for irradiation because of their high
market value and short shelf life.
Recently, electron-beam irradiation was evaluated for its application to fresh
sliced mushrooms. The effects of electron-beam irradiation on microbial counts, color,
texture, and enzyme activity of mushroom slices were evaluated at dose levels of 0.5, 1,
3.1, and 5.2 KGy. Irradiation levels above 0.5 KGy reduced total plate counts, yeast and
mold, and psychrotrophic bacteria counts to below detectable levels and prevented
microbial-induced browning. Firmness of all samples was similar during storage except
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for the 5.2 KGy sample. Color was not affected by the irradiation treatments. Electronbeam irradiation at the levels tested did not affect the polyphenol oxidase activity.
Irradiation at 1 kGy was most effective in extending shelf life of mushroom slices.82

2.3.5.4. Pulsed UV Light Treatment
UV-light is a portion of electromagnetic spectrum ranging from 100 to 400 nm
wavelengths. UV-light in the wavelength range of 100 to 280 nm has germicidal
properties due to DNA damage in microorganisms. Several researchers have
demonstrated that the UV-light can be used for the inactivation of foodborne pathogens
without adversely affecting the quality of food. UV-light treatment of foods can be
accomplished using a pulsed UV system, whereby the energy is stored in a high power
capacitor and is released periodically in short pulses (often in nano-seconds). The pulsed
UV-light system reduces the temperature build-up as compared to that obtained with a
continuous UV-light, due to short pulse durations and cooling periods between pulses.
Thus, the pulsed UV light process may be considered a non-thermal process.
Beelman, Demirci, and Weil 83 conducted an experiment to evaluate the pulsed
ultraviolet light sterilization system to reduce bacterial populations in/on fresh
mushrooms. Pulsed UV-light treatment was carried out with a lab scale, batch, pulsed
light-sterilization system (SteriPulse®-XL 3000, Xenon Corporation, Woburn, MA).
The system generated 5.6 J/cm2 per pulse on the strobe surface for an input voltage of
3,800 V and with 3 pulses per second. The output from the pulsed UV-light system
followed a sinusoidal wave pattern, with 5.6 J/cm2 per pulse being the peak value of the
pulse. The pulse width (duration of pulse) was 360 micro-seconds. Packed mushrooms
were placed in the pulsed UV light sterilization chamber and treated with pulsed light.
The first study used a 30 second treatment at a distance of 8 cm from the UV strobe. The
control samples did not undergo any pulsed UV treatment. In the second study,
treatments with varying treatment time (2 or 4 seconds) and distance from UV-strobe (8
or 13 cm) combinations were evaluated. Treated mushrooms were analyzed for total
aerobic bacteria, yeast/mold, and coliform populations.
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The microbiological results from the first experiment are shown in Table 2.1. The
30 second pulsed UV treatment at 8 cm distance demonstrated a greater than 1 log (90 %)
reduction for yeast & mold and aerobic bacterial populations. The UV treatment did not
significantly affect coliform populations. On visual analysis, the color of the mushrooms
as a result of the pulsed UV treatment was negatively impacted due to surface browning.
The microbiological results of the second experiment are depicted in Table 2.2.
In general, the UV treatments of 2 or 4 seconds duration and 8 or 13 cm distance from the
UV-strobe resulted in 0.9-1.6 log reduction in total aerobic populations. Also, increasing
treatment time improved reduction in microbial populations. However, all pulsed UV
treatments had a negative impact on the color of the mushrooms due to surface browning.
The results from the pulsed UV study indicate little potential use for pulsed UV
treatments with white strains but could be useful with crimini or portabella mushrooms,
since the surface discoloration resulting from the treatments would most likely not be
observable by the consumer due to the inherent brown color associated with those types
of mushrooms. Also, treatment with UV light could be useful to increase the vitamin D2
content of mushrooms.20
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Table 2.1: Microbiological populations of fresh Agaricus bisporus mushrooms treated
with pulsed UV light (30 second application at a distance of 8 cm from the UV strobe)
Microbiological Test

Control

Pulsed UV

Coliforms

6 x 102

3 x 102

Yeast & Mold

6 x 103 / 2 x 103

<1 x 102

Aerobic Plate Count

1 x 107

4.5 x 105

Table 2.2: Microbiological populations of fresh Agaricus bisporus mushrooms treated
with pulsed UV light at varying treatment times (s) and distances from the UV strobe
(cm)
Microbiological Test

Control

2s/8 cm

4s/8 cm

2s/13 cm

4s/13cm

Coliforms

5 x 102

4 x 102

<1 x 102

<1 x 102

<1 x 102

Yeast & Mold

1.6 x 104

2.1 x 104

3.4 x 103

1.3 x 103

1.2 x 103

Aerobic Plate Count

1.6 x 106

4 x 104

1.7 x 105

8 x 104

4 x 104

s: seconds
cm: centimeters
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2.4. Casing Soil

2.4.1. Introduction
In the mushroom growing process, Agaricus starter culture (spawn) is worked into
the mushroom substrate (compost following pasteurization) and allowed to grow
throughout the substrate for 14 days. After colonization of Agaricus mycelia in the
substrate is complete, a 1.5-inch layer called casing, consisting of peat soil amended with
calcium carbonate (to neutralize pH) and water (80% moisture), is applied on top of the
compost bed. This layer is called the casing soil (Figure 2.2). The casing soil enhances
the retention of irrigation water on the growing beds, and promotes mushroom fruit body
formation.

Agaricus fruiting body
Casing soil

Mycelia colonizing compost
Compost

Figure 2.2: Schematic diagram of the mushroom substrates (compost and casing),
and fruiting bodies

2.4.2. Background and Composition of the Mushroom Casing Soil
The major component of casing soil used by mushroom growers in North
America is sphagnum peat. Sphagnum peat is primarily decomposed sphagnum moss.
Sphagnum moss typically grows in an aquatic bog environment. The bog water has a pH
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near 4.0, low levels of oxygen and few mineral nutrients. Each year, dead Sphagnum
moss accumulates in the bog to form 'peat'. Due to conditions in the bog, sphagnum
moss 'peat' decomposes slowly. Over thousands of years, it can form layers up to 4-20
feet thick.84
Canada is the world’s largest producer of horticultural peat. Currently, of
Canada's 270,000,000 acres of peat wetlands, 40,000 acres are under harvest.84 Peat bogs
are composed of approximately 92% water. In preparation for peat harvest, the surface of
the peat bog is cleaned by removing surface foliage, large root systems and debris.
Drainage ditches are dug around and through the bog to drain the peat. The peat bog is
harrowed to a depth of 6 inches, air-dried and the top 2 inches are removed with vacuum
harvesters.85
Peat, with its high humus content and weed-free nature, is an ideal amendment for
raised horticultural beds or small gardens. Soil amendment with peat improves the
nutrient- and water-holding capacity of sandy soils, and improves the drainage and
aeration capacity of clay soils. It is for these reasons peat is widely used by the
greenhouse fruit and vegetable industry as a soil amendment.

2.4.3. Functions of the Mushroom Casing Soil
Peat is ideal for preparing mushroom casing soils because of the following:
1. Retention of irrigation water
2. Initiation of the sporophores

2.4.3.1. Retention of irrigation water
Water is involved in several important functions in the growth of Agaricus
bisporus (Lange) Imbach cells. Water makes up about 90-94% of the fruiting body mass.
The growth of Agaricus mushrooms depends critically upon the ability of the cells to
translocate water.86 Water uptake by the mushroom has been suggested to be a limiting
factor in yields.87 Also, yield, size and quality of harvested mushrooms are correlated to
the amount of moisture in the substrate or casing.88-90 Hence, a critical function of the
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mushroom growing medium (compost and casing) is to act as a continuous reservoir of
water for the rapidly growing mushrooms. The high water retention capacity of peat
based casing soils makes it an ideal growth substrate for mushroom growing.

2.4.3.2. Initiation of the sporophore
An important process during mushroom growing is the pinning of mushrooms.
Pinning is the initiation of the transition of Agaricus bisporus from the vegetative stage to
the reproductive stage. Addition of casing soil onto the surface of Agaricus colonized
compost stimulates pinning. One key factor to this transition, resulting in fruiting body
(basidiome) initiation is the casing microflora.91 The casing soil supports an active,
aerobic bacterial flora,92 and the fluorescent Pseudomonad spp. represents up to 50% of
the bacterial population in the casing layer.93 Pseudomonas putida (Trevisan) Migula has
been identified as an important species involved in basidiome initiation.48,94 The
mechanism by which P. putida stimulates fruiting is not well understood, but the
bacterium is thought to remove ‘self-inhibitory substances’ produced by the vegetative
mushroom mycelium.91,95
It is a common practice among mushroom growers to vary the proportion of
sphagnum peat and black peat. While sphagnum peat is the major component in casing
soil, some commercial mushroom growers add upto 40% black peat in their casing layer.
It is generally reported by growers that adding black peat to the casing layer regulates
pinning over the period of the mushroom crop, thus avoiding peak production days and
spreading the harvesting period over the duration of the flush. This cultural practice also
helps the growers to harvest and sell mushrooms with symmetrical shape, equal size,
consistent maturity, and equal solids content.

2.4.4. Microbiology of Casing Soil
The casing layer on which the mushroom fruiting bodies develop is a significant
reservoir for the microflora of fresh mushrooms.24 Doores et al (1986)24 found that
aerobic bacterial populations from casing material ranged between 8.2 and 8.5 log
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CFU/g. Samson et al (1986)93 demonstrated that fluorescent pseudomonads can represent
upto 50% of the total bacteria in casing samples, whereas Doores et al (1986)24 indicated
that they represented 2% of the total casing bacteria only. Miller et al (1995)96
demonstrated that the populations of casing bacteria changed over the Agaricus growth
cycle. The casing soil harbored 8.7 to 9.7 log aerobic bacteria per gram of casing soil.
The proportion of fluorescent pseudomonads in casing was shown to fluctuate between
14 to 41% of the total bacteria present, increases coinciding with the onset of fruiting.
Studies in our laboratory have also demonstrated that the casing layer on which the
mushroom fruit body develops is high in microbial populations. Total aerobic bacterial
populations range from 8.0 to 8.5 log CFU/gm of casing material. The major bacterial
genera present in casing soil were the Pantoea genus (8.2 log CFU/gm) and the
Pseudomonas genus (7.7 log/gm casing soil).
Casing soil also contains a significant level of yeasts, molds, and actinomycete
populations. Sphagnum peat, the major component of casing soil, is known to contain
Trichoderma and Streptomyces.97 Studies in our laboratory have shown that casing soil
in the production environment harbor approximately 5.2 log CFU of molds and 6.7 log
CFU of native yeast per gram. Penicillium is the predominant genera of mold present in
casing soil. Species level identification based on macro and micro-morphological
features determined that the following species of Penicillium were the predomiant ones:
P. decumbens, P. chrysogenum, P. glabrum, P. citreonigrum, and P. digitatum.
Aspergillus niger was occasionally isolated from the casing soil.
Waksman and Purvis (1932)98conducted a study to characterize microbial
populations of an undrained peat bog in Florida (Table 2.3). The study was conducted by
obtaining samples from different depths of the peat bog. The upper layer of the peat bog
was abundant in aerobic bacterial populations, actinomycetes, and fungi. The depth of
the bog significantly influenced microbial populations. With increasing depth,
populations of aerobic bacteria, actinomycetes, and fungi decreased and the number of
anaerobic bacteria increased.
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Table 2.3:Microbiological population of an undrained peat bog in Florida, adapted
from Waksman and Purvis (1932)98
Numbers in thousands/gram of moist peat

Depth of Peat,
cm

Aerobic

Actinomycetes

Fungi

Bacteria

Anaerobic
Bacteria

2-20

890

370.0

20.0

120

23

960

290.0

10.0

180

45

410

100.0

7.0

180

75

18

13.0

0.3

16

120

30

0.3

0.0

75

165

235

3.3

0.0

380

*Moisture content of peat varied from 80.1 to 87.4 per cent
While soil type significantly influences indigenous microflora, peat soils are
generally abundant in actinomycetes (Table 2.4).99 Also, the preparation of casing soil
involves the neutralization of peat pH by the addition of calcium carbonate. In his book,
The Actinomycetes: A summary of current knowledge, 100 Dr. Waksman indicates that
the draining of soil and subsequent additon of calcium carbonate to soil favors the
development of actinomycetes.
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Table 2.4:Numbers of actinomycetes in Indian Soils, adapted from Rao and
Subrahmanyan 99
Soil Type

Crop Raised

Actinomycetes, Thousands
per gram of soil

Black cotton

3,340

Alkaline

Wheat

2,540

Peaty

Paddy

2,340

Alluvial

Paddy

1,000

Reddish laterite

Tea

250

Kalar soil

Fruit

680

Red sandy loam

Coconut

40

2.4.5. Disease Suppressive Characteristics of Sphagnum Peat
Sphagnum peat, the major component of casing soil, is known to contain
Trichoderma and Streptomyces, which are effective at suppressing certain root disease
organisms.97 Their presence in Sphagnum peat has been found to suppress the plant
pathogens Fusarium, Rhizoctonia solani, Phythium, 97,101 and Alternaria brassicicola.97
While the suppressive effect of peat against plant pathogens has been established, no data
currently exists on the survival of foodborne pathogens in peat or in mushroom casing
soils.

2.5. Outbreaks of Foodborne Illness Linked to Fresh Produce and Foodborne
Pathogens of Concern
The Centers for Disease Control and Prevention (CDC) estimates that in the US
each year, 76 million people become sick, more than 325,000 people are hospitalized,
and 5,000 people die from foodborne illness. At least 12 percent of foodborne-outbreakassociated illnesses in the 1990s were linked to fresh produce.102 Between 1988-1992
and 1993-1997 the number of outbreak related cases associated with fruit and vegetable
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consumption has increased five-fold.103,104 Serious outbreaks have occurred involving
contamination of tomatoes, cantaloupes, and alfalfa sprouts with Salmonella spp.,
imported raspberries with cyclospora, mexican strawberries with Hepatitis A virus and E.
coli O157:H7, and fresh juices with Salmonella spp., E. coli O157:H7, and
Cryptosporidium.105 It is anticipated that reported outbreaks and product recalls may also
increase in number as fresh produce consumption increases and the proportion of
susceptible individuals in the general population increases.106 Changes in agronomic,
harvesting, distribution, processing, and consumption patterns have also contributed to
the increase in outbreak related cases.107
The FDA/CFSAN published the 2004 Produce Safety Action Plan 108 aimed at
minimizing the number of foodborne illnesses that are contracted each year through the
consumption of fresh produce. In connecting the link between agricultural raw materials
and foodborne outbreaks, the report points out “human pathogens such as Listeria
monocytogenes, Clostridium botulinum, and Bacillus cereus are naturally present in soils
and thus, may be present on fresh produce. Salmonella spp., Escherichia coli O157:H7,
Campylobacter jejuni, parasites, and viruses may contaminate fresh produce through the
use of raw or inadequately composted manure, contaminated irrigation water, untreated
wash water, or harvesters whose personal hygiene is inadequate. Improperly cleaned and
sanitized facilities and equipment in growing and packing environments are also known
reservoirs for Listeria and are likely sources of contamination.”109

2.6. Food Safety Concerns Associated With Fresh Mushrooms
There have been no reported outbreaks associated with consumption of fresh
mushrooms. However, there have been several reports of human pathogens isolated from
mushrooms. Campylobacter jejuni, L. monocytogenes and Salmonella spp. have been
found on fresh mushrooms. Doyle and Schoeni (1986)110 isolated C. jejuni in three of
200 (1.5%) retail mushroom packages from several Midwestern U.S. grocery stores. The
authors speculated that contamination might have occurred through contact with
inadequately pasteurized compost, casing material, or by hand contact. In a survey in the
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Pacific Northwest,111 1% of retail samples tested positive for L. monocytogenes and 5%
tested positive for Salmonella spp. Heisick et al. (1989)112 reported that 11% of
supermarket mushroom samples tested positive for L. innocua. In the Netherlands, L.
monocytogenes was recovered in 10% of mushrooms (2/20) purchased at a grocery
store.113 Recently in Ireland, a health alert was issued by government authorities after
Salmonella Kedougou was detected on mushrooms.1,2 The pathogen was found in the
compost, the casing layer, and in several mushroom samples.1 It was concluded that the
most likely source of the pathogen was the dried sugar beet lime used as a casing soil
amendment. The most recent report was in August of 2003, when the Georgia
Department of Agriculture recalled a brand of “ready to eat” mushrooms that tested
positive for L. monocytogenes.4
Because hand labor is required to harvest, trim, and pack fresh mushrooms, there
is a potential for contamination with Staphylococcus aureus. Hence, a worker hygiene
program is a critical component of a mushroom food safety plan. Canned mushrooms
imported from the People’s Republic of China (PRC) were implicated in several food
poisoning outbreaks in 1989. The outbreaks occurred primarily in food-service
establishments that were using the mushrooms from #10 (68oz) cans as toppings or
condiments for main items.114 The cause of the outbreaks was determined to be the
presence of staphylococcal enterotoxin (SE) in the product. As a result, the United States
Food and Drug Administration (FDA) issued a mandatory hold on all imported canned
mushroom products from the PRC. Prior to the outbreaks and subsequent FDA action
against the PRC, the United States had imported about 50 million pounds of mushrooms
annually.115 These outbreaks were significant because they were the first major
outbreaks of staphylococcal food poisoning in the United States directly related to a
canned food product.116,117 Since then, several studies have focused on the causative
factors involved in these outbreaks.
Staphylococcal enterotoxin is a proteinaceous toxin produced by the bacteria,
Staphylococcus aureus, and is responsible for the physiological effects of staphylococcal
food poisoning. The enterotoxin is produced by the organism once a cell concentration
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of at least 106 CFU/g is present in food, which normally requires growth of the organism
in a food prior to thermal processing. Research at Penn State demonstrated that S. aureus
can effectively grow and produce enterotoxin in mushrooms held at 20-30oC in
unventilated packages in as few as 18 hours.63 Additionally, the enterotoxin was shown
to be extremely heat stable, enough so that it can survive a typical thermal process for
canned foods.71
Cheplick and Beelman (2002, 2005)118,119 modeled the potential abusive handling
and storage conditions that fresh and blanched mushrooms may have been exposed to in
the PRC, thereby resulting in food poisoning outbreaks in the United States. They
demonstrated that time/temperature abuse of fresh mushrooms permits sufficient growth
of S. aureus to allow production of SE in less than 24 hours. More rapid growth and SE
production was observed earlier (12 vs. 16 hours) at 40º C than at 35º C, respectively.
Also, growth and SE production occurred more rapidly in blanched mushrooms. SE was
detected in 8 and 9 hours at 40º C and 35ºC, respectively. Although higher S. aureus
populations and enterotoxin concentrations were found in blanched mushrooms, higher
temperature (40ºC) had more of a stimulatory effect on enterotoxin production in fresh
mushrooms than in blanched mushrooms. These results indicate that time/ temperature
abuse of either fresh or blanched mushrooms contaminated with S. aureus can permit
sufficient bacterial growth to produce SE and cause food poisoning from consumption of
fresh or canned mushrooms.118 The authors also demonstrated that blanched mushrooms
held in 7% and 14% NaCl brines both permitted growth and enterotoxin production of S.
aureus. The 14% NaCl considerably delayed SE production when compared to the 7%
NaCl (7 days vs. 2 days, respectively). No growth or enterotoxin production was
observed in the mushrooms held for up to 56 days in 21% NaCl.119
Mushrooms actively respire during storage and rapidly deplete oxygen levels in
unventilated packages.117 Under these conditions, facultative anaerobic bacteria can
grow to dangerous levels more rapidly than aerobic spoilage microbes. Evidence that
Clostridium botulinum spores can germinate and form deadly toxin under these
conditions prompted the FDA to advise the mushroom industry to properly ventilate
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packages.64 In a recent incident, on April 7, 2005, The Canadian Food Inspection
Agency (CFIA) warned the public not to consume a certain brand of assorted mushrooms
in oil because the product may be contaminated with C. botulinum.120
The growth and survival of Listeria monocytogenes and enteric pathogens such as
Salmonella, Campylobacter, and E. coli O157:H7 on fresh mushrooms under postharvest
conditions is currently not known.

2.7. Food Safety Concerns Associated with Mushroom Raw Materials
In any agricultural growing or packing operation, there is a potential for
foodborne pathogen cross contamination from agricultural raw materials, manure, soil,
human hands, and animals onto food contact surfaces.109 In mushroom operations,
chicken and horse manures are extensively used in mushroom compost. Composting
operations often occur near growing and packing areas. There is, therefore, a possibility
for cross contamination to occur at points during growing and handling.
Because most human pathogens found on mushrooms originate in the gut of
animals (Salmonella, Campylobacter) or are found in soils (Listeria, Clostridium),
concerns have been expressed by mushroom buyers that manures used in compost and
ingredients used to prepare casing soils may be potential routes for contamination of
mushrooms to occur. Horse and poultry manure, used as nitrogen sources in mushroom
compost, are sources of Salmonella spp., E. coli O157:H7, L. monocytogenes, and
Campylobacter jejuni.121-124 Populations of Salmonella in chicken manure may be as
high as 106 CFU/g.123 A recent USDA study found S. Enteriditis in 7.1% of layer houses
tested.125
Studies conducted at the Penn State Mushroom Research Center have
demonstrated that commercial Phase II pasteurization temperatures are capable of
achieving at least a 7-log reduction in L. monocytogenes and Salmonella populations in
the mushroom compost. Contamination of mushrooms by direct contact with Phase II
pasteurized compost does not therefore appear to be a significant hazard.
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Several recent incidents suggest that casing soils may be a more significant
potential hazard. In the recent mushroom health alert incident in Ireland, 1 2 the source of
Salmonella Kedougou contamination was found to be the casing soil. The discovery by
the Georgia Department of Agriculture of L. monotcytogenes on retail mushrooms and
several anecdotal reports within the mushroom industry of the presence of Listeria sp. in
peat used in casing soil raises concerns that foodborne pathogens may be naturally
present in the casing soil or can be introduced by contaminated amendments or irrigation
water.
Current commercial mushroom growing practices do not employ a process to
disinfect casing soils. Technologies for batch and continuous aerated steam treatment of
soils are available, and steam-treatment is a growing practice in the greenhouse fruit and
vegetable industry. This has been predominantly due to the negative environmental
effects of soil fumigants like methyl bromide. However, steam-treatment of casing soils
is not widespread in the mushroom industry primarily due to added costs and anecdotal
evidence that it causes reduced mushroom yields. Increases in crop disease incidence
have also been reported when growers employ steam-treatments of 63-70 ºC, presumably
because harmless microorganisms that suppress mushroom pathogens are eliminated.
Because mushrooms are in close proximity to the casing soil and, in fact, often adhere to
the mushroom surface at retail display, there are new demands from buyers for growers
to implement food safety control measures for casing soils.

2.8. Pathogens in Agricultural Soils and Potential for Contamination of Fresh
Produce
Soil can act as a reservoir for foodborne pathogens. Listeria monocytogenes is
perhaps the most prevalent disease-causing microorganism in soil.126,127 The organism
has been indicated to preferentially exist as a saprophyte in a plant-soil environment,126
and has been found in soil in a frequency varying from 9 to 14%.128 In a study conducted
by MacGowan et al (1994),129 out of 136 soil samples cultured for Listeria sp. in a year
round survey, 14.7% (20/136) of the soils tested positive for Listeria sp. with 0.7% of the
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soils containing L. monocytogenes. Listeria ivanovii and L. seeligeri were the most
common of the Listeria spp. in soil. Results from the study also demonstrated that
Listeria is more often present during July to September than other months. Previous
studies indicated that soil is a favorable medium for the growth and survival of L.
monocytogenes.130 The pathogen has been shown to survive for up to 400 days at 20ºC in
autoclaved dry chalky soil and decreased by only ca. 1 log CFU/g at 4ºC after 1500 days.
The investigators in that study concluded that both a slightly acidic soil and low exterior
temperature (4ºC) increases the survival of L. monocytogenes, whereas a low-acid,
nutrient-rich soil decreased survival of the pathogen to within 160 days. L.
monocytogenes has been shown to survive up to 21 days in sandy loam soil maintained at
21ºC.131
The growing medium (soil) can act as an important point of contamination of
fruits and vegetables with human pathogens. Several studies have indicated that human
pathogens can be transferred from soil to edible plant parts. Van Renterghem et al.
(1991) 132 studied the survival of L. monocytogenes in soil and in the rhizosphere of
radishes and carrots grown in L. monocytogenes contaminated soil. L. monocytogenes
was inoculated into sandy-loam soil to yield a concentration of 105 CFU per gram of the
soil. Radish seeds were sewn into the L. monocytogenes inoculated soil. After 3 months
the radish was harvested and sampled for L. monocytogenes. Results demonstrated that
50% of the radishes sampled contained L. monocytogenes, but only 17% of soil samples
in which radishes had been growing contained the pathogen. The researchers concluded
that L. monocytogenes seemed to be incapable of surviving for long periods in soil, and
that the plant-soil rhizosphere was more likely a reservoir for the pathogen than the soil
itself.
When sewage cake contaminated with L. monocytogenes (3-15 cells/g) was added
to soil, 10% of the alfalfa crop grown in the soil was positive for the pathogen, although
levels were low (< 5cells/g).133 Similarly, some of the parsley samples growing in pots
with the same fertilizer were positive for the pathogen after 3 weeks of fertilizer
application.
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Salmonella sp., a human pathogen of animal origin, is usually not a naturally
present in soils unless agricultural soils have been amended with animal manures.
Salmonella sp. has been shown to be able to survive upto 54 days in a loamy sand field
plot and up to 27 days in a sandy loam field plot.134 While the populations of the
pathogens did not increase in the soils, the pathogen was able to persist in these soils for
extended periods of time. In other studies with two experimental soil beds, the
persistence of Salmonella has been estimated from 6 weeks 135 to 14 weeks136 after the
application of Salmonella inoculated sheep and bovine manure, respectively.
The persistence of Salmonella in agricultural soils amended with manure has been
the focus of several research studies. In a study by Natvig et al. (2002),136 bovine
manure, inoculated with Salmonella Typhimurium, was incorporated into silt clay loam
(SCL) and loamy sand (LS) soil beds to yield with 4 to 5 log CFU per gram of the soil.
Radishes, arugula, and carrots were planted in the soil beds and held in growth chambers.
After harvesting, S. Typhimurium was detected at low levels in both soils, but did not
contaminate edible parts of the plants grown in either soil. In a second trial, S.
Typhimurium was detected more often on SCL grown vegetables compared to vegetables
grown on LS soil thus suggesting that soil type influences the transfer of pathogens to
edible plant parts.
Using alfalfa seedlings grown in inoculated plant medium, Dong et al (2003) 137
demonstrated a strong positive correlation between the concentration of Salmonella in
soil and the amount detected in the interior of the plant tissue. In another study, Guo et al
(2002) 138 reported that transfer of Salmonella onto tomatoes could occur if the fruits
came into contact with contaminated soil. Salmonella populations in the inoculated soil
remained constant during the first 14-days of the study (8.15 log CFU/g) but decreased to
6.7 log CFU/g after 45 days. After contact with inoculated soil for 10 minutes, there was
an average of 5.37 log CFU per tomato. The results from these studies indicate that
contaminated soils may be a significant source of human pathogens in fresh fruits and
vegetables.
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2.9. Factors Affecting the Survival and Growth of Human Pathogens in Soils
The survival of indicator microorganisms and foodborne pathogens in agricultural
soils has been studied to a limited extent.131,139 The vast literature in the field of plant
pathology confirms that biotic agents (indigenous microflora) and abiotic factors (soil
amendments) significantly influence the persistence or fate of undesirable pathogens in
soil.

2.9.1. Biotic Factors
Survival of residual pathogenic bacteria in the farm soil environment is thought to
be largely an outcome of competition from the existing soil microflora.140-142 Soils with
relatively low microbial activity are believed to allow the extended persistence of
pathogens.133,136 In sterile soil, survival of Salmonella dusseldorf was reduced in the
presence of Streptomyces bikiniensis, a known streptomycin producer. However,
survival of S. dusseldorf increased in the presence of Streptomyces lividans, which is not
a producer of streptomycin. Both Streptomyces lividans and Streptomyces bikiniensis
reduced the survival of Salmonella dusseldorf in non-sterile soil, demonstrating
competitive exclusion by indigenous soil microflora.143
Kurek et al. (2002) 144 demonstrated that soil enrichment with clay by addition of
2% (w/w) bentonite favored growth of Pseudomonas fluorescens and increased its
antagonism towards the pathogen Fusarium culmorum. The biocontrol activity of a
phenazine-producing strain of Pseudomonas fluorescens against the plant pathogen
Gaeumannomyces graminis was improved in Zn amended soils (50 µg of zinc-EDTA/g
of soil) having a low organic content.145 By amending soil with kaolinite (an
aluminosilicate clay mineral) Ams et al. (2002) 146 showed that the siderophore
production ability of Pseudomonas mendocina in soil was a function of both iron stress
and population size.
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2.9.2. Abiotic Factors
The soil type influences the survival of introduced microorganisms.147,148 It has
been shown that well-aggregated soils having a high organic content have high soil
microbial activity and generally poor persistence of introduced organisms.141 In a study
conducted by Dowe et al (1997),149 L. monocytogenes survival was lower in sandy soils
than clay loam, or sandy loam soils. L. monocytogenes populations declined only to a
level near 104 CFU/g in clay soil, after which the populations appeared to stabilize.
Other research has shown that L. monocytogenes declined to not-detectable levels in 2
months in sandy loam soil 132 or 6 months in clay soil.126 It should be noted that each of
these studies used soils with differing soil moisture levels, which may have affected the
survival of the pathogen.
Soil moisture content and matric potential are major physical factors influencing
the survival of foodborne pathogens in soil environments.150,151 S. Typhimurium had a
D-value of 2.3-3.6 days in agricultural soils at 35 % moisture. With increasing moisture,
the D-value increased to 12 days (Ricke et al., 1995)150. In another study by Zibilske and
Weaver (1978),151 Salmonella Typhimurium was not recoverable in one week in dry soil
at 39 ºC (102.2 ºF). In model studies at more common soil temperatures of 5-22 ºC (41–
71.6 ºF), soil survival for more that 50 days is widely reported.
The effects of fertilizers, carbon, and nitrogen supplementation on L.
monocytogenes survival in soil were examined by Dowe et al. (1997).149 Soil amended
with solid chicken manure supported a higher population of L. monocytogenes than soil
amended with either liquid hog manure or inorganic nitrogen-phosphorus-potassium
fertilizer, but only when microbial competitors had been reduced. Carbon and nitrogen
supplementation had no effect on the population of L. monocytogenes.
Salmonella has been shown to exhibit enhanced survival in manure amended
agricultural soil. Baloda et al. (2001) 152 demonstrated that when Salmonella
contaminated slurry was added to agricultural soil, the pathogen was isolated for up to 14
days after the spread.
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Inoculum level also influences pathogen survival. In a study by Dowe et al.
(1997),149 L. monocytogenes decreased from high inoculum levels in soil, increased when
inoculum levels were low, and reached higher levels more quickly in autoclaved soil.

2.10. Antibiotics
Antibacterial, antirickettsial, and antifungal drugs are derived from bacteria or
molds or from de novo synthesis. Antibiotics act on microorganisms by inhibiting cell
wall synthesis and activating enzymes that destroy the cell wall, increasing cell
membrane permeability, interfering with protein synthesis, or interfering with nucleic
acid metabolism.153
ß-lactams, aminoglycosides, macrolides, tetracyclines, quinolones, polypeptides,
sulfonamides, and trimethoprims are the major groups of antibiotics. Penicillins,
cephalosporins, vancomycin, aminoglycosides, quinolones, and polymyxins are generally
considered bactericidal (kill bacteria). Erythromycin, tetracyclines, chloramphenicol,
clindamycin, lincomycin, clarithromycin, azithromycin, and sulfonamides are generally
bacteriostatic (slow bacterial growth). However, bactericidal drugs may be bacteriostatic
against certain microorganisms and vice versa.153 The ß-lactam antibiotics and the
tetracyclines are of relevance to this thesis work and hence reviewed herein.

2.10.1. The ß-lactam Antibiotics
The ß-lactam antibiotics are a large group of bactericidal antibiotics, all of which
have a 6-aminopenicillanic acid nucleus. Their antibacterial action seems to reside in
their ability to inhibit metabolic functions vital to bacterial cell wall synthesis and to
activate enzymes that destroy the cell wall. Thus, the penicillins, belonging to the ßlactam class, affect only actively multiplying bacteria.153
The ß-lactam antibiotics have enjoyed a long history of use as very effective
therapeutic agens against a wide range of bacterial infections. Presently the ß-lactams
account for more than 60% of all the antibiotics prescribed world-wide, and are mainly
represented by several penicillins and the structurally related cephalosporins, all of which
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have sulphur-containing 5- or 6-membered rings fused to four-membered ß-lactam
ring.154 The extensive use of ß-lactams is attributed to their therapeutic effectiveness,
less toxicity, and abundant availability at cheaper prices.
The usage of fermentation-based, chemically unmodified ß-lactams started with
combating gram-positive bacterial infections like Streptococcus pneumoniae, S. aureus,
and S. pyogenes. Penicillin G is the antibiotic of choice for infections caused by aerobic
and anaerobic streptococci (including pneumococci), non penicillinase-producing
staphylococci, enterococci, and meningococci and for treating infections including
syphilis, actinomycosis, and anthrax. Penicillin G is also a useful intervention treatment
for rat-bite fever, lyme disease, and infections caused by Listeria, Corynebacterium,
Fusobacterium, and Clostridium.153
The chemically modified ß-lactams (e.g. ampicillin) are currently being
effectively used to cure infections caused by a large number of rod-shaped pathogenic
gram-negative bacteria like Escherichia coli, Enterobacter, Proteus, Serratia, and
Klebsiella. Ampicillin and the ampicillin-like drugs (eg, amoxicillin) have a spectrum of
activity very similar to that of penicillin G. The difference is greater activity against
certain gram-negative bacilli, such as nonpenicillinase-producing Haemophilus
influenzae, some Escherichia coli, Proteus mirabilis, Salmonella, and Shigella.153

2.10.2. The Tetracyclines
These drugs are closely related bacteriostatic antibiotics, similar in antibacterial
spectrum and toxicity. They bind to the 30S subunit of the ribosome and thus inhibit
bacterial protein synthesis. They are effective against many -hemolytic streptococci,
nonhemolytic streptococci, gram-negative bacilli, rickettsiae, spirochetes, Mycoplasma,
and Chlamydia.153
Tetracyclines are used primarily in treating UTI, rickettsial, chlamydial,
Mycoplasma, and Vibrio infections, acute exacerbations of chronic bronchitis, Lyme
disease, shigellosis, brucellosis, granuloma inguinale, and as alternative therapy to
penicillin in syphilis.153
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2.11. Production of Antibiotics in Soils
Penicillium and Aspergillus are common soil organisms (Gilman, 1957) and the
Streptomycetes and related actinomycetes are abundantly found in soil environments.
Many species of such soil microflora produce the antibiotics in vitro (Pollock, 1967).
Streptomyces rimosus, a known industrial producer of oxytetracycline was originally
isolated from soil.155 Indeed, most known microbial producers of the different
tetracyclines are bacteria native to soil, and they constitute about 10% of the culturable
microbial population, exceeding 1 million CFU/g of soil.156 Examples of the antibiotic
producing soil microorganisms include Penicillium chrysogenum, Cephalosporium
acremonium, Aspergillus nidulans, and several Streptomyces spp. including S.
clavuligerus, S. lipmanii, and S. cattleya. Apart from the antibiotics, the Streptomycetes
are also prolific sources of novel secondary metabolites with a range of biological
activities that find application as anti-cancer and anti-inflammatory agents.
The production of secondary metabolites by the Gram-positive mycelial
Streptomycetes generally coincides with, or slightly precedes, the development of aerial
hyphae in surface-grown cultures. In liquid-grown cultures, it is generally confined to
stationary phase, and it is frequently assumed to result from nutrient limitation.157
Are antibiotics produced in soil?. This question was first asked about fifty five
years ago shortly after the discovery of antibiotics. Numerous attempts were made to
answer it between 1948-1956, but these were largely inconclusive. At the end of this
period there were two opposing views which were well summarized by Waksman
(1956)158 and Brian (1957).159 The former concluded that assumptions about the role of
antibiotics in microbial competition in soil were not justified on the basis of existing
knowledge, and generally doubted their occurrence in soil. Most antibiotics are excreted
as secondary metabolites when the producers are grown in rich media. The limited
nutrient content of soil leads one to speculate that soils may not be a suitable environment
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for the production of the antibiotics by the Penicillia and Actinomycetes. Dr. Waksman,
in his book “The Actinomycetes-A Summary of Current Knowledge100 comments:
“It is highly doubtful that antibiotics, except in mere traces, are produced in the
soil itself or that this phenomenon is of any great significance in modifying the
microbiological population of the soil. The fact that an organism produces an antibiotic
in artificial culture is no evidence that it is capable of doing so in soil, particularly since
relatively small changes in a nutrient medium may fundamentally affect the production of
antibiotics even in pure culture.”
Brian (1957)159 argued that failure to detect antibiotics in the soil mass did not
preclude their possible role in sites of microbial activity which were both spatially and
temporally restricted. Since this initial period of study, many microbiologists have
tended to assume the role of antibiotics in competitive interactions in soil. However, the
question remains debatable, as there is still little evidence of antibiotic production in soil
(Gottlieb, 1976).160 Williams (1982),161 in his review on antibiotic production in soil
states that the following are possible reasons for the failure to detect antibiotics in soils:
1. The instability of antibiotics in soil conditions
2. Adsorption of antibiotics by soil colloids
3. Insufficient sensitivity of detection methods
4. Insufficinet nutrients for the widespread, frequent growth of the producer
microbes
Despite the lack of direct evidence, several more recent workers have argued from
various viewpoints that antibiotics are natural products. Large numbers of tetracycline
resistance microorganisms are often found in soil samples.162-164 This has led to
speculations that tetracycline resistance genes are present in soil because tetracyclines are
produced there. It was pointed out that antibiotic production is generally adaptive and
that increased knowledge of the genetic control of production would illuminate
discussion of their natural role (Hopwood and Merrick 1977).165 The peptide antibiotics
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of Bacillus were reviewed by Katz and Demain (1977)166 and their likely roles in
competition in soil were discussed. Hill et al (1972),167 using a sensitive, small-scale
assay for penicillin, demonstrated the production of penicillin in sterilized but otherwise
unsupplemented soils and seeds inoculated with a wild-type Penicillum chrysogenum. It
was also emphasized that evidence exists for antibiotic production in sites of high
nutrient content, such as seeds, decaying organic matter and the rhizosphere. Antibiotics
are usually produced in culture when the specific growth rate falls below a certain level;
this may have evolved as a response to selective pressures, particularly in habitats (e.g.
soil) with low level of microbial nutrients (Martin and Demain 1980).168
Nutrient shortage is a fundamental factor controlling antibiotic production in soil.
The concentration of nutrients in the soil mass can be much lower than in the commonly
used laboratory media. Hence, a fundamental, largely unanswered question is whether
this severely restricts or entirely precludes antibiotic production in the soil environment.

2.11.1. The Actinomycetes
Actinomycetes comprise a group of branching unicellular microorganisms. They
form a mycelium that may be of a single kind, designated as substrate or vegetative, or of
two kinds, substrate and aerial. Actinomycetes are closely related to the true bacteria, as
shown by their size. They have been defined as unicellular filamentous microorganisms,
about 1 micron in diameter, with monopoidial, more rarely dichotomous, branching, and
producing colonies of radiating structure. Sporulation of actinomycetes has commonly
been distinguished as fragmentation, or oidia formation, and segmentation, or conidia
formation.100
The genus Streptomyces is aerobic and mesophilic, and gram-positive. A more or
less branched, nonseptate, substrate mycelium is produced as a compact, often leathery,
mass on the surface of agar media. No turbidity develops in liquid media, the growth
appearing as clumps or compact masses. The surface growth gradually becomes covered
with an aerial mycelium, which forms sporogenous hyphae or sporophores. The
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sporophores carry chains of single-celled spores (or conidia), which vary in shape and in
surface appearance.100

2.11.2. Growth of Streptomycete sp. in Soil
Despite lack of any direct evidence, antibiotic-production by streptomycetes has
often been implicated in antagonistic microbial-interactions in soil. It is first useful to
consider the general behavior of streptomycetes in soil.
According to a study by Mayfield et al (1972),169 in all soils tested, except for
nutrient-rich compost, spores predominated over hyphae. These were able to remain
viable for long periods (e.g. in soil at 4ºC, pH 7.5, 60% were viable after 24 weeks),
germinating only when exogenous nutrients were available. Similar conclusions were
reached by Lloyd (1969)170 who failed to observe germination of conidia of several
streptomycetes when added to soil. Thus the failures to obtain antibiotic production by
inoculation of antiobiotic producers into natural soil are not surprising. The estimated
generation time for Streptomyces in soil (1.7 days) contrasts with those measured in
nutrient media under laboratory conditions (1.14 –1.88 h) (Flowers and Williams 1977
171

). These long generation times probably reflect short periods of growth by a small part

of the population rather than prolonged, continuous slow growth of the whole population.
This was supported by the observation that when spores did germinate, the germ tube
extension rate was quite high (0.8 microm/h). Sites of growth were difficult to locate
despite the use of SEM, as they occupied a very small part of the soil particles surface
area. The colonies themselves were often extremely small and sometimes obviously
contained more than one species of Streptomycete.
Williams (1982) 161 concluded that if antibiotics are produced by streptomycetes
(or other microbes) in soil, they would be formed infrequently in very small isolated sites
of growth. Their concentration in the soil mass at any one time would be very low.
Despite this and their instability in soil, they could still be of biological significance to
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the producers at critical stages of competition in their temporally and spatially restricted
growth periods.
Based on all the above studies, the production of antibiotics in soil was not shown
by direct detection. Until recently, this was mainly due to lack of detection methods with
the necessary specificity and resolution power. If antibiotics are produced only in small
amounts in a few local microhabitats, this amount will be highly diluted during
extraction. This dilution could completely mask the presence of the compound, resulting
in false-negative results. To circumvent this problem Hansen et al. (2001)172 developed a
method combining the specificity of bacterial biosensors and the resolution power of
fluorescence-activated cell sorting (FACS) to provide qualitative detection of
oxytetracycline production by Streptomyces rimosus in soil microcosms. A plasmid
containing a transcriptional fusion between the tetR-regulated Ptet promoter from Tn10
and a FACS-optimized gfp gene was constructed. When harbored by Escherichia coli,
this plasmid produces green fluorescent protein (GFP), in the presence of tetracycline.
This tetracycline biosensor was used to detect the production of oxytetracycline by S.
rimosus introduced into sterile soil. The tetracycline induced GFP-producing biosensors
were detected by FACS analysis, enabling the detection of oxytetracycline encounters by
single biosensor cells. The production of oxytetracycline in the experiment indicated that
S. rimosus was metabolically active in the soil microcosms. This study is also the most
conclusive recent study to demonstrate the production of antibiotics in soils.

2.12. Susceptibility of Listeria monocytogenes, and Salmonella sp. to Antibiotics
L. monocytogenes is a facultative bacterium characterized by its ability to enter
various cell types, including macrophages.173 Once it is internalized, virulent L.
monocytogenes quickly escapes from the phagosomes through membrane destabilization
and disruption and thrives in the cytosol 174
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The classically recommended treatment for listeriosis is mainly based on drug
sensitivities determined in broth and is a combination of ampicillin (or a penem) and an
aminoglycoside.175,176 Yet, both types of drugs fail to accumulate to significant levels in
cells. 177-179 It is due to these reasons that antibiotics are not highly effective against
Listeria and the treatment of listeriosis with conventional antibiotic therapy remains a
challenge. Also, the intracellular forms of L. monocytogenes have proved difficult to
eradicate in the absence of a fully effective immune response.180-182 Carryn et al.
(2002)183 determined the activities of ampicillin, meropenem, azithromycin, gentamycin,
ciprofloxacin, and moxifloxacin against intracellular hemolysin positive L.
monocytogenes in a broth system. The concentrations of the antibiotics were adjusted to
explore ranges that were clinically achievable in human serum upon conventional
therapy. They demonstrated that ampicillin, meropenem, and azithromycin were only
bacteriostatic, whereas gentamicin, ciprofloxacin, and moxifloxacin were strongly
bactericidal in a concentration-dependent manner.183
Salmonella strains are zoonotic enterobacteria responsible for outbreaks of both
human and animal clinical diseases and have important worldwide hygienic and
economic significance. In a study conducted by Chung et al (2003) (Table 2.6), 184 41
Salmonella isolates, representing 15 serotypes, were isolated from a variety of foods. Of
these 27 isolates were isolated from poultry sources. All isolates were screened for
antibiotic susceptibility. 80.5% of Salmonella isolates showed resistance to two or more
antimicrobial agents. The authors speculated that the use of antibiotics in poultry may
explain the increase in multiresistant Salmonella Enteritidis strains.
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Table 2.5: Susceptibility of Salmonella iolates to various antimicrobial agents 184
Antibiotics
Resistant
Aminoglyosides
Amikacin
Gentamicin
Streptomycin
Tobramycin
Beta-Lactams
Ampicillin
Carbenicillin
Cephalosporin
Cephalothin
Chloramphenicol
Peptide
Colistin
Tetracycline
Trimethoprim-sulfamethoxazole

No of isolates
Intermediate Susceptible

0
0
31
0

0
0
3
0

41
41
7
41

27
26

0
0

14
15

0
4

6
1

35
36

0
25
0

0
0
0

41
16
39
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3. CROP IRRIGATION WITH MODIFIED ACIDIC ELECTROLYZED
OXIDIZING WATER TO REDUCE BACTERIAL POPULATIONS AND TO
ENHANCE QUALITY OF FRESH AGARICUS BISPORUS MUSHROOMS

3.1. Abstract
The quality and value of the mushroom crop is often significantly diminished by
the presence of high bacterial populations that cause a brown, blotchy appearance that is
highly undesirable to consumers. The present research evaluated irrigation with modified
acidic Electrolyzed Oxidizing (mEOA) water and calcium chloride as a means to reduce
bacterial populations on fresh mushrooms. The effect of the irrigation treatments on crop
yield, mushroom whiteness, color, and solids content were also assessed. Crops were
grown at the Mushroom Test Demonstration Facility (MTDF) on the Penn State
University campus using standard growing practices except for the experimental
additions to the irrigation water with acidic EO Water (EOA) and/or 0.3 % calcium
chloride (CaCl2). Treatments to the irrigation water began 1 week prior to the first flush
(harvest) and irrigation continued throughout the rest of the cropping period. Mushrooms
were harvested from three flushes and yield data was recorded separately. On the peak
day of production from each flush, mushrooms were aseptically sampled from the
production beds for bacterial counts prior to general harvest. Total aerobic bacteria were
determined by standard plating procedures. Following general harvest, mushroom
whiteness (L-value) and color (delta E) before and after a 7 day holding period (at 12ºC)
was measured using a Minolta Chromameter.
One part of freshly generated EOA water was diluted with three parts of tap water
to yield mEOA water. Dilution of the EOA water with normal tap water was done to
increase the final pH of the irrigation water to approach the physiological pH of the
mushroom tissue. Compared to the regular tap water treatment (control), the mEOA
water treatments exhibited lower pH values, higher ORP values and higher free chlorine
values.
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Mushrooms irrigated with tap water (control) harbored 7.2 log CFU/gm of aerobic
bacteria. Compared to irrigation with tap water (control), the three alternate irrigation
treatments significantly reduced bacterial populations in fresh mushrooms (p<0.05).
There was no significant difference between the alternate irrigation treatments in
reducing populations of aerobic bacteria in mushrooms. However a trend indicated that
irrigation with 0.3% calcium chloride and mEOA was the most effective in reducing
bacterial population in fresh mushrooms (from 7.19 to 6.80 log CFU/g). Irrigation with
0.3% CaCl2 enhanced the initial and postharvest (7-day, 12˚C storage) mushroom
whiteness. Irrigation with both 0.3% CaCl2 and mEOA water resulted in mushrooms
with the highest initial and postharvest whiteness values. The alternate irrigation
treatments had no significant effect on the solids content of the mushrooms. Irrigation
treatments containing 0.3% CaCl2 appeared to decrease overall yield by 3.9 to 6.6 %.

3.2. Introduction
Consumption of fresh produce has increased in recent years in the United
States.127 Per capita consumption of fresh produce increased 24% from 1970 to
1997.107,185 From 1994-2002, there was a 14% increase in volume and a 32% increase in
value of fresh market vegetable and melon production.185 Emphasis on the importance of
fresh fruit and vegetable consumption in reducing the risk of chronic disease has brought
about this increase.186 The trend of increased production has also been seen in the fresh
mushroom industry. In 1966, 25% of mushrooms grown in the United States were sold
in the fresh market and 75% were processed. In contrast to 1966, in 2002, 83% of the
mushrooms grown in the United States were sold in the fresh market.185
Visual quality is the single most important factor affecting retail fresh mushroom
sales.187 Whiteness and cleanliness are the principal factors determining fresh mushroom
quality. Consumers prefer to purchase mushrooms that are bright white, free of casing
material or other unwanted particulate contaminants clinging to the mushroom surface,
and free of brown blotches. Nevertheless, mushrooms that were of good quality and
color immediately after harvest, develop brown blotches at retail or in consumer homes,
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even while kept at refrigeration temperatures. Symptoms of brown blotch disease are
sunken, dark, and brown spots on the mushroom fruit body surface.3 The brown blotch
discoloration of mushrooms is perceived as a symptom of decreased freshness or
microbiological deterioration.
Doores et al (1986)24 demonstrated that normal healthy mushrooms have high
bacterial populations. Total bacterial numbers ranged from 6.3 to 7.2 log CFU/g of fresh
mushroom tissue. The presence of high bacterial populations in fresh mushrooms is a
major factor contributing to the brown blotchy appearance of postharvest mushrooms.27
From the standpoint of nutrients, fresh mushrooms are capable of supporting growth of
microorganisms. Agaricus mushrooms have a neutral pH value, and fall in the category
of foods with a water activity of 0.98 or higher. These factors favor the growth of
microorganisms, leading to microbial induced quality degradation and spoilage of fresh
mushrooms. The rate of postharvest deterioration of fresh mushrooms has been directly
related to the initial microbial load.27 The study by Doores et al. (1986)24 found that
bacterial populations during postharvest storage at 13ºC increased from an initial load of
7 log CFU/g to almost 11 log CFU/g over a 10 day storage period. The authors also
reported that deterioration of mushroom quality as indicated by maturity and color
measurement appeared to be concomitant with increases in bacterial numbers.
With the current emphasis on good agricultural practices and implementing
HACCP at the farm level, effective preharvest cultural practices are required that can
significantly reduce bacterial populations on fresh mushrooms and enhance the quality of
the product. Prior research in preharvest cultural methods or postharvest handling
practices has demonstrated that reducing bacterial populations on fresh mushrooms
enhances the postharvest quality of the mushrooms. Preharvest irrigation methods
include adding 0.3 to 0.5% calcium chloride in irrigation water, 15,16,28,50-52 irrigation with
50 ppm stabilized chlorine dioxide in combination with 0.25% CaCl2,51 and addition of
antimicrobial secondary metabolites such as 1% kasugamycin in the irrigation water.53
Electrolyzed oxidizing (EO) water is produced by the electrolysis of an aqueous
sodium chloride solution using an instrument in which the anode and cathode are

51

separated by a membrane, thus forming two compartments. By subjecting the electrodes
to direct current voltage (14 amperage, 10 volts), two types of EO water (acidic and
basic) possessing different characteristics are generated. The cathode produces an
electrolyzed oxidizing basic (EOB) water solution that contains dilute sodium hydroxide
and exhibits a pH of 11.6 and Oxidation Reduction Potential (ORP) of –795mV. From
the anode, an electrolyzed oxidizing acidic (EOA) water solution is produced that is
composed of dilute hypochlorous acid, demonstrates a pH of 2.3 to 2.7, an ORP of
1150mV, and exhibits a free chlorine concentration range of 10 to 80 ppm depending on
the voltage and amperage setting. The efficacy of EOA water as a disinfectant has been
widely studied and reported.188,189 Although EOA water has gained the attention of the
food industry, EOB water also has potential for use against pathogens associated with
food. A major advantage of using EO water for inactivation of bacteria is that it is
produced using pure water with no added chemicals except sodium chloride (NaCl).
The objective of this research was to evaluate addition of acidic EO water (EOA)
and/or CaCl2 to normal irrigation water as a strategy to reduce total bacterial populations
in fresh mushrooms. Another objective of this research was to assess the effect of the
irrigation treatments on crop yield, solids content, whiteness and point-of-sale appearance
of fresh mushrooms.

3.3. Materials and Methods

3.3.1. Generation of EO Water
EO water was generated by passing a salt solution (12% NaCl) across a chargedbipolar-membrane composed of vinylindine polyfluoride. The salt solution and
deionized water were pumped into the EO water generator (ROX Water Electrolyzer,
Hoshizaki America, Inc., Peachtree City, GA). According to the manufacturer, by
subjecting the platinum electrodes to direct voltage (19 amperage), two types of water are
generated: from the cathode side an electrolyzed oxidizing basic (EOB) water solution
[pH 11.6, ORP of –795 mV, containing dilute sodium hydroxide (NaOH)] and from the
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anode side an electrolyzed oxidizing acidic (EOA) water solution (pH 2.6, ORP of 1150,
and approximately 80 ppm free chlorine) containing dilute hypochloric acid (HOCl).
Small amounts of oxygen and hydrogen gas were also produced during this reaction.
EOA water was collected from the anode side and immediately transferred to the
mushroom growing facility. 1 part of EOA water was mixed with 3 parts of normal tap
water to yield modified EOA (mEOA) water.

3.3.2. Crop Irrigation with Modified EOA Water and Calcium Chloride
Two mushroom crops were grown under semi-commercial conditions to evaluate
the effect of irrigation with mEOA water and/or 0.3% calcium chloride on aerobic
bacterial populations, crop yield, and postharvest mushroom quality. The crops (# 3003,
# 3005) were grown at the Mushroom Test Demonstration Facility (MTDF) on the Penn
State University campus using standard growing practices used at the MTDF.190 The
experiments, involving crops of U-1 off white hybrid Agaricus bisporus mushrooms were
grown using the standard tray system as employed at the MTDF. Cropping procedures
differed from MTDF standard practices only in experimental irrigation water treatments
as follows:
1. Tap water – Control
2. mEOA water
3. Tap water + 0.3 % Calcium Chloride
4. mEOA water + 0.3 % Calcium Chloride
Treatments to the irrigation water began 1 week before the first flush (harvest)
and continued throughout the rest of the cropping period. All treatments were applied to
the casing in normal waterings, every other day except on peak day of production. Ten
trays per treatment were used. The casing layer consisted of a standard sphagnum
peat:ground limestone (6 ft3: 80lb) mix. Casing was watered to water-holding capacity
with irrigation water treatments.
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The mushroom crop is produced in a succession of harvests of fruit bodies known
as flushes. In the present study, each flush of mushrooms was harvested over a period of
2 to 3 d (the 1st day being the peak harvest day), and flushes occurred at intervals of 7 to
8 d. On the peak production day, before general harvest, mushrooms were aseptically
sampled directly from their respective growing beds for initial microbiological analysis.
After general harvest on the peak production day of each of the 1st three flushes, 10 lb of
mushrooms from each treatment were immediately transferred by vehicle from the
growing facility to the laboratory. The mushrooms were stored in a walk-in cooler at 4˚C
(less than 3 h) until they could be prepared for packaging and initial and stored quality
measurements. During general harvest, the mushrooms were separated by treatment and
then weighed to determine yield of each irrigation treatment.

3.3.3. Analysis for Free Chlorine Content, pH and Oxidation Reduction Potential
(ORP)
Free chlorine content of the water treatments was measured using a Hach DPDFEAS digital titrator method (Hach Company, Loveland, CO) as described by the
manufacturer. Briefly, a 25 ml irrigation water sample was diluted 10-fold with sterile
distilled water and transferred into an Erlenmeyer flask. A DPD Free Chlorine Powder
Pillow was added to the sample and swirled to mix. The sample was titrated using
0.00564 N Ferrous Ethylenediammonium Sulfate (FEAS) to a colorless endpoint. Free
chlorine was calculated from the number obtained following titration, inclusive of the
dilution factor (1:10).
Measurements of pH were taken from the antimicrobial solutions using a Corning
pH meter (Corning, Inc., Corning, NY). Oxidation Reduction Potential (ORP)
measurements of the treatment solutions were obtained using a Corning pH meter with an
Orion ion electrode (Orion research Inc., Beverly, MA).
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3.3.4. Packaging
Mushrooms (approximately 200 grams) from each treatment were randomly
selected from the harvest bins and placed into eight-ounce linear polystyrene tills (TrayPak Corp., Reading, PA). Tills were over wrapped with polyvinyl chloride film (60
gauge, PWMF Vitafilm, The Goodyear Tire and Rubber Co., Akron, OH) and a mild heat
treatment was applied to ensure proper sealing. Two 1-mm holes were made in opposite
corners of the packages to ensure an aerobic atmosphere was maintained inside the
packages. Packages were then transferred to and stored in a 12°C environmental
chamber (Lunaire Environmental Inc., Williamsport, PA). These procedures were
followed for three flushes of each crop.

3.3.5. Microbiological Analysis
Total aerobic bacteria on mushroom on day 0 were enumerated by sampling
mushrooms harvested aseptically from the production beds. Total aerobic bacterial
populations were determined by standard plating procedures. 150 g of fresh mushroom
(wet weight) samples were blended in a variable speed blender [Model 38BL54, Waring
(Torrington, Conn., USA), set at high] with equal volumes of Buffered peptone water
(BPW, Difco, Becton, Dickinson and CO., Sparks, MD., USA). After serial dilution of
the blended sample in BPW, 0.1 mL aliquots were spread-plated onto nonselective
aerobic plate count agar (APC, Difco) in petri plates and incubated at 37 °C for 24 h.

3.3.6. Initial and Stored Quality Measurements
Quality evaluation included measurement of whiteness and color before and after
a 7-day holding period at 12ºC. Mushroom whiteness (L-value) and color (∆E) was
measured using a Minolta Chromameter (Model CR-200, Minolta Corp, Ramsey, NJ).
The chromameter was calibrated before each use by employing a standard white
calibration plate that was included with the instrument. The L*a*b color coordinate
system was used for all color measurements. In this system, L-value indicates whiteness
and a* and b* values are chromaticity coordinates. L-values range from 0-100, and
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increasing L-value indicates a higher degree of whiteness. The standard white tile used
for calibration of the chromameter has values of L = 97.00, a* = -2.00, and b* = 0.00
(Solomon et al., 199151; Simons, 1994191). Four replicates consisting of 8 mushrooms
from each treatment were randomly selected. Three measurements were taken on the cap
of each mushroom. The means of each replication was averaged to calculate whiteness
(L-value ) for each treatment.
After the initial color readings were taken, the twenty-four mushrooms from each
treatment were quartered by hand using a standard kitchen knife. From each mushroom
three quarters were discarded and one quarter was retained. Four randomly selected
quarters, each from a separate mushroom, were placed in an aluminum weigh dish and
weighed. This resulted in six replications for each treatment. After weighing, the
samples were placed in a walk-in freezer and stored for twenty-four hours at 0ºC. After
twenty-four hours of frozen storage, the samples were freeze dried (VirTis model Genesis
25XL, VirTis Inc., Gardiner, NY) to a constant weight. Upon completion of the freezedrying process, the samples were removed from the freeze dryer and immediately
weighed. The difference between the fresh weight and the dry weight was used to
calculate the solids content of the mushrooms.

3.4. Results and Discussion
Crop # 3003 and Crop # 3005 were the two crops grown for this experiment. One
part of freshly generated EOA water was diluted with three parts of tap water to yield
mEOA water. Dilution of the EOA water with normal tap water was done to increase the
final pH of the irrigation water to approach the physiological pH of the mushroom tissue.
Compared to the regular tap water treatment (control), the mEOA water treatments
exhibited lower pH values, higher ORP values and higher free chlorine values (Table
3.1).
Mushrooms irrigated with tap water (control) harbored 7.2 log CFU/gm of aerobic
bacteria. Compared to irrigation with tap water (control), the three alternate irrigation
treatments significantly reduced bacterial populations in fresh mushrooms (p<0.05)
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(Figure 3.1). There was no significant difference between the alternate irrigation
treatments in reducing populations of aerobic bacteria in mushrooms. However a trend
indicated that irrigation with 0.3% calcium chloride and mEOA was the most effective in
reducing bacterial population in fresh mushrooms (from 7.19 to 6.80 log CFU/g).
Kim et al 192 demonstrated that the effectiveness of EO water in reducing bacterial
populations may be due to its Oxidation Reduction Potential (ORP) values, rather than
pH changes or chlorine content. When the bacteria are subjected to extreme ORP
conditions, their cell membranes are either saturated with ions (basic solution) or ions are
sequestered (acidic solution). In either case, the cellular membrane is rendered unstable,
ultimately inactivating the cell.193A hurdle effect comprising of a high ORP value,
presence of free chlorine (33-37 ppm), and a lower pH may explain the reduction in
bacterial populations in mushrooms irrigated with the mEOA water treatments.
Compared to irrigation with the control treatment (tap water), irrigation with 0.3%
CaCl2 significantly (p<0.05) enhanced the initial (day 0) and postharvest (7-day, 12˚C
storage) mushroom whiteness values (L-value) (Table 3.2). Irrigation with both 0.3%
CaCl2 and mEOA water resulted in mushrooms with the highest initial and postharvest
whiteness values. Similarly, when compared with the control following the 7-day
holding period of the mushrooms, it was observed that the alternate irrigation treatments
had a significantly positive effect on overall mushroom color values (∆E) and appearance
(Table 3.2 and Figure 3.2 respectively).
Significant efforts have been directed to improve mushroom quality by adding
calcium salts to irrigation water during cultivation. Increased levels of calcium within
membranes can slow senescence and maintain the selective permeability of membranes
(Ferguson, 1984). Barden et al. (1990)50 demonstrated that the postharvest shelf life of
fresh mushrooms increased by 2 days when mushrooms were irrigated with 0.5% calcium
chloride. The increase in shelf life was mainly due to a decreased rate of postharvest
bacterial growth. It has also been shown that the addition of CaCl2 to the irrigation water
results in an increase in the calcium content, has no effect on the inherent tyrosinse
activity, and is accompanied by reduced postharvest browning of the mushrooms (Kukura
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et al., 1998).16 Based on transmission electron micrographs, the authors (Kukura and
others 1998) speculated that increased levels of calcium in mushrooms irrigated with
CaCl2 may have decreased browning by increasing vacuolar membrane integrity, thereby
reducing the opportunity for tyrosinase to react with its phenolic substrates. Solomon et
al. (1991)51 demonstrated a significant improvement in quality and shelf life when
mushroom crops were irrigated with tap water containing 50 ppm stabilized chlorine
dioxide and 0.25% calcium chloride. Initial and postharvest bacterial counts and degree
of browning were lower in these mushrooms as compared to mushrooms irrigated with
water without chlorine dioxide or calcium chloride.
Irrigation with the alternate treatments had no significant effect on the solid
content of the mushrooms (Table 3.3). Compared to the control, the irrigation treatments
containing 0.3% CaCl2 appeared to decrease overall yield by 3.9 to 6.6 % (Table 3.3).

3.5. Conclusions
Results from the two crops indicate that the addition of EOA water and 0.3%
CaCl2 to irrigation water appears to offer a practical strategy to reduce bacterial
populations and to improve point-of-sale quality of fresh mushrooms.
While the usage of EOA water in irrigation treatments appear promising, its usage
in food applications is currently not permitted in the United States. Due to this reason,
research on optimizing the use of EOA water for mushroom irrigation was not conducted.
On the other hand, hydrogen peroxide, a Code of Federal Regulations (CFR) approved
biocide for use in irrigation water treatments (upto 1%), has been demonstrated to have
antimicrobial effects in postharvest mushroom washing experiments. Studies on the
addition of hydrogen peroxide (up to 1%) to irrigation water to enhance fresh mushroom
quality merit attention. Pasteurization of the casing layer by direct steam injection, a
practice largely discontinued by the mushroom industry due to the lack of a tangible
benefit, should also be investigated to reduce microbial populations and to enhance fresh
mushroom quality.

Log CFU/gm of fresh mushrooms
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8
7.5

a
b

b

b

mEOA

Tap Water +
0.3% CaCl2

mEOA+ 0.3%
CaCl2

7
6.5
6
5.5
Tap Water

Irrigation treatment

Figure 3.1: Total aerobic populations (Log CFU/g) of mushrooms grown using
alternate treatments of irrigation water. Data are mean values from six flushes of
two crops. Error bars represent st. dev of the mean.
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Table 3.1: pH, Free Chlorine and Oxidation Reduction Potential (ORP) values of
irrigation water treatments
Treatment

Redox

Free Cl2,
pH

ppm

Potential
(mV)

1

Tap water – Control

7.8

0

347

2

Modified Acidic EO water

6.8

37

818

3

0.3 % CaCl2 + Tap water

7.8

0

298

4

0.3 % CaCl2 + Modified Acidic EO water

6.8

33

855

Table 3.2: Whiteness (L) and Color (Delta E) values of fresh mushrooms grown
using alternate irrigation treatments. Data shown is the average of four
independent crop flushes. Different letters within the same row indicates significant
difference (p< 0.05)
Irrigation Treatment

x
1

Modified Acidic
EO Water + 0.3%
Calcium Chloride

L and Delta E
values

Tap Water

Modified
Acidic EO
Water

L (day 0)x

93.23 a

93.30 ab

Tap Water +
0.3%
Calcium
Chloride
93.65 b

L (day 7, 12ºC)

87.84 a

89.73 b

88.75 c

90.48 d

Del E (day 0)

14.69 a

14.76 a

14.57 a

14.17 b

20.12 b

21.10 c

19.82 b

Del E (day 7, 12ºC)
22.67 a
Day 0 refers to the day of harvest

94.08 c

Statistical significance was determined using Analysis of Variance followed by Tukeys
HSD mean seperation procedure (α = 0.05).
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Table 3.3: Crop # 3005. Yield and solids content of mushrooms grown using
alternative treatments of irrigation water

Yield (Kg/m2)

% Solids
Total
Yield

Normal tap water – Control

Flush
1
2
3
15.1 8.0 2.8

Modified Acidic EO Water

15.0

8.1

0.3 % CaCl2 + Tap water

14.7

Modified Acidic EO Water + 0.3 % CaCl2 14.4

Treatment

25.9

1
7.4

Flush
2
3
7.3
6.6

2.8

25.9

7.0

7.4

7.3

7.6

2.6

24.9

7.1

7.8

7.7

7.1

2.7

24.2

7.3

8.3

6.7
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Tap Water

Modified Acidic
EO Water

Tap Water +

Modified Acidic

0.3% CaCl2

EO Water +
0.3% CaCl2

Tap Water

Modified Acidic
EO Water

Modified Acidic
Tap Water +

EO Water +

0.3% CaCl2

0.3% CaCl2

Figure 3.2: Photographs of postharvest mushrooms [flush 3; 7 day (top) or 10 day
(below) storage at 12°C] from an initial blotch free crop irrigated with alternate
irrigation treatments
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4. HYDROGEN PEROXIDE AND CALCIUM CHLORIDE ADDED TO
IRRIGATION WATER AS A STRATEGY TO REDUCE MICROBIAL
POPULATIONS AND TO IMPROVE QUALITY OF FRESH MUSHROOMS
* Major parts of this chapter were published as a manuscript in the Journal of Food Science, 70 (6), 273278, 2005.

4.1. Abstract
The objective of the present research was to evaluate the addition of hydrogen
peroxide and/or calcium chloride to irrigation water as a means to reduce total bacterial
populations on fresh mushrooms. Crops were grown using commercial mushroom
growing practices except for the addition of 0.75% hydrogen peroxide and/or 0.3%
calcium chloride to all irrigation water added to the crop starting 11 days after the casing
layer was applied on top of mushroom compost. Irrigation water without the added
treatments acted as the control. Mushrooms were aseptically sampled from the
production beds for enumerating bacterial counts. Total aerobic bacterial populations
were determined by standard microbiological plating procedures. Mushroom whiteness
(L-value) and color (delta E) following harvest and postharvest storage were measured
using a Minolta Chromameter. Harvested mushrooms were separated by treatment and
weighed to record yield. Mushrooms irrigated with water (control) had 7.3 log CFU of
aerobic bacterial populations per gram of fresh mushroom tissue. Irrigation with 0.75%
hydrogen peroxide and 0.3% calcium chloride reduced the bacterial populations on fresh
mushrooms by 87% (6.4 log CFU/g) compared to the control. Irrigation with hydrogen
peroxide and calcium chloride significantly enhanced mushroom whiteness following
harvest as well as following 6-days of postharvest storage at 12ºC. The irrigation
treatments did not have a significant effect on crop yields; hence addition of hydrogen
peroxide and calcium chloride to irrigation water was demonstrated to have good
potential as a practical strategy to reduce bacterial populations and to improve quality of
fresh mushrooms.
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4.2. Introduction
Utilization of hydrogen peroxide in irrigation water to reduce bacterial
populations on fresh mushrooms has previously not been studied. However, washing
fresh mushrooms with hydrogen peroxide added to the wash water has been investigated
for enhancing the quality of postharvest mushrooms.72,75,76 Sapers et al. (2001)74
developed a two-stage mushroom wash process employing 1% hydrogen peroxide in the
first stage aqueous solution, and 2.25% to 4.5% sodium erythorbate, 0.2% cysteine-HCl,
and 500 ppm to 0.1% EDTA in aqueous solution in the second stage. The two stage
washing typically yielded mushrooms nearly as white as sulfited mushrooms initially,
and whiteness surpassed that of sulfited mushrooms after 1-2 days of storage at 12°C.75,76
The treatment was effective in reducing bacterial populations in wash water and on
mushroom surfaces 77 and had minimal effects on mushroom structure and composition.78
Mushrooms washed by this process were free of adhering soil, less subject to brown
blotch than conventionally washed mushrooms, and at least as resistant to enzymatic
browning as unwashed mushrooms during storage at 4ºC.
The study reported herein examined utilization of hydrogen peroxide in irrigation
water to reduce microbial populations on fresh mushrooms and consequently enhance
fresh mushroom quality. Experiments were conducted on 11 different mushroom crops
grown over two years at the Penn State Mushroom Test Demonstration Facility (MTDF)
to test the efficacy of low levels of hydrogen peroxide and/or calcium chloride treatments
to reduce bacterial populations on fresh mushrooms. Early irrigation trials were
conducted with hydrogen peroxide levels at 0.025, 0.035, and 0.5% in irrigation water.
Although 0.025 and 0.035% hydrogen peroxide in irrigation water did not significantly
reduce bacterial populations or improve crop quality, 0.5% hydrogen peroxide reduced
symptoms of bacterial blotch on the surface of the mushrooms. These preliminary
observations indicated that hydrogen peroxide in irrigation water at levels of 0.5% or
greater may improve fresh mushroom quality.
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The objective of the present research was to evaluate crop irrigation using 0.75%
hydrogen peroxide and/or 0.3% calcium chloride as a means to reduce total bacterial
populations of fresh mushrooms. Another objective of this research was to assess the
effect of the irrigation treatments on whiteness, point-of-purchase appearance, crop yield,
and solids content of fresh mushrooms.

4.3. Materials and Methods

4.3.1. Crop Irrigation with Hydrogen Peroxide and Calcium Chloride
Four mushroom crops were grown under semi-commercial conditions to evaluate
the effect of irrigation with 0.75% hydrogen peroxide and/or 0.3% calcium chloride on
aerobic bacterial populations, crop yield, and postharvest mushroom quality. The crops
were grown at the Mushroom Test Demonstration Facility (MTDF) on the Penn State
University campus using standard growing practices used at the MTDF.190 The crops,
involving crops of U-1 off-white hybrid Agaricus bisporus mushrooms, were grown
using the standard tray system. Cropping procedures differed from MTDF standard
practices only in experimental additions to the irrigation water treatments as follows:
1. Normal tap water – Control
2. 0.75% H2O2 added to tap water
3. 0.3 % Calcium Chloride added to tap water
4. 0.3 % Calcium Chloride and 0.75% H2O2 added to tap water
H2O2 (35% Hydrogen Peroxide -Technical Grade, Univar USA, Altoona, PA) was
added to the irrigation water to yield a final hydrogen peroxide concentration of 0.75%.
The H2O2 concentration in water was measured using hydrogen peroxide test strips
(Quantofix Peroxide 100, supplied by Superior Growers, East Lansing, MI, USA).
Treatments to the irrigation water began one week prior to the first harvest, and continued
throughout the rest of the cropping period. All treatments were applied to the casing in
normal waterings, every other day except on peak days of production. Ten trays per
treatment were used. The casing layer consisted of a standard sphagnum peat-ground
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limestone (0.17 m3: 36.3 kgs) casing watered to water-holding capacity with the
experimental irrigation water treatments.
The mushroom crop is produced in a succession of batches of fruit bodies known
as flushes. In the present study, each flush of mushrooms was harvested over a period of
2-3 days (the first day being the peak harvest day) and flushes occurred at intervals of 7-8
days. On the peak production day, prior to general harvest, mushrooms and casing soil
were aseptically sampled directly from their respective growing beds for initial
microbiological analysis. Following general harvest on the peak production day of each
of the first three flushes, ten pounds of mushrooms from each treatment were
immediately transferred by vehicle from the growing facility to the laboratory. The
mushrooms were stored in a walk-in cooler at 4 ºC (less than 3 hours) until they could be
prepared for packaging, and initial and stored quality measurements. During general
harvest, the mushrooms were separated by treatment and then weighed to determine yield
of each irrigation treatment.

4.3.2. Packaging
Mushrooms (approximately 200 grams) from each treatment were randomly
selected from the harvest bins and placed into eight-ounce linear polystyrene tills (TrayPak Corp., Reading, PA). Tills were over wrapped with polyvinyl chloride film (60
gauge, PWMF Vitafilm, The Goodyear Tire and Rubber Co., Akron, OH) and a mild heat
treatment was applied to ensure proper sealing. Two 1-mm holes were made in opposite
corners of the packages to ensure an aerobic atmosphere was maintained inside the
packages. Packages were then transferred to and stored in a 4ºC walk in cooler or a 12°C
environmental chamber (Lunaire Environmental Inc., Williamsport, PA). These
procedures were followed for three flushes of each crop.

4.3.3. Microbiological Analysis
Microbial counts on mushrooms on day 0 were enumerated by sampling
mushrooms harvested aseptically from the production beds. Following 6 days of
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postharvest storage, three tills of each treatment were removed from the environmental
chambers (4 and 12 ºC) for microbial enumeration during postharvest storage. Total
aerobic bacteria, yeast, and mold populations were determined by standard plating
procedures. Approximately 150 grams of fresh mushrooms (wet weight) samples was
blended in a variable speed Waring blender (Model 38BL54, set at high) with two parts
of buffered peptone water (BPW, Difco). Following serial dilution of the blended sample
in BPW, 0.1 mL aliquots were spread plated onto non-selective aerobic plate count agar
(APC, Difco) in petri plates and incubated at 25°C for 48-72 h. Yeast and mold
populations were enumerated using DRBC agar (Difco) incubated at 25 °C for 96 h. To
determine the microbial numbers of the casing layer, 50 grams of casing material was
added to 150 mL of buffered peptone water. Enumeration of the microbial populations
was done as described above.

4.3.4. Initial and Stored Quality Measurements
Quality evaluation included measurement of whiteness (L-value) and color (delta
E) before and after the 6-day storage period using a hand-held Chromameter (Model CR200, Minolta Corp, Ramsey, NJ). The chromameter was calibrated before each use by
employing a standard white calibration plate that was included with the instrument. The
L*a*b color coordinate system was used for all color measurements. In this system, Lvalue indicates whiteness and a* and b* values are chromaticity coordinates. L-values
range from 0-100, and increasing L-value indicates a higher degree of whiteness (Minolta
1994). The standard white tile used for calibration of the chromameter has values of L =
97.00, a* = -2.00, and b* = 0.00.51,191 Four replicates consisting of eight mushrooms
from each treatment were randomly selected. Three measurements were taken on the cap
of each mushroom. The means of each replication was averaged to calculate whiteness
(L-value) for each treatment.
After the initial color readings were taken, the twenty-four mushrooms from each
treatment were quartered by hand using a standard kitchen knife. From each mushroom
three quarters were discarded and one quarter was retained. Four randomly selected
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quarters, each from a separate mushroom, were placed in an aluminum weigh dish and
weighed. This resulted in six replications for each treatment. After weighing, the
samples were placed in a walk-in freezer and stored for twenty-four hours at 0ºC. After
twenty-four hours of frozen storage, the samples were freeze dried (VirTis model Genesis
25XL, VirTis Inc., Gardiner, NY) to a constant weight. Upon completion of the freezedrying process, the samples were removed from the freeze dryer and immediately
weighed. The difference between the fresh weight and the dry weight was used to
calculate the solids content of the mushrooms.

4.4. Results and Discussion
The casing layer on which the mushroom fruit body develops was high in
microbial populations. Total aerobic bacterial populations ranged from 8.0 to 8.5 log
CFU/gm of casing material (wet weight) (Figure 4.1). Total aerobic bacterial populations
in fresh mushrooms ranged from 7 to 8 log CFU/g of fresh tissue. Freshly harvested
mushrooms also contained approximately 3 log CFU of molds and 6.7 log CFU of native
yeast per gram of tissue (Figure 4.1). Increase in bacterial populations during postharvest
storage at 12ºC was concomitant with a decrease in L-values (whiteness) of the
mushrooms (Figure 4.2) indicating deterioration in quality.
The observations in the present study on the microbial populations of the casing
soil and fresh mushrooms are similar to those made by other researchers. It has been
previously shown that the casing soil on which the mushroom fruiting bodies develop is a
significant reservoir for the microflora of fresh mushrooms.24,49 Doores et al. (1986)24
found that aerobic bacterial populations in the casing soil ranged between 8.2 and 8.5 log
CFU/g (wet weight). Doores et al. (1986)24 had also demonstrated that aerobic bacterial
populations on fresh mushrooms ranged from 6.3 to 7.2 log CFU/g of fresh mushroom
tissue.
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Compared to irrigation with tap water, addition of 0.3% calcium chloride and
0.75% hydrogen peroxide significantly (p < 0.001) reduced bacterial populations in fresh
mushrooms by 87% (from 7.3 to 6.4 log CFU/gm) (Figure 4.3). Irrigation with 0.3%
calcium chloride alone, or 0.75% hydrogen peroxide alone also reduced bacterial
populations but to a lesser extent- 45% (6.9 log CFU/gm) and 72 % (6.6 log CFU/gm)
respectively. Compared to irrigation with tap water, aerobic bacterial numbers in the
casing soil was not significantly affected when irrigated with 0.3% calcium chloride
and/or 0.75% hydrogen peroxide.
Irrespective of the irrigation treatment, aerobic bacterial populations on fresh
mushrooms increased significantly during postharvest storage for six days at both 4 and
12°C (Figure 4.4). During postharvest storage for 6 days at 4ºC, total aerobic bacterial
populations increased from 7.3 log CFU/gm to 8.4 log CFU/gm of fresh mushroom
tissue. Irrigation with a combination of 0.75% hydrogen peroxide and 0.3% calcium
chloride, along with maintaining a steady postharvest refrigeration temperature (4°C),
was the most effective means to reduce bacterial populations on fresh point-of-purchase
mushrooms (Figure 4.4).
During postharvest storage (4 and 12ºC) of mushrooms irrigated with the various
treatments, there was also a significant increase in yeast populations on the fresh
mushrooms (Figure 4.5). However, all irrigation treatments were effective in reducing
the yeast populations on the mushrooms compared to the control following postharvest
storage (Figure 4.5). Populations of molds remained constant (3 log CFU/gm) during the
postharvest storage period.
On the day of harvest, there was a significant difference in whiteness and color of
the mushrooms irrigated with 0.3% CaCl2. Following the 6-day storage period, it was
observed that mushrooms irrigated with 0.75% hydrogen peroxide or 0.3% CaCl2 or the
combination of hydrogen peroxide and calcium chloride had higher L-values and lower
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Delta E values (Table 4.1) indicating enhanced whiteness and reduced browning,
respectively (Figures 4.6 and 4.7).
Irrigation with 0.3% calcium chloride, or 0.75% hydrogen peroxide, or the
combination of the two additives in irrigation water did not have any significant impact
on crop yield during any of the flushes of the crop cycle (Table 4.2). Crop yields
decreased significantly (p< 0.001) with successive crop flushes. Also, irrigation
treatments did not have a significant effect on the solids content of the mushrooms (Table
4.2).
Significant efforts have been directed to improve mushroom quality by adding
calcium salts or antimicrobial treatments to irrigation water during cultivation. Barden et
al. (1990)50 demonstrated that the postharvest shelf life of fresh mushrooms increased by
2 days when mushrooms were irrigated with 0.5% calcium chloride. The increase in
shelf life was mainly due to a decreased rate of postharvest bacterial growth. It has also
been shown that the addition of CaCl2 to the irrigation water results in an increase in the
calcium content, has no effect on the inherent tyrosinse activity, and is accompanied by
reduced postharvest browning of the mushrooms (Kukura et al., 1998).16 Based on
transmission electron micrographs, the authors (Kukura and others 1998) speculated that
increased levels of calcium in mushrooms irrigated with CaCl2 may have decreased
browning by increasing vacuolar membrane integrity, thereby reducing the opportunity
for tyrosinase to react with its phenolic substrates. Solomon et al. (1991)51 demonstrated
a significant improvement in quality and shelf life when mushroom crops were irrigated
with tap water containing 50 ppm stabilized chlorine dioxide and 0.25% calcium
chloride. Initial and postharvest bacterial counts and degree of browning were lower in
these mushrooms as compared to mushrooms irrigated with water without chlorine
dioxide or calcium chloride.
Irrigation with 0.3% CaCl2 and 0.75% H2O2 performed better than a conventional
chlorine based irrigation strategy (100 ppm Cl2, added as HTH dry chlorine, Arch
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Chemical Co.) in reducing populations of aerobic bacteria in fresh mushrooms (Figure
4.9). When compared to irrigation with tap water, the former treatment (0.3% CaCl2 and
0.75% H2O2) reduced populations of aerobic bacteria in fresh mushrooms from 7.1 log to
6.5 log CFU/gm. The latter treatment (100 ppm Cl2) reduced populations of aerobic
bacteria from 7.1 log to 6.7 log CFU/gm
We observed a physical change in the casing layer (mushroom soil substrate) due
to irrigation with hydrogen peroxide. This physical change may increase the amount of
casing material adhering onto the surface of fresh mushrooms. A way to circumvent this
undesirable property may be to increase the quantity of black peat or sugar beet lime
added to the casing layer.
4.5. Conclusion
Results of the experiments to date indicate that addition of 0.75% hydrogen
peroxide and 0.3% calcium chloride to the irrigation water is a practical strategy to
reduce bacterial populations and improve point-of-sale quality and enhance shelf life of
fresh mushrooms.
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Table 4.1: Whiteness (L) and Color (Delta E) values of fresh mushrooms grown
using alternate irrigation treatments. Data shown is the average of eight
independent crop flushes. Different letters within the same row indicates significant
difference (p< 0.05)

Irrigation Treatment

91.35 a

Tap Water +
0.75%
Hydrogen
Peroxide
92.34 ab

Tap Water +
0.3%
Calcium
Chloride
93.12 b

Tap Water + 0.3%
Calcium Chloride
+ 0.75% Hydrogen
Peroxide
92.98 b

L (day 6, 4ºC)

89.43a

90.88b

91.01b

91.75c

L (day 6, 12ºC)

88.05 a

89.71 ab

90.10 b

90.60 b

Del E (day 0)

14.81 a

14.47 ab

14.21 b

14.18 b

Del E (day 6, 4ºC)

19.84a

17.96b

17.60b

17.40c

Del E (day 6, 12ºC)
24.05 a
Day 0 refers to the day of harvest

21.33 b

21.36 b

21.15 b

L and Delta E
values

Tap Water

L (day 0)x

Statistical significance was determined using Analysis of Variance followed by Tukey’s
HSD mean seperation procedure (α=0.05)
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Table 4.2:% Solids and yield values of mushrooms grown using alternative
treatments of irrigation water.

Yield (Kg/m2)
1

Flush
2

11.5

8.5

Tap water + 0.75% Hydrogen Peroxide 11.3
Tap water + 0.3 % CaCl2
Tap water + 0.3 % CaCl2
+ 0.75% Hydrogen Peroxide

Treatment

Tap water – Control

% Solids
1

Flush
2

3

8.4

6.9

6.2

23.4

8.4

6.9

6.2

4.0

24.1

8.3

7.0

6.5

4.2

23.1

8.3

6.8

6.6

3

Total
Yield

4.0

24.0

7.8

4.3

11.3

8.8

10.6

8.3
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Figure 4.1:Microbiology of the mushroom casing layer and fresh mushrooms.
Error bars represent standard deviation of the mean. Data shown is the average of
five independent samplings
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Figure 4.2: Increase in aerobic bacterial populations and a concomitant decrease in
the whiteness (measure by L-value) of fresh Agaricus bisporus mushrooms during
postharvest storage at 12ºC. Solid line represents aerobic bacterial populations
(Log CFU/gm). Striped line represents the L-value of the mushroom cap during
postharvest storage. Data is the average of four independent samplings. Error bars
represents standard deviation of the mean.

75
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Tap Water + 0.3%
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Irrigation treatment

Figure 4.3:Total aerobic bacterial populations on/in fresh mushrooms after
irrigation with various treatments. Data shown is the average of five independent
samplings. Error bars represent standard deviation of the mean
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Figure 4.4:Aerobic bacterial populations (Log CFU/g) in fresh mushrooms grown
using alternate irrigation treatments and followed by postharvest storage in
overwrapped styrofoam tills for six days at refrigeration (4°C/39.2ºF) or abuse
temperature (12°C/53.6ºF)
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Log CFU/g fresh mushroom tissue
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Tap Water
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Tap
Water+0.75%
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Figure 4.5:Yeast populations on fresh mushrooms irrigated with various
antimicrobial irrigation treatments and followed by postharvest storage in
overwrapped styrofoam tills for six days at refrigeration (4°C/39.2ºF) or abuse
temperature (12°C/53.6ºF)

78

14

Crop Yield
(Kg/M. Sq)

12
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Figure 4.6:Crop yield values of mushrooms grown using alternate irrigation
treatments. Data shown is the average yield of six mushroom crops. When present
in irrigation water, the level of hydrogen peroxide was 0.75%. Error bars represent
standard deviations of the mean.
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Figure 4.7: Photograph of postharvest mushrooms (12 Day Storage at 4°C) from an
initial blotch free crop irrigated with alternate irrigation treatments
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Figure 4.8: Photograph of postharvest mushrooms (6 day storage at 4 or 12°C) from
a crop with mild blotch symptoms irrigated with tap Water (top) or 0.75%
hydrogen peroxide and 0.3% calcium chloride added to tap water (bottom)
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Figure 4.9: Total aerobic bacterial populations on/in fresh mushrooms after
irrigation with various treatments. Data shown is the average of two flushes. Error
bars represent standard deviation of the mean

82

5. CASING PASTEURIZATION AS A STRAGETY TO REDUCE BACTERIAL
POPULATIONS AND TO ENHANCE QUALITY OF FRESH MUSHROOMS

5.1. Abstract
The casing soil on which the mushroom fruiting bodies develop is a reservoir for
the microflora associated with fresh mushrooms. The first objective of the present study
was to evaluate casing pasteurization as a strategy to reduce bacterial populations in fresh
mushrooms since it has not been scientifically evaluated as a strategy. Determining the
influence of casing pasteurization on crop yield and quality was another objective of the
study. Crops were grown using commercial mushroom growing practices except for the
pasteurization of the casing prior to use. Pasteurization of the casing was conducted by
forcing a mixture of air and steam into a steam vault with the casing in it. The
temperature of the casing was increased to 60˚C(140 °F) and held at that temperature for
at least 2 hours. Casing soil samples and mushrooms were aseptically sampled for
enumerating bacterial counts. Total aerobic bacterial populations were determined by
standard microbiological plating procedures. Mushroom whiteness (L-value) and color
(delta E) following harvest and postharvest storage were measured using a Minolta
Chromameter. Harvested mushrooms were separated by treatment and weighed to record
yield. Unpasteurized casing soil prior to irrigation contained 5.9 log CFU/gm of aerobic
bacterial populations. Pasteurization of the casing soil resulted in a 2.9 log reduction in
aerobic bacterial population numbers (reducing the total aerobic bacterial population
from 5.9 to 3 log CFU/gm of casing soil (wet wt.). However, the aerobic bacterial
population increased by 3.9 log (from 3 log to 6.9 log CFU/gm) following irrigation and
holding for 1 week in the set-back room at 17ºC. The aerobic bacterial population of
unpasteurized casing soil increased by 1.4 log CFU/gm following irrigation for 1 week in
the set-back room (from 5.9 log to 7.3 log). There was no significant difference in
bacterial numbers in mushrooms grown using either un-pasteurized or pasteurized casing
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soil. However, mushrooms grown on pasteurized casing had better visible postharvest
quality. Crop yield decreased by 11.0% when mushrooms were grown on pasteurized
casing soil. Further experimentation on the survival of common foodborne pathogens in
thermally treated casing soils need to be conducted before this technology can be
optimized for commercial recommendations.
5.2. Introduction
Peat is a type of agricultural soil high in organic matter (up to 90 %). In
mushroom growing, peat soil amended with calcium carbonate (to neutralize pH) is
added as a 2-inch layer on top of mushroom mycelia-colonized compost. This layer is
called the casing soil. The casing soil enhances the retention of irrigation water on the
growing beds, and promotes mushroom fruit body formation.
The casing layer on which the mushroom fruiting bodies develop is a significant
reservoir for the microflora of fresh mushrooms. Doores et al (1986)24 found that aerobic
bacterial populations from casing material ranged between 8.2 and 8.5 log CFU/g. In a
study conducted by Wong and Preece (1980),49 the primary sources of Pseudomonas
tolaasi on a mushroom farm were the peat and limestone used in the casing process. This
mushroom pathogen could not be detected in the farm soil, water supply, the mushroom
spawn used, or in compost after spawning, but was isolated from the casing
(peat/limestone mixture) layer of symptom-free mushroom beds and both the casing layer
and compost of beds bearing blotched mushrooms.
In a recent incident in Ireland (Anon, 2001),194,195 samples of fresh mushrooms
tested positive for Salmonella Kedougou prompting authorities to advise consumers to
thoroughly cook all mushrooms before eating. Out of 120 samples tested, Salmonella
was in 14 compost samples, 4 casing samples, and 4 mushroom samples. It was later
confirmed that the source of Salmonella was sugar beet lime used to amend the peat soil.
This is the first documentation of Salmonella in casing and is cause for concern due to the
close proximity of the casing layer to the growing mushrooms. Current commercial
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practices used in mushroom growing do not employ a process to disinfect the casing
layer. Soil fumigants like methyl bromide are increasingly restricted for use due to their
negative environmental effects. Aerated steam treatment of casing material is an
available technology to thermally treat (pasteurize) the casing layer. Also, steamtreatment of soil substrates is a growing practice in the greenhouse fruit and vegetable
industry. However, information on the effects of the casing thermal treatment on casing
microbial populations, mushroom crop yields and mushroom quality is not available.
Therefore the objectives of the research were:
1. To evaluate casing pasteurization (60ºC) as a means to reduce total bacterial
populations of fresh mushrooms.
2. To assess pasteurization of casing for crop yield, point-of-sale appearance, and
shelf life of fresh mushrooms.

5.3. Materials and Methods

5.3.1. Casing Pasteurization and Growing Procedures
An experiment was conducted to evaluate casing pasteurization for reducing
bacterial populations of fresh mushrooms and assess its effect on crop yield, and quality.
The crop (# 3010) was grown at the Mushroom Test Demonstration Facility (MTDF) on
the Penn State University campus using standard growing practices used at the MTDF.190
The crop (U-1 off-white hybrid Agaricus bisporus) was grown using the standard tray
system. Cropping procedures differed from MTDF standard practices only in
experimental treatment to the mushroom casing as follows:
1. Unpasteurized casing (control)
2. Pasteurized casing (treatment)
The casing layer consisted of a standard sphagnum peat:ground limestone (6
cubic feet: 80 lbs.) casing watered to water-holding capacity. For pasteurization, casing
soil was held in a steam vault designed for direct steam injection (Figure 5.1). Steam was
generated on-site. Pasteurization of the casing was conducted by forcing a mixture of air
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and steam into the vault to increase the temperature of the casing material to 60˚C (140
°F). The casing material was held at 60°C for at least 2 hours. Temperature of the casing
material at the different locations of the vault was measured by inserting temperature
probes in six different locations of the vault, including the lower, upper corners and the
center of the vault. The heating profile of the casing soil held in the steam vault is
presented in Figure 5.2.
Following casing pasteurization, control and pasteurized casing soils were
sampled for bacterial enumeration. Following the addition of the casing layer on the
colonized compost with the two sets of casing treatments, setback and irrigation of the
crop were conducted as per standard MTDF practices.190 Tap water was applied to the
casing in normal waterings, every other day except on peak days of production. Twenty
trays per treatment were used.
The mushroom crop is produced in a succession of batches of fruit bodies known
as flushes. In the present study, each flush of mushrooms was harvested over a period of
2-3 days (the first day being the peak harvest day) and flushes occurred at intervals of 7-8
days. On the peak production day, prior to general harvest, mushrooms and casing soil
were aseptically sampled directly from their respective growing beds for initial
microbiological analysis. Following general harvest on the peak production day of each
of the first three flushes, ten pounds of mushrooms from each treatment were
immediately transferred by vehicle from the growing facility to the laboratory. The
mushrooms were stored in a walk-in cooler at 4ºC (less than 3 hours) until they could be
prepared for packaging, and initial and quality measurements. During general harvest,
the mushrooms were separated by treatment and weighed to determine yield of each
casing soil treatment.

5.3.2. Packaging
Mushrooms (approximately 200 grams) from each treatment were randomly
selected from the harvest bins and placed into eight-ounce linear polystyrene tills (TrayPak Corp., Reading, PA). Tills were over wrapped with polyvinyl chloride film (60
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gauge, PWMF Vitafilm, The Goodyear Tire and Rubber Co., Akron, OH) and a mild heat
treatment was applied to ensure proper sealing. Two 1-mm holes were made in opposite
corners of the packages to ensure an aerobic atmosphere was maintained inside the
packages. Packages were then transferred to and stored in a 12°C environmental
chamber (Lunaire Environmental Inc., Williamsport, PA). These procedures were
followed for three flushes of each crop.

5.3.3. Microbiological Analysis
Total aerobic bacterial population numbers in the casing and fresh mushrooms
were determined by standard plating procedures. Microbial counts on mushrooms at
harvest (day 0) were enumerated by sampling mushrooms harvested aseptically from the
production beds. Approximately 150 grams of fresh mushroom (wet weight) samples
was blended in a variable speed Waring blender (Model 38BL54, set at high) with two
parts of buffered peptone water (BPW, Difco). Following serial dilution of the blended
sample in BPW, one mL aliquots were spread plated onto non-selective total plate count
agar (Petrifilm, 3M), followed by incubation at 28°C for 48 h. These procedures were
followed for three flushes of the crops.
To determine the microbial numbers of the casing layer, 100 grams of casing
material was added to 400 mL of buffered peptone water. Enumeration of the total
aerobic bacterial populations was done as described above.

5.3.4. Initial and Stored Quality Measurements
Quality evaluation included measurement of whiteness (L-value) and color (delta
E) before and after the 6-day storage period using a hand-held Chromameter (Model CR200, Minolta Corp, Ramsey, NJ). The chromameter was calibrated before each use by
employing a standard white calibration plate that was included with the instrument. The
L*a*b color coordinate system was used for all color measurements. In this system, Lvalue indicates whiteness and a* and b* values are chromaticity coordinates. L-values
range from 0-100, and increasing L-value indicates a higher degree of whiteness (Minolta
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1994).196 The standard white tile used for calibration of the chromameter has values of L
= 97.00, a* = -2.00, and b* = 0.00 (Solomon and others 199151; Simons 1994191). Four
replicates consisting of eight mushrooms from each treatment were randomly selected.
Three measurements were taken on the cap of each mushroom. The means of each
replication was averaged to calculate whiteness (L-value) for each treatment.
After the initial color readings were taken, the twenty-four mushrooms from each
treatment were quartered by hand using a standard kitchen knife. From each mushroom
three quarters were discarded and one quarter was retained. Four randomly selected
quarters, each from a separate mushroom, were placed in an aluminum weigh dish and
weighed. This resulted in six replications for each treatment. After weighing, the
samples were placed in a walk-in freezer and stored for twenty-four hours at 0ºC. After
twenty-four hours of frozen storage, the samples were freeze dried (VirTis model Genesis
25XL, VirTis Inc., Gardiner, NY) to a constant weight. Upon completion of the freezedrying process, the samples were removed from the freeze dryer and immediately
weighed. The difference between the fresh weight and the dry weight was used to
calculate the solids content of the mushrooms.

5.4. Results and Discussion
Freshly prepared casing soil prior to irrigation harbored 5.9 log CFU of aerobic
bacteria per gram (wet weight) (Figure 5.3). Pasteurization of the casing layer resulted in
a 2.9 log reduction in aerobic bacterial populations, reducing the levels from 5.9 log to 3
log units per gram. The aerobic bacterial numbers increased by 3.9 log (from 3 log to 6.9
log) following irrigation of the pasteurized casing soil for 1 week in the set-back room
(kept at 17ºC). The aerobic bacterial population of the unpasteurized casing layer
increased by 1.4 logs following irrigation for 1 week in the set-back room (from 5.9 log
to 7.3 log CFU/gm). This experiment demonstrated that pasteurization significantly
reduced bacterial numbers in the casing layer, but the difference in bacterial numbers
disappeared after one week in the setback room.
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There was no significant difference in bacterial numbers associated with
mushrooms grown using un-pasteurized or pasteurized casing (Fig. 5.4). However,
mushrooms grown on pasteurized casing appeared to have better postharvest quality
(Figure 5.5, Tables 5.1). There was a 11.0 % decrease in yield when mushrooms were
grown on pasteurized casing soil (Table 5.2). This reduction in yield may render casing
pasteurization undesirable for commercial growers. Also, a subsequent experiment
discussed in Chapter 7 demonstrated that the survival of Listeria monocytogenes may be
enhanced in thermally treated casing soils. Owing to the above reasons, an irrigation
strategy (see Chapters 3 and 4), rather than a casing pasteurization strategy, was deemed
more practical for reducing bacterial populations on fresh mushrooms.

5.5. Conclusions
Results of experiments to date indicate that pasteurization of the casing material
has modest potential as a strategy to reduce bacterial populations, and improve point-ofsale quality of fresh mushrooms. However, from a food safety perspective, a
recommendation to steam-treat casing soils should be delayed since steam treatment may
negatively affect beneficial soil microflora inhibiting foodborne pathogens. Research on
the survival of foodborne pathogens in untreated and thermally treated/pasteurized casing
soils is warranted.
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Figure 5.1: Picture of the steam vault (A) and steam generator (B) employed at the
Mushroom Test Demonstration Facility (MTDF). Casing soil was held in the steam
vault designed for direct steam injection. Pasteurization of the casing was
conducted by forcing a mixture of air and steam into the vault to increase the
temperature of the casing material to 60°C (140°F).
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Figure 5.5: Photograph of mushrooms (10 day storage at 12°C) grown on
unpasteurized casing soil (left) or pasteurized casing soil (right).
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Table 5.1: Whiteness (L) and color (delta E) of fresh mushrooms grown using
unpasteurized or pasteurized mushroom casing soils

L and delta E values

Control

Treatment

(Unpasteurized Casing)

(Pasteurised Casing)

L (day 0)*

92.85 a

92.99 a

L (day 10, 12ºC)

77.11 a

82.02 b

Delta E (day 0)

14.18 a

14.21 a

Delta E (day 10, 12ºC)

32.82 a

29.57 b

*Day 0 refers to the day of harvest
Data shown is the average of 3 independent crop flushes.
Means within a row followed by the same letter are not significantly different, α = 0.05,
Tukey HSD
Table 5.2: Yield and solids content of mushrooms grown using unpasteurized or
pasteurized mushroom casing soils
Yield (Kg/m2)
Flush

% Solids
Flush

Total

Treatment

1

2

3

Yield

1

2

3

Unpasteurized Casing

13.3

7.2

3.1

23.6

7.6

7.7

7.9

Pasteurized Casing

12.4

6.2

2.4

21.0

7.7

7.7

8.1
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6. THE EFFECT OF WASHING AND SLICING OPERATIONS ON THE
SURVIVAL OF LISTERIA MONOCYTOGENES AND SALMONELLA SP IN
FRESH MUSHROOMS DURING POSTHARVEST STORAGE AT 12ºC.

6.1. Abstract
The objective of the study was to determine the survival of L. monocytogenes and
Salmonella sp. in unwashed or washed whole and sliced mushrooms during postharvest
storage at 12ºC. White Agaricus bisporus mushrooms were obtained fresh from the Penn
State Mushroom Test Demonstration Facility (MTDF). Mushrooms were washed using a
two-stage wash process described by Beelman and Duncan (US Patent-5919507, 1999).73
The slicing operation was conducted following washing, drying and inoculation of the
foodborne pathogens over the mushroom cap surface. Inoculated mushroom were kept in
polystyrene tills over-wrapped with a commercial plasticized polyvinyl chloride (PVC)
film. The packages were stored in a humidity controlled environmental chamber
(Lunaire Environmental, Inc., Williamsport, PA) maintained at 12°C and 75-85% relative
humidity. Mushroom packages were removed over the shelf-life period to enumerate
populations of L. monocytogenes and Salmonella sp.
Inoculum size had a significant effect on the survival of L. monocytogenes on
whole mushrooms. When inoculated at a high inoculum load (6.2 log CFU/gm),
populations of L. monocytogenes reduced by 1.4 log CFU/gm over 8 days at 12ºC.
However, when inoculated at a low inoculum load (3.2 log CFU/gm), populations of L.
monocytogenes initially reduced by ca. 0.5 log and then remained constant during the 8
day storage period at 12ºC. In a later experiment, when inoculated at 4 log CFU/gm,
populations of L. monocytogenes increased by 0.7 log CFU/gm during the first 24 hours
of storage at 12ºC and then remained constant during a 7 day storage period at 12ºC.
Slicing mushrooms significantly promoted the growth of the foodborne
pathogens. Populations of L. monocytogenes in unwashed sliced mushrooms rapidly
increased from 4 log CFU/gm to 6.8 log CFU/gm during 5 days of postharvest storage at
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12ºC. Populations of Salmonella sp. in unwashed sliced mushrooms increased from 4.47
log CFU/gm to 6.7 log CFU/gm during 5 days of postharvest storage at 12ºC. Washing
mushrooms using the PSU wash process prior to inoculation and slicing significantly
reduced the rate of the growth of L. monocytogenes and Salmonella sp. during
postharvest storage at 12ºC.

6.2. Introduction
Mushroom farming is a large and economically important part of US agriculture.
Value of sales for the total 2004-05 U.S. mushroom crop including specialty mushrooms
was $908 million. In 2004-05, 118 growers in the US produced 838 million pounds of
the Agaricus mushrooms with a value of over $862.3 million.11 Within the last 10 years,
Agaricus mushroom production has increased by 12.2 %. In 2004-2005, U.S. fresh
market Agaricus was 83 percent of total sales volume with processed Agaricus
mushrooms making up the remaining 17 percent, compared to 1991-1992 figures where
only 69 percent were grown for fresh market consumption and 31 percent of the
mushrooms were processed. This change reflects the increasing consumer preference for
fresh mushrooms. The market for sliced mushrooms is growing despite selling at a
premium over whole mushrooms.
Fresh mushrooms are often consumed without cooking as in salads. The possible
presence of bacteria that are pathogenic to humans in fresh unprocessed mushrooms is a
food safety threat, and a foodborne outbreak could be catastrophic to growers. There
have been no reported outbreaks associated with consumption of fresh mushrooms.
However, there have been several reports of human pathogens isolated from fresh
mushrooms. The foodborne pathogens Campylobacter jejuni, L. monocytogenes and
Salmonella spp. have been found on fresh mushrooms. Doyle and Schoeni (1986)197
isolated C. jejuni in three of 200 (1.5%) retail mushroom packages from several
Midwestern U.S. grocery stores. In a survey in the Pacific Northwest, 111 1% of retail
samples tested positive for L. monocytogenes and 5% tested positive for Salmonella spp.
Heisick et al. (1989)112 reported that 11% of supermarket mushroom samples tested
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positive for L. innocua. In a more recent study, BAX, a Polymerase Chain Reaction
(PCR)–based pathogen detection system, was used to survey retail mushrooms for
contamination with Escherichia coli O157:H7, Salmonella, Listeria spp., and Listeria
monocytogenes. No Salmonella or E. coli O157:H7 was detected in the 202 mushroom
samples screened. BAX detected Listeria species in 17 of the 202 mushroom samples
(8.4%). However L. monocytogenes was not found in any of the 202 samples. Only
0.7% of PCR assays failed to amplify control DNA, and therefore reagent failures and the
inhibition of PCR by plant compounds were rare.198
Recently, a health alert was issued in Ireland by government authorities after
Salmonella Kedougou was detected on mushrooms.1,2 The pathogen was found in the
mushroom compost, the casing layer, and in several mushroom samples.1 The most
recent report related to food safety and fresh mushrooms was in August 2003 when the
Georgia Department of Agriculture recalled a brand of sliced fresh mushrooms produced
in Pennsylvania which tested positive for L. monocytogenes.4
Washing mushrooms has recently gained commercial popularity as a means of
removing casing soil particles and for the application of browning and microbial
inhibitors. Significant research has been conducted in developing washing processes to
achieve the objective. 74 75,76

77 78 74

McConnell (1991)72conducted a review of potential

wash additives for mushrooms including sodium hypochlorite, hydrogen peroxide,
potassium sorbate, and sodium salts of benzoate, EDTA, and phosphoric acids. The
researcher concluded that effective antioxidants, in addition to antimicrobial compounds,
were required to enhance shelf-life of fresh mushrooms by washing. Beelman and
Duncan (1999)73 developed a mushroom wash process (U.S. Patent 5,919, 507). The
method employed a first stage high pH (pH of 9.0 or above) antibacterial wash followed
by a neutralizing wash containing browning inhibitors. The neutralizing wash contained
a buffered solution of erythorbic acid and sodium erythorbate. Other browning inhibitors
such as ascorbates, EDTA, or calcium chloride were identified as suitable ingredients for
addition to the neutralizing solution. The process helped remove casing soil residue and
significantly delayed microbial spoilage of fresh mushrooms during postharvest storage.

98

Sliced mushrooms represent a significant part of the fresh mushroom market. For
instance, the mushroom industry in Ireland supplies about 5 to 25 % of its fresh output as
slices.199 Consumer demand for ready-to-use foods has rapidly increased in recent years,
and the growth in market share for sliced mushrooms reflects this trend. Pizza producing
companies have a high demand for sliced mushrooms and supermarkets are selling an
increasing number of overwrapped packages of sliced fresh mushrooms.199 Sliced fresh
mushrooms are marketed either unwashed or sliced following a wash process.
Any food product delivered to consumers without the application of treatments
that completely eliminate microbial contaminants may serve as a vehicle for the
transmission of microorganisms that cause disease. Microbial populations on fresh
mushrooms may occasionally include potential pathogens acquired in the production
environment, either from natural sources or as a result of human activity. Hence, the first
objective of the study was to determine the survival of L. monocytogenes in fresh whole
unwashed mushrooms under low and high inoculum conditions during postharvest
storage at 12ºC.
Mushrooms carry a detailed diversity of microbial populations. These include
saprophytic species acquired from the casing and compost reservoirs, contaminants
derived from environmental sources, and microbial species acquired during subsequent
handling and processing. Following the slicing operation, any or all of these
microorganisms can exploit opportunities for growth provided by access to the rich
source of nutrients contained within the mushroom tissue. The survival characteristics of
foodborne pathogens in sliced mushrooms are unknown. Hence, the second objective of
the study was to evaluate the survival of L. monocytogenes and Salmonella sp. in sliced
mushrooms (unwashed or washed) during postharvest storage at 12ºC. In the case of
washed mushrooms, the mushrooms were inoculated with the foodborne pathogens
following washing and prior to the slicing operation.

6.3. Materials and Methods
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6.3.1. Cultures of Foodborne Pathogens
Chicken litter isolates of Salmonella serotypes Enteriditis (03-8145), and
Typhimurium (03-8970) were obtained from the National Veterinary Services Laboratory
(Ames, IA). Listeria monocytogenes cultures Scott A (serotype 4b) and FSLR2-499
(serotype 1/2a, human epidemic origin) was obtained from the PSU Food Microbiology
Laboratory Collection. L. monocytogenes serotypes 4b and 1/2a are most frequently
associated with foodborne illness.200,201
Working cultures of each of the above strains were maintained on Tryptic Soy
Agar supplemented with 0.6% Yeast Extract (TSAYE; Difco Laboratories, Detroit, MI).
The inoculum was prepared by individually growing the strains in Tryptic Soy Broth
supplemented with 0.6% Yeast Extract (TSBYE; Difco). An isolated colony was added
to 10mL of TSBYE and incubated for 18-22 h at 33ºC. A 0.1 mL aliquot was then
subcultured into 10 mL of TSBYE and incubated for 18-22 h at 33ºC, producing
stationary phase populations. The cultures were centrifuged for 10 min at 8000 g and the
pellet was resuspended in 10mL of a 0.85% sodium chloride solution. Suspensions of
Salmonella strains or L. monocytogenes strains were combined separately. The
composite Salmonella stock suspension contained approximately 1×108 CFU/mL. The
composite L. monocytogenes stock suspension contained approximately 2×108 CFU/mL.

6.3.2. Washing Fresh Mushrooms
All mushrooms used in this study were a hybrid off-white (U-1) strain of
Agaricus bisporus and were obtained from the Penn State Mushroom Test Demonstration
Facility (MTDF). The mushrooms were used in the experiments immediately after
harvesting. Freshly harvested mushrooms (15 kgs.) were obtained from the Mushroom
Test Demonstration Facility (MTDF) on the Penn State, University Park Campus, PA.
The mushrooms were stipe trimmed to within 5mm of the mushroom cap. The stipetrimmed mushrooms were then split into two batches. One batch was used as the control
unwashed batch. The other batch of mushrooms was washed using the two-stage PSU
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wash process described by Beelman and Duncan (US Patent-5919507, 1999) and shown
below:
Stage I:

0.05 M Bicarbonate (NaHCO3) buffer, pH 10.5, 30ºC, 45 seconds wash

Stage II:

Erythorbate buffer (0.6% erythorbic acid + 2.4% Sodium erythorbate) +
CaCl2 (1000 ppm) + EDTA (1000 ppm), pH 4.5, 20ºC, 45 seconds wash

Stipe-trimmed mushrooms (2 kg batches) were dumped into a stainless steel
bucket containing 15 Gallons of stage I wash solution. The mushrooms were stirred
gently in the wash solutions for 45 seconds and then drained in plastic colanders.
Immediately after draining, the Stage I washed mushrooms were transferred to the Stage
II wash solution. The mushrooms were stirred gently in the Stage II wash solutions for
45 seconds, removed and drained using the colanders. The wash process was repeated
using three sets of 2 Kg mushroom batches to yield 6 Kgs. of washed mushrooms. After
draining and surface drying for 2 hrs, the mushrooms were placed in 8-oz. styrofoam tills.
Mushrooms of approximately equal size (8 nos. per 8 oz. till) were placed in the tills to
yield between 190 to 210 g per till.

6.3.3. Inoculation of Fresh Mushrooms
Fresh mushrooms (unwashed and washed) were inoculated by the method of
Martin and Beelman (1996).63 Inoculation was conducted by dispensing a 20µl drop of
the L. monocytogenes/Salmonella sp. stock suspensions on each mushroom cap. The
drops was spread over an area of approximately 4cm2 using a glass petriplate-spreader
and allowed to air dry at room temperature for 6 hours.

6.3.4. Slicing Fresh Mushrooms
One half each of the unwashed/inoculated and washed/inoculated mushroom
packages were removed for the slicing operation. Whole mushrooms from each package
was removed by gloved hands, sliced, and returned back to the styrofoam tills. 3mm
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mushroom slices were obtained by slicing the mushrooms using standard stainless steel
egg slicers (Fox Run brand, Ivyland, PA) under aseptic conditions.

6.3.5. Packaging Fresh Mushrooms
Four treatments of inoculated mushroom were prepared during the study: 1)
Unwashed whole, 2) Washed whole, 3) Unwashed sliced and 4). Washed sliced
mushrooms. The tills were over-wrapped with a commercial plasticized polyvinyl
chloride (PVC) film (15” PWMF clear stretch film, Huntsman Packaging Corp. Salt Lake
City, UT) and sealed using using mild heat. Two 2mm holes were burned into the PVC
film at the top of the package for ventilation and to prevent development of an anaerobic
environment within the tills. The packages were incubated in a humidity controlled
environmental chamber (Lunaire Environmental, Inc., Williamsport, PA) maintained at
12°C and 75-85% relative humidity

6.3.6. Sampling and Microbiological Analysis of Fresh Mushrooms
The mushrooms packages were removed over the shelf-life period for microbial
analysis to enumerate the populations of L. monocytogenes and Salmonella sp. At the
appropriate time interval, two inoculated tills of fresh mushrooms from each treatment
were removed from the environmental chamber and used to enumerate the foodborne
pathogens. The mushrooms were aseptically transferred into sterile blender jars to which
an equal weight of sterile buffered peptone water (BPW, Difco) was added. The
mushrooms were then blended for 2 minutes using a Waring blender and appropriate
serial dilutions were made using buffered peptone water (BPW, Difco) dilution blanks.
Following dilution, 0.1ml of each dilution was spread plated in duplicate onto Modified
Oxford (MOX, Difco) agar and Xylose Lysine Deoxycholate (XLD, Difco) agar for
enumerating populations of Listeria monocytogenes and Salmonella spp. respectively.
The plates were incubated at 35°C for 48 hr prior to counting. Standard Listeria and
Salmonella enrichments were also be conducted on all mushroom samples. Eleven ml of
1/10 sample dilution was be added to 1.1-strength UVM broth (Listeria sp) or Lactose
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broth (Salmonella sp) and incubated for 24 h at 30 or 35 ºC respectively. One ml of the
incubated broth was added to 10mL of Fraser broth (Listeria) or Selenite Cysteine broth
and Tetrathionate broth (Salmonella), followed by incubation for 24 h at 30 or 35 ºC
respectively. Samples were streaked onto MOX agar (Listeria) or XLD agar
(Salmonella) for qualitative detection of the pathogens following enrichment.

6.3.7. Statistical Analysis
Treatments were examined in duplicate. All statistical analysis was performed
using the Minitab statistical software (Minitab, Inc., State College, PA). Analysis of
variance and mean separation using Tukey’s Honest Significant Differences were
conducted on logarithmic data of L. monocytogenes or Salmonella sp. populations.
Microsoft® Excel (Microsoft Corporation, Cambridge, MA) was used to generate
growth/survival curves when required. Additionally, MS Excel was used to calculate
standard deviation of the mean used as the basis for Y-error bars found in the graphs of
the results section.

6.4. Results and Discussion
Fresh whole mushrooms did not support growth of L. monocytogenes inoculated
at either high or low populations (Fig. 6.1). When inoculated at a high inoculum load
(6.2 log CFU/gm), populations of L. monocytogenes reduced by 1.4 log CFU/gm over 8
days at 12ºC (Figure 6.1 A). However, when inoculated at a low inoculum load (3.2 log
CFU/gm), population of L. monocytogenes initially reduced by ca. 0.5 log and then
remained constant during the 8 day storage period at 12ºC (Figure 6.1 B). In another
experiment, when introduced at 4 log CFU/gm, populations of L. monocytogenes
increased by 0.7 log CFU/gm during the first 24 hours of storage at 12ºC, and then
remained constant during a 8 day storage period at 12ºC (Figure 6.2).
Results of the study reported herein demonstrate that whole mushrooms do not
significantly support the growth of L. monocytogenes. In contrast to these observations,
in a study by Gonzalez-Fandos et al (2001),202 L. monocytogenes was able to grow on
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mushrooms by 1 to 2 log units during the first 48 h of storage when kept at 4ºC or 10ºC.
When mushrooms were packaged using either perforated and nonperforated PVC
polymeric films, after 10 d of storage, the populations of L. monocytogenes were higher
in mushrooms packaged in the nonperforated film and stored at 10ºC.202 Hence, the two
studies arrive at different conclusions regarding the potential of whole mushrooms to
support the growth of L. monocytogenes.
Compared to whole mushrooms, slicing mushrooms significantly promoted the
growth of L. monocytogenes (p < 0.001) (Fig 6.2). This was most evident in sliced
unwashed mushrooms when populations of L. monocytogenes rapidly increased from 4
log CFU/gm to 6.8 log CFU/gm during 5 days of postharvest storage at 12ºC (Figure
6.2). Washing mushrooms using the PSU wash process prior to inoculation and slicing
significantly reduced the rate of the growth of L. monocytogenes during postharvest
storage at 12ºC (p<0.05) (Figure 6.2). At the end of 5 days of postharvest storage at
12ºC, populations of L. monocytogenes reached 5.9 log CFU/gm in washed sliced
mushrooms in contrast to 6.8 log CFU/gm in unwashed sliced mushrooms.
Whole mushrooms (unwashed or washed) did not significantly support the growth
of Salmonella sp (Figure 6.3). However, slicing mushrooms (either unwashed or washed
and inoculated with Salmonella sp.) significantly enhanced growth of the pathogen (p <
0.001). Populations of Salmonella sp. in unwashed sliced mushrooms rapidly increased
from 4.5 log CFU/gm to 6.9 log CFU/gm within 3 days of postharvest storage at 12ºC
(Figure 6.3). Washing mushrooms by the PSU wash process prior to inoculation and
slicing did not significantly inhibit the growth of the pathogen, but reduced the rate of
growth of the pathogens. Populations of the pathogen in washed and sliced mushrooms
increased from 4.5 log CFU/gm to 6.7 log CFU/gm during a 7 day storage period at 12ºC
(Figure 6.3).
Agaricus mushrooms have a neutral pH value, and fall in the category of foods
with a water activity of 0.98 or higher. From the standpoint of nutrients, fresh
mushrooms are capable of supporting growth of certain spoilage microorganisms.
Mushrooms contain large amounts of carbohydrates including polysaccharides such as
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glucans and glycogen, monosaccharides and disaccharides (such as trehalose), sugar
alcohols (such as mannitol) and chitin. The Agaricus bisporus mushroom species is also
known to contain significant amounts of the sugar alcohol mannitol (20-30%, dry
weight), and 1 to 3% of the disaccharide trehalose.19 Mattila et al. (2002) 17 found that A.
bisporus mushrooms contained about 2.0 % net protein (fresh weight). These
mushrooms are also known to be high in the B-complex vitamins: niacin, folate,
pantothenic acid and riboflavin.22 These nutrients, if released from the mushroom tissue,
make an ideal bacterial growth substrate. In fresh healthy mushrooms, nutrients are
mostly located within the mushroom tissue and may not be readily available for microbial
growth. The slicing operation of fresh mushrooms results in the disruption of the
Agaricus tissue, and consequently releases the nutrients. Enhanced availability of
nutrients may explain the rapid growth of the foodborne pathogens in sliced mushrooms.

6.5. Conclusion
The experiments demonstrate that rapid growth of L. monocytogenes and
Salmonella sp. occurs on sliced mushrooms compared to whole mushrooms held under
the same time/temperature storage conditions. Potential contamination with the
foodborne pathogens may occur during harvest and handling of fresh mushrooms. If
contaminated mushrooms are sliced and abusive storage temperatures are encountered
during transport and storage of these fresh sliced mushrooms, the risk of a foodborne
outbreak would be increased. Hence, control of both the slicing operation and
postharvest storage is critical to ensuring safe, unadulterated product.
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Figure 6.1: (A and B): Survival of Listeria monocytogenes in fresh mushrooms
during postharvest storage at 12°C; A. High inoculum level; B. Low inoculum level
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7. MICROBIAL ECOLOGY OF SPHAGNUM-PEAT BASED MUSHROOM
CASING SOILS AND BIOTIC FACTORS INFLUENCING THE
DESTRUCTION OF LISTERIA MONOCYTOGENES AND SALMONELLA SP
IN CASING SOILS

7.1. Abstract
In the mushroom growing process, sphagnum peat amended with calcium
carbonate added on top of mushroom mycelia-colonized compost is called casing soil.
The objective of the present study was to understand the microbial ecology of casing soil
and determine the survival of Listeria monocytogenes and Salmonella sp. inoculated in it.
Freshly prepared casing soil samples were used to isolate pure cultures of indigenous
microflora. Batches of casing soil were either untreated or autoclaved at 121ºC for 90
min to destroy populations of indigenous casing microflora. The casing soils were
inoculated with L. monocytogenes and/or Salmonella sp., maintained under simulated
mushroom-growing conditions (80% moisture, 22°C), and periodically sampled for
enumerating populations of the foodborne pathogens. To determine the influence of soil
biotic factors on food safety, pure cultures of indigenous microflora were re-introduced
into sterile casing soil, allowed to establish, and challenged with the foodborne
pathogens. Indigenous culturable casing soil microflora was comprised predominantly of
the Pseudomonas and Pantoea bacterial genera, the Streptomyces sp. from the
actinomycetes genera, the Penicillium fungal genera, and a high population of native
yeast. Inoculated population levels of L. monocytogenes and Salmonella sp. remained
largely unchanged in autoclaved casing soil over a period of up to 8 weeks. However,
populations of the foodborne pathogens rapidly declined in untreated casing soil. A 4 log
reduction in populations of L. monocytogenes occurred within 10 days of introduction
into the casing soil. The presence of Penicillium sp. and Streptomyces sp. in sterile
casing soil inhibited the growth of L. monocytogenes and Salmonella sp. The Penicillium
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chrysogenum sp. present in the casing soil produced the β-lactam class of antibiotics in a
casing soil broth system.

7.2. Introduction
In the mushroom growing process, Agaricus bisporus (button mushroom) starter
culture (spawn) is mixed into pasteurized mushroom substrate and allowed to grow
throughout the substrate for about 14 days. After Agaricus colonization of the compost is
complete, an approximate 2-inch layer called casing soil is applied on top of the compost
(Figure 7.1). The function of the casing soil is to provide an environment for fruit body
formation and to maintain a source of water for the mushrooms. A successful mushroom
crop with good yield, optimal size and good mushroom quality is dependent upon the
amount of moisture in the substrate and casing.88-90 Hence, high-water holding capacity
is a pre-requisite for casing soils. In the commercial mushroom industry, Sphagnum-peat
soil is a preferred material for use in casing soil mixes. Casing soil mixes are made of
sphagnum-peat soil amended with calcium carbonate (CaCO3; to neutralize pH) and
water (80% moisture).
Pinning is an important process in mushroom growing. It is the initiation of
transition of Agaricus bisporus from the vegetative stage (mycelia) to the reproductive
stage (fruiting body). Addition of casing soil onto the surface of Agaricus mycelia
colonized compost stimulates pinning of mushrooms. One key factor to this transition,
resulting in fruiting body (basidiome) initiation, is the presence of casing indigenous
microflora.91
Commercial preparation of compost for mushroom growing involves a phase II
substrate protocol. This protocol includes a substrate pasteurization step designed to
eliminate mushroom pathogens,5 weeds, and insect pests. A successful pasteurization
requires that the air and substrate temperature reach 60oC (140oF) for at least 2 hours.6
Studies at Penn State demonstrated that complete inactivation of human bacterial
pathogens in mushroom compost can be achieved during a Phase II protocol where
pasteurization temperatures reach 60ºC for at least 2 h.5 Hence, properly prepared
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mushroom compost is not a food safety concern. However the microbial food safety
aspects of the casing soil used in mushroom growing is not known since it is not
thermally treated.
Soils can act as a reservoir for Listeria monocytogenes,126 and hence may be an
important point of contamination of fruits and vegetables with the pathogen. L.
monocytogenes has been found in soil in a frequency varying from 9 to 14%.128 In a
study conducted by MacGowan et al. (1994),129 of 136 soil samples cultured for Listeria
sp. in a year round survey, 14.7% (20/136) of the soils tested positive for Listeria sp. with
0.7% of the soils containing L. monocytogenes. Van Renterghem et al. (1991)132studied
the survival of L. monocytogenes in soil and in the rhizosphere of radish grown in L.
monocytogenes contaminated soil. L. monocytogenes was inoculated into sandy-loam
soil to yield a concentration of 105 CFU per gram of the soil. Radish seeds were sewn
into the L. monocytogenes inoculated soil. After 3 months the radishes were harvested
and sampled for L. monocytogenes. Results demonstrated that 50% of the radishes, and
17% of soil samples in which radishes had been growing contained L. monocytogenes.
The above study is one among the many demonstrations of the persistence and transfer of
foodborne pathogens from agricultural soils into the food chain.
Microbial food safety of fresh mushrooms as influenced by the casing soil is
largely unknown. Most commercial mushroom growers do not currently employ a
process to disinfect casing soils primarily due to anecdotal evidence that it increases
incidence of crop disease, and reduces crop yields. Increase in crop disease incidence has
been reported when growers employ casing soil steam-treatments of 63-70 ºC,
presumably because populations of indigenous microflora that inhibit mushroom
pathogens are reduced or eliminated or they indirectly influence primordial formation.
Mushrooms form in close proximity to the casing soil. Particles of casing soil often
adhere to the mushroom surface and are evident at retail display. Hence, there are new
demands from buyers for growers to implement food safety control measures for casing
soils. However, a recommendation to implement a food safety control measure for
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casing soils should be reserved, since the microbial ecology of the casing soil and its
influence on the survival of foodborne pathogens is currently not known.
The goal of the present project is to study the microbial ecology of the casing soil
and determine how indigenous microflora influence the survival of L. monocytogenes and
Salmonella sp. inoculated in casing soils maintained under mushroom growing
conditions.

7.3. Materials and Methods

7.3.1. Casing Soil
Casing soil was prepared at the Mushroom Test Demonstration Facility (MTDF)
on the Penn State University Park campus. Sphagnum peat soil (11 bales, 0.17 m3 each,
Acadian Peat Moss Ltd., Lameque, New Brunswick, Canada) was amended with calcium
carbonate (205 Kgs, Graymont pulverized lime stone, Bellefonte, PA, USA) and normal
tap water (2090 liters) to adjust for pH and moisture content respectively. The pH of the
casing soil was 7.2. The final oven-dried moisture content of the casing soil was 80%.
The physical properties of the casing soil are shown in Table 7.1. Two kg batches of
composite casing soil samples were held in sterile 5L stainless steel vessels and
transported by vehicle to the microbiology laboratory. Batches of the soil were either left
untreated, or autoclaved at 121ºC for 90 minutes. The latter operation was conducted to
remove populations of casing indigenous microflora.

7.3.2. Casing Soil Moisture Content and Mineral Analysis
Immediately after preparation of the casing material at the MTDF, casing soil
samples were removed from different parts of the bulk batch and transferred to 2 L
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stainless steel containers. Four sets of representative casing soil samples (200 g) were
removed from the stainless steel containers, transferred onto clean stainless steel freezedrier trays, and placed in a freezer for twenty-four hours at -10ºC. After twenty-four
hours of frozen storage, the samples were freeze-dried (VirTis model Genesis 25XL,
VirTis Inc., Gardiner, NY) to a constant weight. Upon completion of the freeze-drying
process, the samples were removed from the freeze-dryer and immediately weighed. The
difference between the fresh weight and the dry weight was used to calculate the moisture
content and solids content of the casing soil. The freeze-dried samples were sent to the
Agricultural Analytical Services Laboratory on the University Park Campus of the
Pennsylvania State University for mineral analysis by inductively-coupled plasma atomic
emission spectroscopy.

7.3.3. Enumeration of Indigenous Microflora of Casing Soil
The casing soil was enumerated for culturable casing aerobic bacteria,
actinomycetes, yeast, and mold populations immediately following preparation of the
bulk casing soil at the MTDF. Samples were aseptically removed from different areas of
the bulk batch into sterile 5L stainless steel containers. 100 g of this composite casing
soil sample was combined with 900mL of Buffered Peptone Water (BPW, Difco) in a
sterile 2L stainless steel beaker (VWR). The mixture was stirred by hand for 2 min with
sterile forceps to yield a 10-1 dilution. The sample was serially diluted by transferring a
11 mL aliquot of the 10-1 dilution to 99 mL BPW. Subsequent dilutions were achieved
by transferring 1mL of diluted sample into 9mL BPW. 0.1mL aliquots of the serially
diluted samples were plated onto Aerobic Plate Count agar (APC, Difco) to enumerate
aerobic bacterial populations. Potato Dextrose Agar (PDA, Difco), Dichloran Rose
Bengal Chloramphenicol agar (DRBC, Difco), Czapek agar (CZ, Difco), Malt Extract
Agar (MEA, Difco) and Actinomycetes Isolation Agar (AIA, Difco) plates were used to
enumerate mold, yeast, and actinomycete populations. The plates were incubated at 25ºC
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(mushroom crop room temperature) for 48-96 hours. Colonies were manually counted to
enumerate populations of aerobic bacteria, actinomycetes, yeast and molds. To obtain
pure cultures, colonies were chosen for transfer. All colonies that looked potentially
interesting were recorded and transferred to either PCA or PDA/DRBC/CZ/MEA/AIA
agar plates. PCA was used to isolate aerobic bacteria and the latter media set for
yeast/mold/actinomycetes respectively. The sterilized point of an inoculation needle was
used to transfer and streak a small amount of the colony of interest. The plates were kept
at 25ºC, and incubated for 48-96 hours.

7.3.4. Identification of Casing Indigenous Microflora
Bacterial isolates grown on the APC agar media were identified using the Biolog
GN2/GP2 MicroPlates® and the Biolog® MicroStation (Biolog, Hayward, Calif.)
apparatus at the Penn State University Veterinary Diagnostics Laboratory. Gram-stain
tests were performed on all pure culture isolates to determine the appropriate Biolog
testing protocol. Pure cultures of the isolates were grown on Universal Growth agar
plates (Biolog). The bacteria were swabbed from the surface of the agar plate, and
suspended to appropriate cell densities (OD=+/- 0.65 at 560 nm) (Spectro 22, Digital
Spectrophotometer, Labomed, USA) in GN/GP inoculating fluid (Biolog). 150µl of
bacterial suspension was pipetted into each well of the GN2 or GP2 MicroPlate®
(Biolog) and incubated at 30ºC for 24 h. Color development was recorded using the
Biolog MicroStationTM (590 nm wavelength filter), and compared to the Microlog 3.70
database (Biolog) for determining the results.
Micromorphological and cultural characteristics described in the manuals by
Klich and Pitt (1988)203 and Pitt (1988)204 were used as the basis for identification of the
isolated molds. Micromorphological and cultural characteristics described by
Waksman100 was used as the basis for identification of the isolated actinomycetes. The
identification guides demanded the use of specific media formulations and treatments,
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which effectively standardized observations. Czapek Agar (CZ), Malt Extract Agar
(MEA), Potato Dextrose Agar (PDA) and Dichloran Rose Bengal Chloramphenicol
(DRBC) agar were the media employed for the species level identification of the fungal
isolates. Czapek Agar (CZ), Actinomycetes Isolation Agar (AIA) and Xylose Lysine
Agar (XL) were the media employed for the identification of the actinomycete isolates.
Substrate and aerial hyphae of the fungi and actinomycetes growing on the different
growth media were observed using a dissection and/or a light microscope (10X
magnification) on 2, 4, 6, 8, and 10 days of growth. For making wet mounts, on day 8 of
growth on the above media, a small amount of colony was cut out from near the colony
edge, where young conidiophores or sporophores (for actinomycetes) were present. The
material was transferred to a microscope slide with the aid of a small drop of 70%
ethanol. When the ethanol evaporated, a drop of 25% lactic acid was added. A cover slip
was then added slowly to cover the material, and lightly pressed with the eraser end of a
pencil. Excess liquid around the edges were blotted off using blotting paper and viewed
under a light microscope (VWR) at 4, 10, 40 and 100 X (oil) magnifications. The
cultural and micromorphological features of the individual fungi and actinomycetes were
recorded (Tables 7.3 and 7.3 respectively) and compared with the identification
guides.203,204

7.3.5. Inoculum Preparation of Indigenous Microflora
Working cultures of each of the isolated/characterized bacterial strains were
maintained on Tryptic Soy Agar supplemented with 0.6% Yeast Extract (TSAYE, Difco).
A single robust colony of each of the bacterial strains was grown in 10mL of Tryptic Soy
Broth supplemented with 0.6% Yeast Extract (TSBYE, Difco) and incubated for 24 h at
30ºC. A 0.1 mL aliquot was then subcultured into 10 mL of TSBYE and incubated for 24
h at 30ºC. The cultures were centrifuged for 15 min at 9000 rpm and the pellet was
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resuspended in 10mL of a 0.85% sodium chloride solution. The individual stock
inoculum for each strain contained approximately 108 CFU/ml.
Preparation of the fungal and actinomycete spore inoculum was accomplished as
follows. Pure cultures of fungi (belonging to the Penicillium genus) or actinomycetes
(belonging to the Streptomyces genus) isolated from the casing soil were maintained on
Potato Dextrose Agar (PDA, Difco) or Actinomycete Isolation Agar (AIA, Difco) slants
respectively. Inoculum was produced by growing the organism on the media slants for
approximately 8d at 25 ˚C, at the end of which the entire slant surface was covered with
spores of the mold or actinomycete. 5.0 ml of sterile 0.01% Tween 80 (polyoxyethylene
sorbitan monooleate, VWR, Chester, PA, U.S.A.) was then added to each of the slants
and the tubes were shaken gently to disperse the spores. The number of spores was
determined using a Bright-LineTM hemocytometer (Hausser Scientific, Horsham, PA,
U.S.A.). Each suspension was also serially diluted and spread on PDA or AIA medium
to confirm desired spore concentrations. The stock spore suspensions of each Penicillium
species contained approximately 107 CFU/ml. The stock spore suspensions of the
Actinomycete (Streptomyces) species contained approximately 107.7 CFU/ml. All
reagents and equipment were sterilized by autoclaving at 121ºC for 45 min.

7.3.6. Inoculum Preparation of Foodborne Pathogens
Chicken litter isolates of Salmonella serotypes Enteriditis (03-8145), and
Typhimurium (03-8970) were obtained from the National Veterinary Services Laboratory
(Ames, IA). Listeria monocytogenes cultures Scott A (serotype 4b) and FSLR2-499
(serotype 1/2a, human epidemic origin) was obtained from the PSU Food Microbiology
Laboratory Collection. L. monocytogenes serotypes 4b and 1/2a are most frequently
associated with foodborne illness (CFSAN/FSIS 2003).
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Working cultures of each of the above strains were maintained on Tryptic Soy
Agar supplemented with 0.6% Yeast Extract (TSAYE; Difco Laboratories, Detroit, MI).
The inoculum was prepared by individually growing the strains in Tryptic Soy Broth
supplemented with 0.6% Yeast Extract (TSBYE; Difco). An isolated colony was added
to 10mL of TSBYE and incubated for 18-22 h at 33ºC. A 0.1 mL aliquot was then
subcultured into 10 mL of TSBYE and incubated 18-22 h at 33ºC, producing stationary
phase populations. The cultures were centrifuged for 10 min at 9000 rpm (Beckman
Model J2-21 centrifuge) and the pellet was resuspended in 10mL of a 0.85% sodium
chloride solution. Suspensions of Salmonella strains or L. monocytogenes strains were
combined separately. The composite Salmonella culture contained approximately 108
CFU/mL of Salmonella sp. The composite L. monocytogenes culture contained
approximately 2×108 CFU/mL.

7.3.7. Inoculation of Indigenous Microflora in Casing Soils
Samples of sterile casing soil (500 grams) were aseptically transferred into sterile
2L stainless steel beakers with lids (VWR). 1 mL of the inoculum of each indigenous
bacterial, fungal, or actinomycete isolate was introduced into the surface of the casing
soil and aseptically mixed for 1 minute. Sterile casing soil with no added indigenous
bacteria, and unsterile casing soils were used as experimental controls. The beakers were
kept closed and incubated at 23ºC for 7 days in an environmental chamber (Lunaire
Environmental Inc., Williamsport, PA). This was done to allow for the inoculated
microflora to establish following reintroduction into their native environment.

7.3.8. Inoculation and Enumeration of Foodborne Pathogens in Casing Soil
Seven days following inoculation of the casing soils with indigenous microflora,
0.1 mL aliquots of the L. monocytogenes and/or Salmonella sp. inoculum were inoculated
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into the casing soils. The soils were aseptically mixed for 1 minute using sterile
disposable 10mL plastic pipettes and sampled for enumeration of the foodborne
pathogens. The stainless steel vessels containing the soils were placed into a 23°C
environmental chamber (Lunaire Environmental Inc., Williamsport, PA). The vessels
were kept closed to maintain a high humidity level to simulate commercial mushroom
growing conditions. Casing soils were periodically sampled for enumerating populations
of the foodborne pathogens.
For microbiological analysis, 25g casing soil samples were combined with 225
mL Buffered Peptone Water (BPW, Difco) in 500mL glass beakers (VWR). The mixture
was stirred with a sterile pipette for 2 minutes, yielding a 10-1 dilution. Each sample was
serially diluted by transferring a 11 mL aliquot of the 10-1 dilution to 99 mL BPW.
Subsequent dilutions were achieved by transferring 1 mL of diluted sample into 9 mL
BPW. Listeria monocytogenes and Salmonella sp. were enumerated by plating 0.1 mL
aliquots of the serially diluted samples onto Modified Oxford (MOX) agar and Xylose
Lysine Deoxycholate (XLD) agar respectively, and incubating the plates at 33°C for 24hours. Standard Listeria and Salmonella enrichments were also conducted on all casing
samples. Eleven ml of 1/10 sample dilution was added to 1.1-strength UVM broth
(Listeria sp) or Lactose broth (Salmonella sp) and incubated for 24 h at 33ºC
respectively. One ml of the incubated broth was added to 10mL of Fraser broth (Listeria)
or Selenite Cysteine broth and Tetrathionate broth (Salmonella), followed by incubation
for 24 h at 33 ºC. Samples were streaked onto MOX agar (Listeria) or XLD agar
(Salmonella) for qualitative detection of the pathogens following enrichment.

7.3.9. Testing for Antibiotics Production in Casing Soil Broth by Mold and
Actinomycete Isolates
Culture Conditions: Freshly prepared casing soil was obtained from the Penn
State MTDF. Casing water was extracted from casing soil using a Willmes Presser (Type
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WP60; Josef Willmes, Bensheim Hessen, Germany). Collected casing water was
centrifuged to remove suspended solids and the supernatant was sterilized and cooled.
5mL spore suspensions of mold and actinomycete isolates were inoculated into sterilized
casing soil broth (500mL) and allowed to grow as static batch cultures for 12 days at
23°C.
Solvent Extraction: Solvent extraction on the casing soil broth was conducted by
adjusting 50 mL of the broth to pH 3.0. The acidified broth was extracted with an equal
volume of ethyl acetate. Solvent was then evaporated in a rotavapor (43ºC) and the
retained casing broth extract was re-resuspended in 1 mL distilled water.
Enzyme-Linked Receptor Binding Assay: An AOAC approved, rapid,
disposable, qualitative, enzyme-linked receptor-binding assay system (SNAP tests for βlactam, tetracyclinees, and gentamycin, Idexx Laboratories, Westbrook, Maine) was used
for the detection of β-lactam, tetracyclines and the gentamycin classes of antibiotics in
casing soil broth samples inoculated with the mold or actinomycete isolates. The tests
were conducted as per manufacturer instructions.205 For example, for testing for the
presence of β-lactam antibiotics, 0.45 µl of the casing broth extract (resuspended in
distilled water) was added to the sample tube containing the test reagent pellet. The
sample tube was shaken to dissolve the reagent pellet. The sample was then incubated at
45˚C for 5 minutes and then the entire contents of the sample tube was poured into the
sample well of the SNAP device. When the blue activation circle began to disappear in
the device, the activator was firmly pushed until it snapped flush with the body of the
SNAP device. Following 4 minutes, the device was removed from the incubation
chamber kept at 45˚C. The device was visually inspected for interpreting test results. A
sample spot darker than or equal to the control spot meant a negative result. A sample
spot lighter than the control spot meant a positive result for the presence of the respective
antibiotic active molecule.
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7.3.10. Statistical Analysis
Each treatment was examined in triplicate. Statistical analysis was performed
using using Minitab (Minitab, Inc., State College, PA). ANOVA tables were generated
using log increase or reduction data of L. monocytogenes and/or Salmonella sp.data.
Tukey’s Honest Significant Difference (HSD) mean separation procedure was used to
determine differences between treatments (α = 0.05). Microsoft® Excel (Microsoft
Corporation, Cambridge, MA) was used to generate trend lines when required.

7.4. Results and Discussion
Casing soil was determined to have a pH value of 7.2, a moisture content of about
80 %, a high C:N ratio of 88:1 (Table 7.1), and a relatively high calcium content of about
12.4 % (Table 7.2). From the standpoint of nutrients, casing soils are capable of
supporting the survival and growth of microorganisms. The soils have a neutral pH value
and high water content, factors favoring the survival and growth of microorganisms.

7.4.1. Microbial Ecology Studies
The casing soil obtained from a mushroom production room environment and the
mushrooms produced in it were found to have a large and diverse aerobic bacterial
population (Figure 7.2). Total aerobic (including facultative anaerobic) bacterial
populations ranged from 8.0 to 8.5 log CFU/gm of casing material (wet weight). The
major aerobic bacterial genera present in casing soil were Pantoea (ca. 8.2 log CFU/gm)
and Pseudomonas (ca. 7.7 log). Pantoea agglomerans was the only species from the
Pantoea genus. Species from the Pseudomonas genus included P. aeruginosa, and P.
fluorescens.

119

The casing layer on which the mushroom fruiting bodies develop is a significant
reservoir for the bacterial microflora of fresh mushrooms.24 Doores et al (1986)24 found
that aerobic bacterial populations from casing material ranged between 8.2 and 8.5 log
CFU/g, levels identical to that determined in the present study. Samson et al (1986)93
demonstrated that fluorescent pseudomonads can represent up to 50% of the total bacteria
in casing samples and the Pseudomonas genus has been primarily associated with the
brown blotch spoilage of fresh mushrooms.35-37 However, prior to the present study, the
presence of Pantoea agglomerans or bacteria from the Pantoea genus in casing soil had
not been demonstrated. The Pantoea genus was included in the 1994 edition of the
Bergey’s manual of determinative bacteriology.206 During the revision of the 1994
manual, the previously known phytopathogens, Erwinia herbicola and Erwinia millettiae,
were included into the Pantoea genus. The genus Pantoea also includes the
phytopathogens P. stewartii, P. ananas, P. citrea and P. agglomerans.207 P. ananas
causes the brown patches on internal portions of pineapple fruit [Ananas comosus (L.)]
and P. stewartii subsp. stewartii causes Stewart's bacterial wilt and leaf blight disease of
corn.208 Pantoea agglomerans has been associated with the gall formation on Wisteria
species and on Baby’s breath (Gypsophila paniculata). It has also been implicated in
stalk and leaf necrosis of onions.209 On the leaves of beach peas (Lathyrus maritimus), it
causes black spot necrosis.210 Given the phytopathogenic nature of P. agglomerans and
its presence in high levels in casing soils, P. agglomerans may play a significant role in
the bacterial spoilage and brown blotch symptoms of fresh mushrooms and hence merits
attention in further research.
Casing soils contained a high level of yeast, mold, and actinomycete populations.
A gram of casing soil (wet weight) in the mushroom production room environment
harbors approximately 6.7 log CFU of native yeast, 5.2 log CFU of molds, and 5.7 log
CFU of actinomycetes (Figure 7.2). Penicillium was the predominant genus of mold
present in casing soil. Species level identification based on cultural characteristics and
micro-morphological features determined that the six following species of Penicillium
were present in casing soil: P. chrysogenum, P. citreonigrum, P. decumbens, P.
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digitatum, and P. glabrum. Aspergillus niger was occasionally isolated from the casing
soil (Table 7.3). Genus level identification based on cultural and micro-morphological
features determined that Streptomyces was the major genera of actinomycetes present in
casing soil (Table 7.4).
There has been no previous published work on mold and actinomycete
populations associated with mushroom casing soils. The current study is the first to
characterize species belonging to the Penicillium and Streptomyces genera in casing soil.
The studies also reveal that the microbiology of casing soil compares similarly to that of
peat soil observed in early studies conducted by Dr. Selman Waksman (Nobel prize in
medicine, 1952, for his work on actinomycetes and antibiotics). An early study by
Waksman and Purvis (1932)98 was done to characterize the microbial populations of an
undrained peat bog in Florida. The upper layer of the peat bog (2-4 cms) was abundant in
aerobic bacteria (6 log per gram of moist peat), actinomycetes (5.5 log), and molds (4.2
log) at population levels similar to casing soils observed in the current study. The
preparation of casing soil involves neutralization of peat pH by addition of calcium
carbonate (popularly known as liming in the mushroom industry). In his book, The
Actinomycetes: A summary of current knowledge,100 Dr. Waksman indicates that the
draining of soil and subsequent additon of calcium carbonate to soil favors the
development of actinomycetes.

7.4.2. Inoculation Studies
Populations of inoculated L. monocytogenes rapidly declined in untreated casing
soils but growth and survival of the foodborne pathogen was observed in sterile casing
soils where the indigenous microflora was destroyed (Figure 7.3). Under simulated
mushroom growing casing soil conditions (80% moisture, 23 °C), an initial population of
6.4 log CFU of L. monocytogenes was reduced to undetectable levels in 10 days in
untreated casing soil. On the contrary, populations of L. monocytogenes increased from
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6.4 to 7.5 log CFU/g in 10 days in autoclaved casing soil. The pathogen also survived for
extended periods in autoclaved casing soil (up to 58 days, Figure 7.4) without any
reduction in population numbers. The rapid destruction of L. monocytogenes in the
untreated soil is likely a result of the antagonistic effect of indigenous casing
microorganisms. The production of antimicrobial metabolites by indigenous microflora
as well as competition for space and nutrients may be responsible for the rapid
destruction of L. monocytogenes in untreated casing soil.
Previous research has demonstrated that survival of pathogenic bacteria in soil is
largely an outcome of competition from the existing soil microflora.140-142 Soils with
relatively low microbial activity are believed to allow for the extended persistence of
pathogens.133,136 Casing soils, on the other hand, have a large and diverse microflora,
allow active microbial activity and thus may not permit extended persistence of the
foodborne pathogens. Sphagnum peat, the major component of casing soil, is a desired
component in agricultural soils due to its disease-suppressive effects. Sphagnum peat is
known suppress a variety of plant pathogens including Fusarium, Rhizoctonia solani,
Phythium, 97,101 and Alternaria brassicicola.97 The present study is the first to
demonstrate the suppressive effect of sphagnum peat-based casing soils on foodborne
pathogens.
Addition of a cocktail inoculum of Pseudomonas aeruginosa, Pseudomonas
fluorescens and Pantoea agglomerans in sterile casing soil did not significantly alter the
survival of L. monocytogenes (Figure 7.5). L. monocytogenes grew to a maximum level
between 7.5 log and 8.0 log CFU/gm of sterile casing soil, even in the presence of the
high population (8.0 log) of these reintroduced aerobic bacteria. This result demonstrates
that indigenous bacterial populations, comprising the Pantoea and Pseudomonas genera,
do not have a significant anti-Listeria activity.
Inoculum size had a significant effect on the survival of L. monocytogenes in
sterile casing soil (p<0.05). L. monocytogenes decreased from high inoculum levels in
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sterile casing soil, but increased when inoculum levels were lowered (Figure 7.5). This
result is consistent with previous observation in study by Dowe et al. (1997)149 where L.
monocytogenes decreased from high inoculum levels in soil, increased when inoculum
levels were low, and reached higher levels more quickly in autoclaved soil.
The reintroduction of indigenous species of Penicillium spores by inoculation into
autoclaved casing soil resulted in inhibition of growth and reduction in L. monocytogenes
populations (Figure 7.6). However, the inhibition observed was much less than that
observed in untreated (non sterile) casing soils. Also, growth of L. monocytogenes in
autoclaved casing soil was inhibited more by a cocktail spore inoculum containing P.
chrysogenum, P. citreonigrum, and P. digitatum than a cocktail inoculum containing P.
aurantiogriseum, P. decumbens, and P. glabrum spores (p<0.05) (Figure 7.6).
Similar to L. monocytogenes, Salmonella sp was also rapidly destroyed in
untreated casing soil, but survived for an extended period (upto 30 days) without
reduction in population numbers in autoclaved casing soil (Figure 7.7). The
reintroduction of indigenous species of Penicillium spores by inoculation into autoclaved
casing soil resulted in significant inhibition of growth and reduction in Salmonella sp
populations. However, the inhibition observed was much less than that observed in
untreated casing soil. Inhibition of growth of Salmonella sp in autoclaved soils by a
cocktail spore inoculum containing P. chrysogenum, P. citreonigrum, and P. digitatum
was greater than a cocktail inoculum containing P. aurantiogriseum, P. decumbens, and
P. glabrum spores (p<0.05) (Figure 7.7).

7.4.3. Studies on the Production of Antibiotics in Casing Soil Broth
The production of the antibiotic β-lactam class of molecules by the P.
chrysogenum strain in casing soil broth was confirmed by an enzyme-linked receptorbinding assay system (SNAP test kits for β-Lactam, Idexx Laboratories) (Figure 7.8).
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Given the bacteriostatic and bactericidal nature of penicillin and the β-lactam class of
molecules, it is possible that the presence of P. chrysogenum in casing soils is a major
factor for the observed growth inhibition of L. monocytogenes and Salmonella sp. The
observation in this experiment is considered highly significant since only one another
study (Hansen et al.,2001)172 has conclusively determined the production of antibiotics by
microflora in a soil environment.
Many species of microfungus produce the antibacterial antibiotics penicillins
and/or cephalosporins in vitro (Pollock, 1967) and of these Penicillium and Aspergillus
are common soil organisms (Gilman, 1957). The question whether antibiotics are
produced in soil was first asked about fifty five years. Numerous attempts have been
made to answer it since then, but these have been largely inconclusive. There have been
two opposing views which are well summarized by Waksman (1956)158 and Brian
(1957).159 The former concluded:
“It is highly doubtful that antibiotics, except in mere traces, are produced in the
soil itself or that this phenomenon is of any great significance in modifying the
microbiological population of the soil. The fact that an organism produces an antibiotic
in artificial culture is no evidence that it is capable of doing so in soil, particularly since
relatively small changes in a nutrient medium may fundamentally affect the production of
antibiotics even in pure culture.” 100
The latter school of thought, summarized by Brian (1957),159 argued that failure to
detect antibiotics in the soil mass did not exclude their possible role in sites of microbial
activity which were both spatially and temporally restricted. Williams (1982),161
concluded that the possible reasons for the failure to detect antibiotics in soils were 1).
the instability of antibiotics in soil conditions, 2) adsorption of antibiotics by soil
colloids, 3) insufficient sensitivity of detection methods, and 4) insufficient nutrients for
the widespread, frequent growth of the producer microbes. Despite the lack of direct
evidence until recently, several more researchers have argued from a viewpoint that a
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large numbers of tetracycline resistance microorganisms are often found in soil samples
since tetracyclines are produced there.162-164
The first study to conclusively demonstrate the production of antibiotics in soils
was done in 2001. Hansen et al. (2001)172 developed a method combining the specificity
of bacterial biosensors and the resolution power of fluorescence-activated cell sorting
(FACS) to detect oxytetracycline production by Streptomyces rimosus in soil. A plasmid
containing a transcriptional fusion between the tetR-regulated Ptet promoter from Tn10
and a FACS-optimized gfp gene was constructed. When harbored by Escherichia coli,
this plasmid produced green fluorescent protein (GFP), in the presence of tetracycline.
This tetracycline biosensor was used to detect the production of oxytetracycline by S.
rimosus introduced into sterile soil. The tetracycline induced GFP-producing biosensors
were detected by FACS analysis, enabling the detection of oxytetracycline encounters by
single biosensor cells. The production of oxytetracycline in the experiment indicated that
S. rimosus was metabolically active in the soil microcosms.
Apart from the previously mentioned study by Hansen et al (2001), the current
study is the only other known study to demonstrate the production of antibiotics in a soil
system. If antibiotics are produced only in small amounts in a few local microhabitats,
this amount will be hard to detect, resulting in false-negative results. This problem may
have been overcome by the concentration processes of solvent extraction and evaporation
coupled with the high specificity of the enzyme-linked receptor-binding assay in
detecting antibiotics in casing broth.
Streptomyces griseus reintroduced in sterile casing soils was more effective than
P. chrysogenum in inhibiting populations of Listeria monocytogenes and Salmonella sp
(Figures 7.9 and 7.10 respectively). There was no synergism observed between S.
griseus and P. chrysogenum in inhibiting the foodborne pathogens. The S. griseus strain
tested negative for the production of the beta-lactam, tetracycline, and gentamycin classes
of antibiotics in casing soil as well as in TSBYE (Difco) culture media (assayed using a

125

commercial enzyme-linked receptor binding assay system, SNAP test kits, Idexx
Laboratories).

7.5. Conclusions
Peat-based mushroom casing soils that were not pasteurized did not support the
survival or growth of L. monocytogenes or Salmonella sp. Rather, the pathogens were
rapidly destroyed in casing soil. The survival of the foodborne pathogens in casing soil
with no background microflora for extended period emphasizes the importance of a
viable and robust casing soil microflora in protecting mushrooms from these pathogens.
Sphagnum peat soil amended with calcium carbonate, similar to mushroom casing
soil, is widely used as a growth substrate in the horticulture industry. Hence, studies on
the microbiology of casing soils used in mushroom production could provide valuable
information for implementing Good Agricultural Practices (GAPs). In the need to
implement pre-harvest food safety systems, regulatory agencies and buyers may compel
growers to implement food safety control measures for casing soils. Fumigation or
pasteurization of sphagnum peat based casing soils may come across as viable
alternatives. However, results of this study indicate that these unit operations may
negatively affect the indigenous microflora, thereby jeopardizing microbial food safety.
Alternatively, growers and researchers should work towards identifying cultural and
growing practices that do not negatively affect the background microflora of the casing
soil. Researching practical non-thermal methods to selectively destroy the foodborne
pathogens without significantly affecting the beneficial microbial populations in casing
soils could prove useful to the mushroom industry.
In this experimental series, we were able to demonstrate that reintroduction of
species from the Penicillium and Streptomyces genera indigenous to casing soils
conferred modest anti-Listerial and anti-Salmonella activity to casing soils. However, a
reinoculation treatment that could result in complete destruction of the foodborne
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pathogens is likely not practical since we were not able to recreate a biotic environment
similar to that naturally present in casing soils. Studying synergistic interactions between
the casing microflora, evaluating the production of biocides and their modifications in the
natural environement may be interesting future studies in this area.
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Agaricus fruiting body
Casing soil

Mycelia colonizing compost
Compost

Figure 7.1:Schematic diagram of the mushroom substrates (compost and casing
soil), and fruiting bodies.
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Figure 7.2: Microbal populations of the mushroom casing layer and fresh
mushrooms. Error bars represent standard deviation of the mean. Data shown is
the average of five independent samplings.
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Figure 7.3: Survival of Listeria monocytogenes in autoclaved and untreated casing
soils maintained under simulated mushroom growing conditions (water saturated,
25ºC).
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Figure 7.4: Survival of Listeria monocytogenes in autoclaved and untreated casing
soils
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Figure 7.5: Survival of Listeria monocytogenes in autoclaved casing soils at low and
high inoculum levels in the presence of a three strain cocktail of indigenous aerobic
bacteria comprising the Pseudomonas and Pantoea genera. Open symbols represent
a high inoculum load of L. monocytogenes (9 log CFU/gm). Closed symbols
represent a low inoculum load of L. monocytogenes (6 log CFU/gm).
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Figure 7.6: Survival of Listeria monocytogenes in autoclaved casing soils inoculated
with cocktail spore inoculums of Penicillium sp. Cocktail 1 contained spores of P.
aurantiogriseum, P. decumbens, and P. glabrum. Cocktail 2 contained spores of P.
chrysogenum, P. citreonigrum, and P. digitatum. When inoculated spore
concentration of each Penicillium species was ca. 105 spores per gram of casing soil.
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Figure 7.7: Survival of Salmonella sp. in autoclaved casing soils inoculated with
cocktail spore inoculums of Penicillium sp. Cocktail 1 contained spores of P.
aurantiogriseum, P. decumbens, and P. glabrum. Cocktail 2 contained spores of P.
chrysogenum, P. citreonigrum, and P. digitatum. When inoculated spore
concentration of each Penicillium species was ca. 105 spores per gram of casing soil.
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Casette 1: Sterilized Casing Broth
Inoculated with P. chrysogenum

Control Spot
Sample Spot

Casette 2: Uninoculated Sterile
Casing Broth

Figure 7.8: Enzyme-linked receptor-binding assay setup (top) and cassettes (below)
used for the detection of beta-lactam antibiotics in casing broth samples. Following
the assay, the casettes was visually inspected for interpreting test results. A sample
spot darker than or equal to the control spot meant a negative result. A sample spot
lighter than the control spot meant a positive result for the presence of the betalactam molecule.
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Figure 7.9: Survival of Listeria monocytogenes in autoclaved casing soils inoculated
with spore inoculums of Penicillium sp and/or Streptomcyes sp. The casing soil was
maintained under simulated growing conditions (80% moisture, 25 ºC) during the
duration of the experiment.
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Figure 7.10: Survival of Salmonella sp. in autoclaved casing soils inoculated with
spore inoculums of Penicillium sp and/or Streptomcyes sp. The casing soil was
maintained under simulated growing conditions (80% moisture, 25 ºC) during the
duration of the experiment.
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Table 7.1: Macro properties of casing soils
Property

Un Sterile Casing Soil

Sterile Casing Soil

pH

7.16

7.16

% Moisture Content

79.8

80.3

%N (d.w. basis)

0.38a

0.38a

%C (d.w. basis)

33.40.a

33.48a

% Organic Matter (d.w. basis)

55.06a

53.96a

Table 7.2: Mineral content of casing material (amended with lime, dry weight basis)
Casing

P

K

Ca

Mg

Mn

Fe

Cu

B

Al

Zn

Na

Sample No
%, d. w.

µg/g, d. w.

1 (unsterile) 0.02

0.06 10.7

0.25 18

559

3

3

682

5

210

2 (unsterile) 0.01

0.04 12.0

0.27 17

581

3

3

672

4

238

3 (unsterile) 0.01

0.03 12.41 0.23 17

837

2

2

632

5

283

4 (sterile)

0.01

0.03 14.57 0.25 18

650

1

2

487

5

290

Pooled

0.0125 0.04 12.42 0.25 17.5 656.8 2.3

Average

2.5 618.3 4.8

255.3
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Table 7.3: Penicillium and Aspergillus sp. identification study
Isolate

Source

Identification Parameters

Ppath 5:
Ascomycota/
Plectomycetes/
Eurotiales

Mushroom casing
soil

No sexual stage, monoverticillate, non-vesiculate stipe,
velutionous and white aerial mycelia (on MEA in early
stages), green conidiogenesis on CZ and MEA, spherical
conidia, 40 mm colony diameter, variable stipe length
(between 110 to 300 microns), isolate produced a clear
exudates.

Penicillium
decumbens Thom

Ppath 6:
Ascomycota/
Plectomycetes/
Eurotiales

Mushroom casing
soil

Penicillium
chrysogenum
Thom

Bo 20:
Ascomycote/
Plectomycetes/
Eurotiales

Mushroom casing
soil

P. glabrum
(Wehmer)
Westling

BO 14:
Ascomycota/
Plectomycetes/
Eurotiales
Penicillium
citreonigrum

Mushroom casing
soil

Based on the non-vesiculate stipe characteristic, P.
citreonigrum and P. restrictum were the two other likely
candidates. However the plate had no visible yellow soluble
pigmentation typical of P. citreonigrum. The size of the
colony was also much larger than that of typical P.
restrictum isolates.
No sexual stage, terverticillate, colony sulcate on CZ media,
low and velutinous, 45 mm diameter on CZ, brilliant yellow
exudate production, white to yellow aerial mycelium in early
stages, yellow-green conidiogenesis on CZ, blue-turquoise
blue-grey conidiogenesis on MEA.
Based on the above characteristics, I placed the isolate under
the sub-genus Penicillium. The exudates production put P.
aurantiogriseum, P. hirsutum Dierckx, and P. chrysogenum
Thom as the likely candidate species. Based on the brilliant
yellow exudate produced and the characteristic white to
yellowish mycelium on CZ, I placed this isolate as
Penicillium chrysogenum Thom.
No sexual stage, monoverticillate, vesiculate and smooth
stipe, smooth spherical conidia, 45 mm colony diameter on
MEA, white subsurface mycelium, dark green
conidiogenesis.
Based on the monoverticillate conidiophore and vesiculate
stipe characteristics, I placed this isolate under the
Aspergilloides sub-genus. P. glabrum, P. bilaii, P.
implicatum, and P. spinulosum were the other likely
candidates. Based on the large colony diameter, and the
previously mentioned characteristics, I preferred to place this
isolate as Penicillium glabrum (Wehmer) Westling.
Monoverticillate, non-vesiculate stipe, yellow floccose
colony on CZ agar, 22 mm colony diameter, bright yellow
when plate viewed from back, aerial hyphae.
Based on the non-vesiculate stipe characteristic I placed the
isolate under the Exilicaulis sub-genus. P. citreonigrum, P.
restrictum, and P. decumbens were the likely candidates.
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Dierckx

BO 15:
Ascomycota/
Plectomycetes/
Eurotiales

Mushroom casing
soil. The soil was
treated with 70%
ethanol for 2 minutes.

Penicillium
digitatum
(Pers.:Fr.) Sacc.

Ppath 11:
Ascomycota/
Plectomycetes/
Eurotiales

Isolated from
mushroom casing
soil. The soil was
treated with 70%
ethanol for 2 minutes.

The visible yellow pigmentation typical of P. citreonigrum
helped me confirm the identity of this isolate.
Biverticillate/Terverticillate, ellipsoidal conidia, >50 mm
colony diameter, grainy texture on MEA, olive green
conidiogenesis.
Other likely candidates were P. arenicola , P. italicum, and
P. funiculosum. The olive green conidia, typical ellipsoidal
spores, and large colony diameters were chief characteristics
based on which I placed this isolate as P. digitatum
(Pers.:Fr.) Sacc.
Biseriate conidial head, black conidia densely packed on CZ,
yellow hyphae, reverse pale yellow, colony floccose.
Conidial heads black on MEA.

Aspergillus niger
Tiegh.

Table 7.4: Actinomycete identification study
Isolate

Source

Identification Parameters

Ppath 7, Ppath 8, BO17:
Actinobacteria/Actinomyce
tales/Streptomycetaceae/

Mushroom
casing soil

Gram positive, catalase positive, extensively branching
angular substrate mycelia, sympodially branched, producing
tufts; straight sporophores, spores oval with smooth surface.
On Actinomycetes Isolation Agar, the isolate demonstrated
spreading white substrate mycelial with growth developing
deep into the medium. On Czapek Agar the aerial myceia
was olive-buff to green. Large colony diameters (30 mm).
A xylose lysine proteinaceous medium did not pigmented
deep brown or black. Liquid media was always clear and
growth remained on the surface of the medium. The isolate
produced a rained mud smell when inoculated into sterile
casing soil
Gram Positive, catalase positive, spores oval, surface covered
with spines, Liquid media always clear, growth remains on
the surface of the medium, xylose lysine (proteinaceous)
media not pigmented deep brown or black, produces
characteristic muddy smell (when rained) when inoculated
into sterile casing soil
Gram Positive, catalase positive, sporophores monopodially
branched, dense white substrate mycelia, sporophores
straight to wavy, white substrate mycelum, aerial mycelium
white to light green on AIA and CZ agar, 25 mm dia (10 day
culture), xylose lysine (proteinaceous) media pigmented deep
brown to black, liquid media always clear, growth remains
on the surface of the medium

Streptomyces griseus

Ppath 9:
Actinobacteria/Actinomyce
tales/identity unknown

Mushroom
casing soil

BO22:
Actinobacteria/Actinomyce
tales/Streptomycetaceae/

Mushroom
casing soil

Streptomyces
viridochromogenes
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH

Briefly, the main conclusions of the present research are:
1. Freshly harvested mushrooms harbor ca. 7.3 log CFU/g of total aerobic bacterial
populations per gram of fresh tissue. Freshly harvested mushrooms also contain
approximately 3 log CFU of molds and 6.7 log CFU of native yeast per gram of
tissue. Increase in bacterial populations during postharvest storage at 12ºC is
concomitant with a decrease in L-values (whiteness) of the mushrooms indicating
deterioration in quality.
2. Addition of hydrogen peroxide and calcium chloride to irrigation water is a practical
strategy to reduce bacterial populations and to improve quality of fresh mushrooms
without compromising crop yield or solids content. Mushrooms irrigated with water
(control) harbor ca. 7.3 log CFU of aerobic bacterial populations per gram of fresh
tissue. Irrigation with 0.75% hydrogen peroxide and 0.3% calcium chloride reduces
the bacterial populations on fresh mushrooms by 87% (6.4 log CFU/g) compared to
the control. The irrigation treatment significantly enhances mushroom whiteness
following harvest as well as following 6-days of postharvest storage at 12ºC.
3. Irrigation with 0.3% CaCl2 and 0.75% H2O2 performs better than a conventional
chlorine based irrigation strategy (100 ppm Cl2, added as HTH) in reducing
populations of aerobic bacteria in fresh mushrooms.
4. The mushroom casing layer has a diverse culturable microflora. Indigenous
culturable casing soil microflora comprise predominantly of the Pseudomonas and
Pantoea bacterial genera, the Streptomyces genera from the actinomycetes, the
Penicillium fungal genera, and a high and diverse population of native yeast.
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5. Pasteurization of the casing layer results in a 2.9 log reduction in aerobic bacterial
population numbers (reducing the total aerobic bacterial population from 5.9 to 3 log
CFU/gm of casing soil. However, the aerobic bacterial populations increase by 3.9
log (from 3 log to 6.9 log CFU/gm) following irrigation and holding for 1 week in the
set-back room at 17ºC. The aerobic bacterial populations of unpasteurized casing soil
increase by 1.4 log CFU/gm following irrigation for 1 week in the set-back room
(from 5.9 log to 7.3 log). No significant difference in bacterial numbers in
mushrooms grown using either un-pasteurized or pasteurized casing soil was noted.
However, mushrooms grown on pasteurized casing show better visible postharvest
quality.
6. Whole mushrooms do not significantly support the growth of L. monocytogenes or
Salmonella sp. However, slicing mushrooms significantly promotes the growth of the
foodborne pathogens. Populations of L. monocytogenes in unwashed sliced
mushrooms rapidly increased from 4 log CFU/gm to 6.8 log CFU/gm during 5 days
of postharvest storage at 12ºC. Populations of Salmonella sp. in unwashed sliced
mushrooms increased from 4.47 log CFU/gm to 6.7 log CFU/gm during 5 days of
postharvest storage at 12ºC.
7. Inoculum quantity significantly influences the survival of L. monocytogenes on whole
mushrooms. When inoculated at a high inoculum load (6.2 log CFU/gm),
populations of L. monocytogenes reduced by 1.4 log CFU/gm over 8 days at 12ºC.
However, when inoculated at a lower inoculum load (3.2 log CFU/gm), populations
of L. monocytogenes remained constant during 8 days of storage at 12ºC.
8. Natural unpasteurized casing soil, with a robust indigenous microflora, do not support
the survival or growth of L. monocytogenes and Salmonella sp. While inoculated
population levels of L. monocytogenes and Salmonella sp. remain largely unchanged
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in autoclaved casing soil over a period of even upto 8 weeks, the foodborne
pathogens are rapidly destroyed in untreated (not autoclaved) casing soil. A 4 log
reduction in populations of L. monocytogenes occurrs within 10 days of introduction
into the casing soil. The presence of Penicillium sp. and Streptomyces sp. in sterile
casing soil inhibits the growth of L. monocytogenes and Salmonella sp.
9. Penicillium chrysogenum sp., when inoculated into sterile casing soil broth, produces
the β-lactam class of antibiotics.

Suggestions for further research:
1. Yeast populations in fresh mushrooms significant increase during postharvest storage.
However, the role of yeasts in the microbial food safety and quality of fresh
mushrooms is largely unknown. Hence, as a starting point, the predominant yeast
genera in fresh mushrooms needs to be characterized.
2. Commercial casing soils (not colonized by Agaricus) demonstrate excellent antiListeria and anti-Salmonella activity. The present research has demonstrated that the
Penicillium and Streptomyces sp. present in the soil is partially responsible for the
observed anti-Listeria and anti-Salmonella activity. However, the mechanism(s)
inherent in the anti-foodborne pathogenic effect is still not fully understood. The
family of Penicillin antibiotics is vastly expanded by side-chain modifications of the
original β-lactam ring enhancing their antibiotic potency. It is possible that the casing
soil provides an environment for such side-chain modifications via the lyases and
expandases that may be produced by the Pseudomonas and Flavobacterium genera
present in casing soils. Studies on synergistic interactions between the casing soil
microflora and resultant nature of the antibiotic side-chains will be useful in
understanding the ecology of the casing layer.
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3. The present research has been successful in understanding the casing and mushroom
microbial ecology based on culturable bacteria, yeasts and molds. However, it is well
known that the majority of indigenous microorganisms are non-culturable. In many
cases, phylogenetic analyses have not shown communities to be composed of
organisms that have been previously cultured in other studies. Instead, most natural
microbial communities contain a host of phylogenetically distinct organisms with
rDNA sequences that do not match any in the databases (Madigan et al., 2000). Our
knowledge of microbial diversity of the casing soil is still in the early stages and a
vast amount of genetic diversity awaits detection. Phylogenetic information will be
vital for the characterization of problematic pathogenic and spoilage organisms
associated with mushroom growing.
4. Pseudomonas aeruginosa is an opportunistic pathogen causing infections with high
morbidity and mortality in patients suffering from cystic fibrosis (CF), chronic
obstructive pulmonary disease (COPD), severe burns, and in intensive care unit (ICU)
patients. Antibiotic resistance is common. Preliminary biochemical studies have
indicated that P. aeruginosa is found in casing soils and on fresh mushrooms.
Literature surveys also indicate that foods of plant origin are ideal reservoirs of this
pathogen. Further research is needed in the area of P. aeruginosa ecology, its
transmission through the food chain, and the role of peat soils as reservoirs in the
transmission of P. aeruginosa.
5. While the production of antimicrobial secondary metabolites from the Penicillium
genera was confirmed, the author of this study was not able to detect the production
of tetracyclines (a streptomyces antibiotic) by the Streptomyces sp. isolated from
casing soils. The lack of detection does not mean that Streptomyces sp. do not
produce antimicrobial secondary metabolites that influence casing ecology. Further
studies on nutritional requirements, and altered culture conditions will shed light on
this medically and ecologically important genus.

144

6. Fluorescent pseudomonads belong to the class of bacteria termed Plant Growth
Promoting Rhizobacteria (PGPR). Fluorescent pseudomonads represents up to 50 %
of the bacterial population in the casing layer (Doores et al., 1986).24 The genus is
extensively used in plant biocontrol to reduce plant diseases and to enhance crop
yield, and quality. However, research to evaluate the biocontrol behavior of
Pseudomonas sp. or soil microflora on human foodborne pathogens in plant
rhizospheres is scant. Janisiewicz and others (1999) 211 reported that Pseudomonas
syringiae prevented growth of E. coli O157:H7 in wounds of apples. Populations of
the pathogen increased 2 log in wounds that were not treated with the antagonist but
did not increase in wounds treated with P. syringiae. Buchanan and Bagi (1999)212
concluded that P. fluorescens is capable of either not affecting or stimulating or
inhibiting the rate of growth of L. monocytogenes, depending on the how the bacterial
interaction is influenced by temperature, pH, and water activity of the environment.
The biocontrol activity of a phenazine-producing strain of Pseudomonas fluorescens
against the plant pathogen Gaeumannomyces graminis was improved in Zn amended
soils (50 µg of zinc-EDTA/g of soil) having a low organic content (Owenley et al.,
2003)145. Hence, the inhibitory activity of Pseudomonas sp. on L. monocytogenes,
and Salmonella sp. may be evaluated in casing soils amended with zinc (50µM of ZnEDTA/g of soil, dry weight). pH, cation exchange capacity (CEC), % clay and
organic content are other edaphic factors that may have a significant effect on the
inhibition of the foodborne pathogens in casing soils.
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