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ABSTR.ACT

The influence of reduced water activity (Aw) during sporogenesis on various spore

qualities was investigated. Spores of Penicilliuru roqueforti, Penicíllium cyclopium

and Penicillium viridicatum were produced on potato dextrose agar which was

adjusted to water activities of 0.99 and 0.88 using either glycerol or NaCl as

controlling solutes. After hydration in distilled water (25"C, 48 h) spores

produced at 0.88 Aw appeared less heat resistant (55'C, 10 min) than those

produced at0.99 Aw, although hydration without heat treatment had no effect. All

penícillia spores produced at 0.88 Aw with glycerol showed signs of germination

including germ-tube formation when hydrated in distilled water at 4"C for 96 h.

No germ-tube formation, however, was observed with spores produced at 0.88 Aw

with NaCl, although loss of refractility was observed. Spores produced at 0.99

Aw remained refractile following hydration. Amino acids were detected in the

hydration suspension of all spores crops, except P. roqueforti and P. cyclopium

produced at 0.99 Aw. Spores produced at 0.88 Aw also were less resistant to

benzoate and sorbate. On the other hand they exhibited higher resistance to

cycloheximide compared to spores produced at 0.99 Aw. Sporulation Aw also

appeared to affect spore germination characteristics, particularly in the case of P.



roqueforti. The germination time (time needed for germination of L0% of spores)

for P. roquefortl spores produced at 0.99 Aw, 0.88 Aw/NaCl and 0.88

Aw/glycerol was 12, 8 and 6.5 h, respectively. SDS-PAGE revealed that 0.88

sporulation Aw and controlling solute affected protein bandings. Scanning electron

microscopy (SEM) indicated size and surface appearance differences among spore

crops. In general, Penicillium spores produced at 0.99 Aw were uniform in size

and covered with a relatively smooth, entire outer sheath. In contrast, spores

produced at 0.88 Aw were larger and variable in size, particularly spores produced

with glycerol. The sheath of spores produced at 0.88 Aw appeared either

fractured or torn (with NaCl) or highly wrinkled (with glycerol). Transmission

electron microscopy of P. roqueforti spores generally supported the SEM

observation in regard to spore wall and sheath appearance. The sheath of spores

produced at 0.88 Aw appeared either damaged and detached from the spore wall

(with NaCl) or highly convoluted (with glycerol). In addition, examination of

ultrathin sections revealed changes in cytoplasmic organelles. Spores produced

with glycerol contained large structures resernbling lipid bodies (SR), however,

extraction with chloroform and methanol mixture did not eliminate nor decreased

these structures. It was observed that the SR becarne larger with age. SR were

not observed in spores produced at 0.88 Aw with NaCl. Instead these spores

exhibited increased vacuolization. Manv vacuoles contained large electron dense



deposition bodies. No differences in respect to the appearance of the nuclei and

mitochondria among spore crops were observed.
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Figure L.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

I.IST OF'F'IGURES

Influence of hydration (either 4oC for 96 h or
25"C for 48 h) on the appearance of P. roqueforti
spores (400 x). Prior to hydration: la. 0.99 Aw,
lc. 0.88 Aw/NaCl, le. 0.88 Aw/glycerol. Following
hydration: lb. 0.99 Aw, ld. 0.88 Aw/NaCl,
lf. 0.88 Aw/glycerol. Arrows point to swollen and

germinating spores and germ-tube (GT) formation

Influence of hydration (either 4"C for 96 h or
25'C for 48 h) on the appearance of P. cyclopium
spores (a00 x). Prior to hydration: 2a.0.99 Aw,
2c. 0.88 Aw/NaCl, 2e. 0.88 Aw/glycerol. Following
hydration: 2b.0.99 Aw, 2d. 0.88 Aw/NaCl,
2f. 0.88 Aw/glycerol. Arrows point to cracked spores

and germ-tube (GT) formation

Germination and outgrowth of P. roqueþrti spores on

basal PDA at22"C. Spores produced at0.99 and 0.88 Aw.
After 17 h: 3a. 0.99 Aw, 3c. 0.88 Aw/NaCl,
3e. 0.88 Aw/glycerol. After 24 h: 3b. 0.99 Aw,
3d. 0.88 Aw/NaCl, 3f. 0.88 Aw/glycerol. Arrows indicate

vacuoles (V)

Germination and outgrowth of P. cyclopium spores

on basal PDA at22'C. Spores produced at 0.99 and

0.88 Aw. After 17 h: 4a. 0.99 Aw, 4c. 0.88 Aw/
NaCl, 4e. 0.88 Aw/glycerol. After 24 h:4b. 0.99 Aw,
4d. 0.884w/NaCl, 4f. 0.88 Aw/glycerol

65

63

76

78

Scanning electron microscopy
roqueþrti spores produced at

Mag. 5 000 x
5a. 0.99 Aw, spores arranged
a slightly wrinkled sheath (S).

micrographs of P.

0.99 and 0.88 Aw.

in chains covered with
5c. 0.88 AwiNaCl, chain



V

arrangement destroyed; sheatir present as remnants.

5e. 0.88 Aw/glycerol, chain containing spores with
diverse sizes.
Mag. 10 000 x
5b. 0.99 Aw, a spore covered with a slightly
sheath which is absent in the abscission scar
5d. 0.88 Aw/NaCl, cabbage-like appearance,
sheath (arrow). 5f. 0.88 Aw/glycerol, spore
deeply wrinkled (arrow) sheath.

Figure 6. Scanning electron microscopy micrographs of

wrinkled
(arrow).
peeling spore
sheath is

81

Mag. 10

6b. 0.99
spore wi
6f. 0.88
sheath.

P. cyclopiunt spores produced at 0.99 and 0.88 Aw.

Mag. 5 000 x
6a. 0.99 Aw, spores arranged in chains covered with
a smooth and entire sheath (S). 6c. 0.88 Aw/NaCl,
spores arranged in chains; the sheath is torn particularly
at the links. 6e. 0.88 Aw/glycerol, spores arranged
in chains; sheath appears torn and similar to that around
spores produced with NaCl.

000 x
Aw, spore with smooth sheath. 6d. 0.88 Aw/NaCl,

th slightly wrinkled and torn sl-reath.

Aw/glycerol, spore with wrinkled and torn

Scanning electron microscopy micrographs of
P. virid,icatunL spores produced at 0.99 and 0.88 Aw.

Mag. 5 000 x
1a. 0.99 Aw, 7c. 0.88 Aw/l'{aCl, le. 0.88 Aw/glycerol,
diverse spore size.

Mag. 10 000 x
7b.0.99 Aw, spore surface with "bumps" (arrow),
abscission scar (Sc). 1d.0.88 Aw/Ì.[aCl, spore with
severely torn sheath (S), underneath the spore surface

83

Figure 7.
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appears smooth. 7f. 0.88 Aw/glycerol, spore with
highly wrinkled surface (arrow).

Figure 8. Transmission electron microscopy - ultrathin sections

of P. roqueþrti spores produced at 0.99 and 0.88 Aw/NaCl.

A near-medium section showing various cytoplasmic
organelles present in spores produced at:

8a. 0.99 Aw,42 900 x. 8c. 0.88 Aw/NaCl, 45 000 x.
8b. A two-layered wall of a spore produced at 0.99 Aw
covered with a double membrane sheath and with granular
material between the spore outer wall layer and sheath,

40 000 x. 8d. A two-layered wall of a spore produced
at 0.88 Aw/NaCl covered with some granular material.
The sheath is partially detached from the wall,
45 000 x.

Figure 9. Transmission electron microscopy - ultrathin sections

of P. roqueþrtí spores produced at 0.99 and 0.88 Aw.

9a. A near-medium section showing various
cytoplasmic organelles present in spores produced at

0.88 Aw/glycerol, 37 700 x. 9b. A two-layered
wall of a spore produced at 0.88 Aw/glycerol covered
with an undulated sheath; granular material
appears between the outer spore wall layer and the
sheath, mag. 49 800 x. 9c. Granular material in
the adjoining area between spores produced at 0.88 Aw/
glycerol, 21 000 x. 9d. Detached granular material
resulting from torn sheath in a spore produced at 0.99 Aw,
36 400 x. 9e. Walt of a spore produced at 0.88 Aw/NaCl
covered with remnants of granular material; the sheath is
completely detached, 32 000 x

Transmission electron microscopy - ultrathin sections of
P. roqueþrli spores produced at 0.88 Aw/glycerol.

91,

Figure L0.
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10a. A near medium section showing large structures
resembling tipid bodies (SR), 26 700 x. 10b. A near-
medium section, of a spore after 5 months storage at

7"C, showing large SR, 27 900 x. 10c. A section
showing SR and highly undulated sheaths, 6 300 x.
10d. A near-medium section showing SR after lipid
extraction with a chloroform:methanol mixture,
26700x :... 95

Figure 11. Transmission electron microscopy - ultrathin sections of
P. roqueþrli spores produced at 0.88 Aw/NaCl.

LLa. and c. Spores with detached sheaths, 9 700 x
and 10 900 x, respectively.llb. A near-medium section
showing vesicles (Ve) 23 000 x. 11d. A near-medium
section showing numerous vacuoles (V) which contain
electron dense deposit bodies (D) 25 500 x. 11e.

A vacuole containing large electron dense deposit bodies 98

Figure L2. Reducing SDS-PAGE of protein extracts of Penícílltum
spores: S - standard, PR - P. roqueþrti, PC - P.

cyclopium, PV - P. víridícatum; Lanes: 1. 0.99 Aw
2. 0.88 Aw/NaCl 3. 0.88 Aw/glycerol.

Figure L3.Non-reducing SDS-PAGE of protein extracts of Penicillium
spores: S - standard, PR - P. roqueþrtí, PC - P.

cycloptum, PV - P. víridícatum; Lanes: 1. 0.99 Aw
2. 0.88 Aw/NaCl 3. 0.88 Aw/glycerol.
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INTRODUCTIO¡{

'Water relations of microorganisms are of special importance to the food

industry. The fact that each microorganism has a minimum water activity (Aw)

requirement below which its growth is inhibited is well recognized and has been

widely used in formulations for the preservation of various food products (Scott,

1957; Troller, 1980; Sperber, 1983; Bone, 1987; Corry, L987; Chirife and

Favetto, 1992). Although reduction of water activity in food products by either

dehydration or addition of solutes is efficient in eliminating/reducing bacterial

spoilage, filamentous fungi are more difficult to control (Corry, l98l). Many

fungi including Penícíllium and Aspergillus species are well adapted to grow on

substrates with a water activity below 0.90 at which point most spoilage bacteria

are inhibited (Hocking and Pitt, 1979; Beuchat, 1983 ). In particular, penicillia

and aspergilli are common spoilage organisms of grain, feeds and various low Aw

products including dried foods such as dehydrated fruit and vegetables, flour, eggs

and meat (Corry, 1987). In addition, many species in these genera are known to

produce toxic secondary products, referred to as mycotoxins (Samson, 1989).

Classified as Deuteromycotina or Fungi intperfecti, Penicillium and Aspergillus
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species reproduce by asexual spores or conidia which are produced on specialized

hyphae called conidiophores (Cahagnier et al. , L993). Due to their increased

ability to sporulate and disperse, spores from these genera are frequent

contaminants of both raw materials plus storage and production facilities. In this

regard they contribute to the cross contamination of agriculrural and food industry

products (Richard-Molard et al., 1985).

Sporulation is a vital phase in the life cycles of fungi as it provides a

mechanism for surviving both nutrient and environmental stress (T acey et al.,

L99I). In addition, fungal spores are more resistant to environmental stress

compared to their vegetative counter-forms (Cooke and Whipps, 1993). In nature

microorganisms rarely encounter optimum environmental conditions for growth.

In order to survive they must constantly interact with their environment; only those

species that have developed efficient mechanisms to cope with extremes in their

growth environment are able to survive (Jennings , 1993). A number of sfudies

have indicated that nutritional and environmental conditions existing during growth

and sporulation appear to have a profound effect on the properties of resulting

propagules. For example, it has been demonstrated that heat resistance of bacterial

spores appears to be influenced by their sporulation temperature (Williams and

Robertson, L953; El Bisi and Ordal, L955; Lechowich and Ordal, 1962; Cook and
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Gilbert, 1968; Condon et al. , 1992; Palop et al. , 1996) and the nature of nutrients

in the sporulation medium (Lee and Brown, 1915; Cheung et al., L982). The

composition of the sporulation medium has also been shown to influence properties

of fungal spores including their viability (Darby and Mandels, 1955), heat

resistance (Doyle and Marth, L975a; Su and Beuchat, 19841, Conner and Beuchat,

I987b; Beuchat, 1988) and chemistry (Jackson and Schisler, 1992).

Although several studies have investigated Aw as a major or sole factor in

directly controlling the development of microorganisms in foods, few studies have

addressed the influence of Aw on microbial physiology per se. Pitt (1989) pointed

out that Aw in this regard remains a neglected parameter. The purpose of this

study was to assess the impact of marginal Aw during sporulation (conidiation) in

regards to spore quality. In this respect spores produced at 0.99 and 0.88 Aw

(using either glycerol or l.{aCl as solutes) were compared on the basis of

ultrastructure and size, germination progress, resistance to heat and preservatives

plus protein patterns.

The organisms used in this investigation included Penicillíum roquefortí,

Penícillium cyclopium and Penicilliunt viridicatunt. In addition to producing

mycotoxins such as ochratoxin A, penicillic acid and PR toxin (Mislivec and Tuite,

I970a; Northolt et al. , I979a,b) these storage fungi, which are capable of growth
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at Aw levels as low as 0.83, also cause severe deterioration in cereals, corn and

fruits (Mislivec and Tuite, L970a; Corry, 1987).
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REVNEW OF LITET{ATURE

Importance of, Fungi in the Food Industry

Fungal contamination of foods and animal feeds has been recognized as a

worldwide problem (Lacey, 1989). The presence of fungi in foods contributes not

only to economic losses, but also to possible health hazards, since many species

are mycotoxigenic (Mycock and Berjak, I99I). Mycotoxins are not only highly

toxic and carcinogenic but are also difficult to elirninate when present in the food

chain (Moss, 1989). Dried foods, animal feeds, grains and related products are

major food targets for these highly amylolytic, proteolytic and lipolytic organisms

(Corry, L987). In grain, the consequences of fungal growth include dry matter

losses, self-heating, mycotoxin production and reduced quality caused by

undesirable discoloration, off-odour and reduced germination (Lacey and Magan,

1991).

Mycotoxins present in feeds are known to accumulate in tissues and organs

of animals and have the potential to be carried over into food products such as

milk and eggs (Abramson, I99L). Among fungi occurring in low Aw food

systems and feeds, species of Petttcillium and Aspergillus often predominate



6

(Samson, 1989). The high frequency of food contamination caused by Penicillíum

and Aspergillus spp. is in part a result of their successful ability to sporulate

(Mislivec and Tuite,I970a; Cahagnier et al., L993). Fungal spores are not only

reproductive propagules and agents of dispersion, but are also much more tolerant

to environmental extremes compared to mycelia (Jennings, 1993). In this respect,

spores have been shown to exhibit high resistance to desiccation, dry heat, acid,

freezing and thawing (Cooke and Whipps, 1993).

Although the negative aspects of fungi in foods are overwhelming, their

positive benefits should be not underestimated. For example, fungi from the

genera Aspergillus, Penicillium, Rhizopus, Atnylontyces atd Mucor are frequently

used in the production of a variety of fermented foods. These products include

mould-ripened cheese, meat and savoury staple foods such as: tempe, miso,

katsuobushi and sweet foods like tape and brem cake. Filamentous fungi have also

been employed in the synthesis of organic acids, lipids, and enzymes which have

applications in many industries, including the food industry (Campbell-Platt and

Cook, 1989).



Fungal Growth Requirements

The spoilage of food and stored products involves a wide range of fungi

(Samson, 1989). Most fungi can utilize various substrates as a source of carbon

and energy including soluble (glucose, fructose, mannose and galactose) and

insoluble (cellulose, chitin and lignin) substrates (Cooke and Whipps, 1993). They

are also able to srow under a ranse of environmental conditions. These

characteristics allow colonization in environments which favour their survival or

competition (Lacey, 1989).

PII

Most fungi grow over a wide pH range, commonly from 3 to 8 with an

optimum at about pH 5 (Magan and Lacey, 7984a; Lacey, 1989). However, some

fungi including Aspergíllus niger, A. candid.us and Eurotium repens can grow at

an extremely low pH. These fungi have been reported to grow at pH levels as low

as 1.5, 2.L, and 1.8, respectively, especially on media with high water activity

(0.99 Aw; Panasenko, 1967). At neutral pH and at an Aw close to 1.0 fungi

compete poorly with bacteria; however, at reduced pH fungi normally become the

predominant microflora (Lacey, 1989).



Temperature

Fungi differ widely in their growth temperature range. They also have

diverse optimum temperatures for growth (Lacey, 1989; Cahagnier et al. , L993).

For instance, Penicillium auranliogrtseum can grow over a temperature range from

-4"C to f 35oC, while the temperature range for growth for Humicola lanuginosa

is 30-60'C. AspergíIlus fumigalzs also has an exceptionally wide temperature

range for growth (10-55'C) (Lacey, 1989). Most fungi can grow in the range of

L0-40'C, with optima of 25-35"C. As the temperature is shifted from the

optimum, the rate of fungal growth decreases; however, many species can still

grow to considerable numbers when other parameters such as Aw and pH are close

to their optimum (Cooke and Whipps, 1993). Under such conditions for example,

spores of Penicillíum spp. can produce visible colonies on cheese when stored at

5'C for 7 days (Williams, 1989).

Gas Composition

Fungi are considered as obligate aerobes. However, for many species the

concentration of Or in the atmosphere must be decreased to < 0.14% or the CO,

concentration mustbe ) 15% in order to reduce linear growth by 50% (Lacey,

1989). For example, P. roqueforti, was reported to grow in the presence of up to
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and80% COr. The concentration of O, however, was at least 4.2% (Lacey

Magan, I99I).

Antimicrobials

Use of chemical preservatives such as weak acids, including benzoic, sorbic,

propionic, acetic, and sulphurous have been considered as one of the most

successful methods for controlling fungal growth. However, there have been

reports that some penícillia including P. roqueforti, P. cyclopium , P. vírídícaft.¿m

and P. crustosum exhibit a high degree of resistance to some antimicrobials such

as potassium sorbate (Finol et al. , L982; Liewen and Marth, 1984; Samson, 1989).

Liewen and Marth (1985) demonstrated that moulds could degrade sorbic acid and

produce 1,3-pentadiene, a volatile compound with an extremely strong kerosene-

like odour.

Water Activity

Filamentous fungi are able to grow over a wide Aw range from 0.60 to 0.99

(Troller, L979; Pitt, 1989). However, not all fungi grow maximally with

increased water activity. Some species, e.g. Eurotium repens, Eurotíum

amstelodami, Aspergillus níger and Aspergillus versicolor grow best between 0.90-
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0.95 Aw (Magan and Lacey, 1988). In addition, many Penícillium species show

enhanced growth closer to 0.98 Aw than to 1.00 Aw (Hocking and Pitt, 1979).

In vivo fungi are rarely found in substrates containing high Aw (ie 0.98 - 0.99),

as they are not able to compete with fast growing bacteria. Instead they usually

predominate in environments with an Aw below 0.90 where bacterial competition

is eliminated or reduced (Richard-Molard et eL., 1985). In addition, water

relations of fungi are influenced by environmental factors such as temperature, pH,

gas composition, available nutrients, etc.(Mislivec and Tuite, 1970b; Pitt and

Hocking, L977; Magan and Lacey L984a,b; Magan and Lacey, 1988). When these

growth conditions are optimum, water relations of individual fungal species,

expressed as minimum Aw for growth, approach the lowest levels (Hocking and

Pitt, 1979). If the organisms are present as spores the minimum Aw will also

influence their capability to germinate. The minimum Aw for germination also

varies widely among Penicillium species; from 0.90 for P. digitatumto 0.78 for

P. implicatum and P. janczewski (Hocking and Pitt, 1979).

Water AYailabilitv

The water content of a substrate gives little indication of the availability of

water for microbial growth and allows few comparisons, since the relationship
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between water content and availability differs among products (Magan and Lacey,

1988). There are several parameters which express the availability of water such

as water potential, equilibrium relative humidity (ERH) and water activity (Magan

and Lacey, 1988; Blomberg and Adler, L992). 'Water potential is described as the

free energy of water in a system related to the free energy of a reference pool of

pure, free water of specified mass or volurne, which is considered to have zero

water potential (Blomberg and Adler, 1992). The water potential is the sum of

osmotic or solute potential, matric potential, turgor or pressure potential and

gravitational potential (Blomberg and Adler, 1992; Cooke and Whipps, 1993).

Xeric or dry environments can be categorized into two types depending upon

which factors contribute to the prevailing low water potentials. The first is

characterized by high matric potential but low osmotic potential and includes

sytups and preservative brines where yeast predominate. The second environment

is characteúzed by a low matric and variable osmotic potential. It includes soils

and stored food products with low water content. Filamentous fungi such as

Aspergillus, Penícilliunt and Wallentia predominate in such environments (Cooke

and Whipps,1993; Griffin, 1994).

At equilibrium, the water activity (Aw) is defined as the ratio of the partial

pressure of water in a sample to the vapour pressure of pure water under the sarne
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conditions. Numerically water activity is the same as ERH, which is the relative

humidity of the intergranular atmosphere in equilibrium with the water in the

substrate (Corry, 1987; Lacey and Magan, L99L). Although water activity is a

chemical term, it has proven to be of great practical value in food microbiology,

since it shows good correlation with microbial growth (pitt, 1989).

Water Activity and Growth of Organisms.

'Water is essential for life, however, little inforrnation is known concerning

factors which determine the water requirements of microorganisms or what cellular

responses result when this requirement is limited or not met (Charlang and

Horowitz , I97 4).

Growth of animals is virtually confined to the range of 1.0 to 0.99 Aw,

while the permanent wilt point for rnesophytic plants is close to 0.98 Aw (Pitt,

1989). The range over which microbial growth has been demonstrated is from

0.99 to 0.60 Aw (Scott, 1957; Blomberg and Adler,1992). The minimum Aw for

microbial growth is close to the theoretical limit at which life can exist, since at

an Aw of c. 0.55 denaturation of DNA occurs (Pitt, 1989; Griffin, 1994). Most

spoilage bacteria can not grow below 0.90 Aw, except for a few halophilics which

thrive in environments of 0.75 Aw (Corry , 1987). However, growth of halophilic
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bacteria is a result of an absolute requirement for high concentration of salts

(Brown, L974). Most known organisms, which can grow below 0.90 Aw are

ascomycetous and conidial fungi (Pitt, 1989). In most cases, the peculiar water

relation of these organisms is the result of tolerance, rather than the requirement

for high solute concentrations (Pitt, 1989; Hocking, 1993).

Among c. 5000 genera of fungi recognized, only a few have developed a

mechanism to grow at 0.85 Aw (Richard-Molard et al., 1985). Hocking and Pitt

(1919) reported that only eleven genera were capable of growth at 0.85 Aw. In

1989, Pitt reported that only a few new genera had been added to the list. This

fact indicated, that the process of adaptation to low Aw environments must be

complicated. Studies examining the relationship between water activity and fungal

development have concentrated rnainly on growth quantification, particularly at

reduced Aw and determining the Aw limits for fungal germination, growth and

sporulation (Pitt, 1989). These types of studies have considerable practical value,

since they enable prediction of safe Aw limits for storage and transport not only

of food products but also for other comrnodities including cosmetics, textiles,etc.

(Magan and Lacey, 1984b; Pitt, 1989).
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Effect of Aw on Fungal Growth and Mass Production.

Reducing Aw levels in foods and substrates increases the lag period for

spore germination and decreases both the rate of growth and yield of the resulting

biomass (Snow, 1949; Charlang and Horowitz, l97l; Gervais et al., 1988b).

At optimum growth conditions, with Aw approaching optimum, the lag time

for growth and/or germination can range from a few hours to days, while at very

low Aw, the lag phase can be extended for months or even years (Lacey and

Magan, 1991). For example, at an Aw of 0.64-0.66 spores of Aspergillus

echinulatus were reported to germinate after a latent period of almost 2 years;

however, the ensuing germ tubes were abnormal and failed to produce mycelia

(Snow, 1949). The effect of Aw on the duration of the lag phase prior to spore

germination is affected by various factors including the nutrient stafus of the

substrate, gaseous composition of the growth environrnent, pH and spore age

(Snow, 1949; Pitt and Hocking, 1977; Magan and Lacey, I984a,b; Lacey and

Magan, 1991). In regards to nutritional adequacy for example, E. repens spores

germinated in 14 days on malt agat, but required 16 days on water agar, while.,4.

chevalieri needed 19 and 23 days, respectively, using the same media (Lacey and

Magan, 1991). Magan and Lacey (198aa) demonstrated that Aw also interacted

with the gaseous composition of the growth environment by increasing the lag
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phase prior to growth. For example, the lag time before growth for Penicillium

and Aspergillus spp. at 0.98 Aw in normal air was only a few days; however, L0-

20 days was required at 0.90-0.85 Aw, when the gaseous environment contained

l% Oz (Magan and Lacey, I984a). Also reducing the pH of wheat extract agar

from 6.5 to 4.0 increased the lag phase for both Aspergíllus and Penicillium spp.

by l-2 and 6-7 days at optimum and minimum Aw, respectively (Magan and

Lacey,1984b). Heintzeller (1939) demonstrated that spores from young cultures

exhibited better germination at reduced Aw than spores from old cultures.

Magan and Lacey (198ab) showed that growth rates of P. roqueforti colonies

decreased from 4 mm/day at optimum Aw (0.98) to 0.1 mm/day at minimum Aw

(0.83). Cahagnier et al. (1993) observed a 1O-fold reduction in mycelial growth

and decreased sporulation of PenícíIliunt inrplicatutn and Aspergillus candídus on

maize and rice when the Aw decreased frorn 0.90 to 0.82.

Minimum Aw for Germination

Germination studies of rnould spores at different Aw levels have received

much attention (Snow, 1949; Scott, 1957; Mislivec and Tuite , 1970b; Magan and

Lacey I984a; Magan, 1988; Ramakrishna et al., L993; Chandler et aI., 1994).

Germination of a mould spore is a physiological reaction of a resting cell to
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modifications in its environment (Gervais et al., 1988a; Griffin, 1994). The

influence of low water activity on germination is not well understood (Gervais,

1988b). Although Charlang and Horowitz (1971) presenred evidence for the

existence of an essential germination substance in conidia of Neurospora crassa,

Aspergillus nidulans and Penícilltum chrysogenum, which was lost in media with

low water activity, regardless of whether electrolytes or non-electrolytes were used

as humectants. This substance was subsequently identifìed as a siderophore, i.e.,

a high affinity chelating compound that solubilizes ferric iron and transports it into

the cell.

The effect of Aw on germination has been quantified in terms of minimum

Aw (Scott, L957) and various spoilage fungi, especially species capable of growth

on grain and related products have been evaluated in this manner (Snow, L949;

Armolik and Dickson, 1956; Mislivec and Tuite,I970b; Magan, 1938). Although

the minimum Aw for development is characteristic for individual (particular)

species (Table 1; Hocking and Pitt, I9l9) it is nevertheless influenced by other

environmental factors, especially temperature, pH and availability of nutrients

(Scott, 1957; Lacey and Magan, 1984a,b). Many studies have indicated that fungi

show the greatest tolerance to reduced Aw when all other growth conditions are

near optimum (Snow, L949; Ayerst, 1969; Magan and Lacey I9B4a,b). It has also
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Table 1. Minimum Aw levels

sporulation of some

perrnitting germination, growth and

storage fungi at25'C.

Aw levels

Germination Linear erowth
Asexual
sporulation

Organism

P. cycloptum
P. hordei
P. piceum
P. roqueforti
A. candidum
A. nidulants
P. versícolor

0.88
0.80
0.19
0.83
0.78
0.83
0.79

0.82
0.83
0.85
0.83
0.80
0.80
0.78

0.85
0.86
0.89
0.83
0.83
0.80
0.80

Adapted from Magan and Lacey (98ab).
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been demonstrated that the pH and temperature range for growth narrows at

decreased Aw and vice-versa (Griffin, 1994). For example, the minimum Aw

permitting germination of Penícillíwn spp. isolated from corn was lowest at the

optimum growth temperafure; however, as the temperature was removed from the

optimum, the minimal Aw for gemination increased (Mislivec and Tuite, lg70b).

At an optimum temperature of 23'C the minimum Aw for germination of

Penicilliul?? spores was 0.81. At 16 and 30'C, the minimum Aw's were 0.81-0.83

and 0.83-0.86, respectively (Mislivec and Tuite, I970b). Magan and Lacey

(1984b) demonstrated that decreasing the pH from 6.5 to 4 increased the minimum

germination Aw for a number of storage and field fungi. The most marked effect

was observed when marginal growth temperatures (5 and 35oC) were used.

In some instances, fungal spores have been shown to germinate atvery low

Aw's, especially if optimum growth temperatures are employed. However,

subsequent mycelial growth may not be observed (Ayers t, 1969). For example,

conidia of A. flavus which gerrninated at 0.75 Aw were not able to develop further

and subsequently died. Reports also indicated that close to the Aw limits for

germination, germ-tubes are often morphologically abnormal, frequently

misshaped, thickened and septated (snow, 1949; Ayerst 1969, Magan and Lacey

1984b). Armolik and Dickson (1956) and Mislivec and Tuite (1970b) also
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observed abnormal swelling of penicillia conidiophores at Aw levels approaching

the lower limit for sermination.

fnfïuence of ,4.w on Sporulation

Sporulation or conidiation is a vital phase in the life cycle of fungi as it

provides a mechanism for surviving both nutrient and environmental stress (Magan

and Lacey, 1988; Cooke and Whipps, 1993). However, there is little information

as to how Aw and other environmental factors affect spore formation (Magan and

Lacey, 1988). Depending on the species it has been reported that sporulation may

occur at an Aw value lower than that which would allow for growth (Magan and

Lacey,1984b). The minimum Aw for conidial formation has also been reported

to be influenced by temperature (Mislivec and Tuite L970b; Magan and Lacey

1988). For instance, P. brevicompactum. and P. aurantiogríseum produced conidia

to a minimum Aw of 0.86 at either 16 or 30'C; however, at23oC, the minimum

Aw was 0.83 (Mislivec and Tuite, 1970b). Hocking (1986a) pointed to a

correlation between the ability of fungi to sporulate at low Aw and the complexity

of the produced spores. Among four xerophilic fungi P. janczewski, Eurotium

chevalíeri, Wallemía sebi and Polypaecílunt, pisce grown at Aw 0.85, the most

xerophilic fungus, Wallemia sebi, produced in the shortest time (within 3 days of
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germination) vast quantities of the smallest conidia on the simplest conidiophores.

The process by which W. sebi conidiated was thought to require far less energy

than by the production of the more cornplex conidiophores of Penicillium, and

Aspergillus spp. (Hocking, 1986a). The production of cleistothecia and

development of ascospores is even slower and is thought to require the highest

energy (Hocking, I986a; Lacey et al., I99I). Lacey et al. (1991) reported thar

spores produced by telemorphs (sexual) often require a higher Aw than conidia

(anamorphs or asexual). As an example, Aspergillus nidulans produced conidia

as low as 0.85 Aw; however, ascospores were produced only above 0.995 Aw

(Snow, 1949).

Solute Influence

Experimental manipulation of the Aw is usually accomplished by adjusting

the solute concentration in the growth medium (Corry, 7987; Griffin, 1994).

Solutes used for adjusting the Aw include salts (KCl, NaCl), sugars (glucose,

sucrose), and polyols (glycerol or polyethylene glycol) (Gervais et al., 1988b).

However, the nature of the solute used has been shown to impact Aw requirements

(Scott, L957; Hocking and Pitt, l9l9). Therefore, solute-specific effects must also

to be considered when studying the water relation of microorganisms (Scott, 1957;
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Corry, 1987; Gervais et al., 1988b).

In the case of specialized xerophilic fungi, it has been demonstrated that they

exhibit a distinct preference for media rich in soluble carbohydrates (Pitt, 1989).

For example, fastidious Xerontyces bisporus and Chrysosportum fastidium,

normally found in high sugar environments are intolerant of salts such as NaCl and

KCI and grow poorly in media with glycerol (Luard and Griffin, 1981). Only a

few extreme xerophile fungi such as Polypaecilutrt pisce and Basipetospora

halophtla show enhanced growth in salt environments (Andrews and Pitt, 1981;

Pitt, 1989). These fungi, however, do not have a salt requirement as is the case

with halophilic bacteria (Luard and Griffin, 1981). In contrast, less specialized

xerophiles, which include EuroÍium, Aspergíllus and Penícillium species aÍe

capable of growth in a wider range of solutes (Pitt and Hocking 1977; Hocking

and Pitt, L979; Luard and Griffin 1981).

Solute-specific effects become more evident at reduced Aw levels (Hocking

and Pitt, 1979). Hocking and Pitt (1919) demonstrated that at an Aw above 0.92

solute type and indeed Aw had little effect on the germination time of several

Penicillium spp. However, as the Aw was lowered the solute effect on

germination and growth properties became more evident. Generally, germination

in glycerol occurred earlier or at lower Aw than in l.{aCl or in glucose/fructose.
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Strong solute-specifîc effects on the germination kinetics of P. roquefortí and,

Trí.choderma viride were shown by Gervais et al. (1988b). The authors also

indicated that spore germination was more complete in media containing solutes

like sucrose and fructose that exhibited greatest deviation from Raoult's law.

Horner and Anagnostopoulos (1973) showed that A. glaucus, A. niger and

Penicilliu,rz¿ spores germinated faster in media containing glycerol compared to

those containing sucrose. Their growth rate, however, was higher in media

containing sucrose. Scott (1951) reported that growth rates of A. amstelodami

were higher in media containing sucrose and glucose than in those with either

glycerol or magnesium chloride and sodium chloride. Pitt and Hocking (1977)

demonstrated that the growth rate of A. flavus, A. ochraceus, Eurotium chevalieri

and Chrysosporium fastidiunx over an Aw range in media with gtycerol was

slower than with glucose/fructose. Opposite results were obtained by Charlang

and Horowitz (197I), who observed, that at a given Aw the growth rate of

Neurospora crassa was in the order glycerol

Blomberg and Adler (1992) indicated that different salts also exhibit marked

differences in growth inhibition. For example, lithium chloride inhibited fungal

growth completely at c. 0.98 Aw, whereas sodium chloride allowed growth even

at 0.90 Aw. The tolerance 0f fungi to high concentration of salts is based on their
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ability to export sodium from the cell against a Na+ concentration gradient across

the cell membrane and import potassium (Blomberg and Adler, L992; Blomberg

and Adler, 1993). The growth of fungi on media containing salts also depends on

their ability to accumulate intracellular compatible solutes (Meikle et al. , L99I;

Blomberg and Adler, 1993).

The solute-specific effect has been shown to be genus and, in some cases,

species dependent (Blomberg and Adler, 1992). For example, Andrews and Pitt

(1987) found that minimum Aw values for some filamentous fungi, e.g. A.

penicilloides were solute invariant, while others Llke Exophia.to werneckü and,

Geomyces spp. were more solute dependent.

Adaptation of Fungi to Reduced Aw.

In order to grow in low water activity environments microorganisms must

overcome plasmolytic effects (Meikle et al., 1988; Csonka, 1989; Blomberg and

Adler, L993). It is well established that organisms which grow in low Aw

environments accumulate internal "compatible solutes" which balance the Aw of

the external environment and provide turgor pressure for growth (Brown, L976;

Blomberg and Adler, L992). The term compatible solute was introduced by Brown

and Simpson (1972). They defined such a solute as one which is highly soluble,
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readily manufactured at controllable levels and at high concentrations does not

interfere with the cell's normal functions. In addition, compatible solutes have the

ability to raise the denaturation temperature and lower the solubility of globular

proteins (Pollard and Wyn Jones, 1979; Yancey et al. , IgB2). Using density

measurements Gekko and Timasheff (1981) showed that glycerol was excluded

from the vicinal hydration sphere of proteins in protein-glycerol solutions. The

compatible solute exclusion from the immediate vicinity of the proteins appears to

be the general mechanism of protein stabilization against denaturation (Blomberg

and Adler, 1992)

A variety of compounds are used by rnicroorganisms as compatible solutes.

Most species of bacteria have opted for amino acids or derivatives with proline,

glutamate and glycine betaine being the most common (Beuchat, 1933).

Halophiles accumulate potassium ions and exclude sodium ions present in the

outside medium using active transport systems (Brown, L976). There is extensive

evidence that fungi utilize polyols, particularly glycerol (Luard, 1982b Blomberg

and Adler, L992).

Although a variety of polyols have been detected in fungi, including

glycerol, erythritol, arabitol, mannitol, their contribution to cellular water activity

varies @lomberg and Adler, L992). The Aw of a saturated solution appears to
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depend on the molecular weight of the solute used. The lower the molecular

weight of the polyol, the lower the Aw of the saturated solution, e.g. at 25"C a

saturated solution of arabitol (mol. wt 752.1) has an Aw of 0.819 which is lower

than that of mannitol (mol. wt 182.2;0.978 Aw; Chirife et ã1., L984).

Furthermore, carbon chain length of polyols appeared to correlate positively with

inhibition of yeast NADP-specific isocitrate dehydrogenase (Brown, 1976). This

indicated that lower molecular weight polyols are also more 'compatible' with

enzyme activity (Hallsworth and Magan, L994). Because glycerol is the smallest

polyol it has been suggested to be the most efficient compatible solute (Pitt, 1989).

Jennings (L993), however, indicated that the type of polyol accumulated under

conditions of water stress in filamentous fungi appears to be dependent on culture

àEa, nutrient conditions, type of stress solute used and the organism studied.

Luard (I982a) studied the content of polyols in xerotolerant P. chrysogenum and

xerophilic Chrysosporiumfastídíutn and concluded that the major osmoregulators

were glycerol and the stress solute. Hocking (1986a) in a study pertaining to

glycerol accumulation in five fungi grown at low Aw (either 0.92,0.88 or 0.85)

demonstrated that culture age influenced the glycerol content. The glycerol

content appeared to be high during vegetative growth, however, it decreased as the

cultures aged and sporulated. In A. nidulans glycerol and erythritol were found
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to be major osmoregulatory compounds (Beever and Laracy, 1986). The

disadvantage of glycerol as a compatible solute is its difficulty to be retained inside

the cell, due to its low molecular weight (Blomberg and Adler, L992). The limit

of tolerance of various fungi to Aw stress may be due not only to the ability of

cells to accumulate solutes, but also to retain them (Blonberg and Adler, 1992).

A comparison between two fungi, xerophllic Penícitlium janczewski (0.78 Aw,

min. for germination) and nonxerophtlic Penictlltunt cligitatwn (0.99 Aw min. for

germination) showed that P. janczewskí was able to retain intracellular glycerol

against a strong concentration gradient, whereas P. digitatum, although capable of

accumulating significant quantities of glycerol down to 0.92 Aw, was unable to

prevent glycerol leakage as the Aw decreased. The inability to retain glycerol

inside the cell might explain why P. digitaturu is unable to grow at low Aw

(Hocking, 1986a). The mechanisms utilized to contain glycerol efficiently by

xerophiles are not yet known (Pitt, 1989). Little information has been published

on the mechanism that enables xerophilic organisms to prevent small, uncharged

molecules of polyols from passing through biological membranes. However,

Hocking (1993) indicated that either xerophile membranes aÍe intrinsically

different, or reduced Aw induces changes that alter membrane permeability.

Little information is available on whether the fatty acids of xerophiles differ
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from those of closely related nonxerophiles, or whether the fatty acid composition

in xerophiles is less affected by changes in Aw compared to nonxerophiles

(Hocking,1993). Studies on the fatty acid composition of two Penicillium species,

a xerophile, P. janczewski and a nonxerophile, P. dígitatum, performed by

(Hocking, 1986b), demonstrated that a higher portion of fatty acids of P. dígftarum

were unsaturated ostensibly due to the presence of up to L0% a-linolenic acid

(C18:o33). Such a high degree of unsaturation could affect membrane fluidity and

account for the inability of P. digttatum to retain intracellularly accumulated

glycerol. Mulder et al. (1989) demonstrated that the content of unsaturated fatty

acids was higher than saturated fatty acids in three nonxerophilic fungi (Alternaria

phragmospora, Alternaria chlamydospora and Urocladiunt chartarum) and that the

ratio did not change as the salinity of the growth media increased.

The proficiency of organisms to tolerate low Aw may also be associated with

the amount of energy spent to accumulate compatible solutes (Blomberg and Adler,

1992). A comparison study between very xerophilic Saccharomyces rouxíi and

lesser xerophilic Saccharomyces cerevisiae showed that although both organisms

were able to accumulate similar amounts of glycerol when exposed to low Aw, the

methods of accumulation were different. ^t. rouxii accumulated glycerol by a

permeation/transport system, whereas S. cerevisiae metabolically synthesized it;
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the latter would require a greater energy input (Beuchat, 1983; Griffin, L994).

Glycerol is synthesized in actively growing hypha; however, other

compatible solutes such as trehalose are synthesized during stationary growth and

sporulation (Thevelein, 1984; Martin et al., 1986). Trehalose has also been shown

to be synthesised in vegetative cells when grown under stress. For example, cells

of S. cerevisiae accumulated trehalose when exposed to high temperatures, ethanol

or heavy metals (Attfield, 1987). Accumulation of trehalose in spores and

vegetative cells is suggested to have a protective function against stress conditions.

The function of trehalose as a protectant against desiccation seenrs to be related to

its unique ability to reversibly replace water upon dehydration of the phospholipid

bilayer (Crowe and Crowe, 1984). Recently Lewis et al. (1995) demonstrated that

when S. cerevisiae was heat shocked, trehalose accumulated inducing cellular heat

and desiccation tolerance. However, maximum trehalose accumulation occurred

in the presence of heat shock protein synthesis.

Although attention has been addressed to the production of polyols in

mycelia with response to growth in reduced Aw, little information is available on

the polyol and trehalose content of conidia produced in reduced Aw media.

Hallsworth and Magan (1994) investigated both the polyol and trehalose content

in conidia of three entomopathogenic fungi: Metharhizium anísopltae,
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Paecílomyces farínosøs and Beauveria bassiana produced in various Aw adjusted

media. Their sfudy showed that the content of polyols varied with species and the

Aw of the sporulation medium. Regardless of Aw, the predominant polyol in alt

species was mannitol (mol.wt 182.2); however, the synthesis of lower mol. wt

polyols such as erythritol (mol. wt 122.1) and glycerol (mol. wt 92.1) increased

with a reduction in Aw. The trehalose content unexpectedly decreased at a lower

Aw. Hollsworth and Magan (1994) suggested that by manipulating environmental

conditions and the nutrient content of the sporulation media the endogenous

reserves of polyols and trehalose in conidia could be increased, resulting in

increased viability and higher tolerance to desiccation.

Water Activity and Heat Resistance

The heat resistance of fungal spores is much lower than that of bacterial

spores. Under equal conditions of temperature and relative humidity the D values

(time in minutes required to reduce initial population by 90 %) of mould spores are

about ten times lower than those of bacterial spores (Lubieniecki-von Schelhorn,

1973). However, some fungi, for example, Byssochlamys spp. and Neosartorya

fisheri which can survive 10 min at 90 oC, are problematic in acid foods preserved

by pasteurization (Lacey, 1989).
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Heat resistance of microorganisms is not only genetically defined, but is also

influenced by several environmental factors, including water activity and

menstruum composition. The influence of these factors can be greater than those

due to genotype (Doyle and Marth, I975a; Condon and Sala, L992). Although

reduced water activity in foods can slow or inhibit microbial growth, it also has

an unwelcome effect of increasing the heat resistance of microorganisms in foods

(Baird-Parker et a1r, L970; Corry, 1973, Beuchat, 1988 ). Studies pertaining to

the influence of reduced Aw on the heat resistance of spores and vegetative cells

have shown, that when Aw was regulated by equilibration with atmospheres of

various relative humidity levels there was a straightforward relationship between

Aw and heat resistance (Corry, 1913). For example, heat resistance of Aspergillus

niger, Humicola fuscoatra and Byssochlanrys fulva. spores continually increased

with reducing relative humidity over a range from 100-0% (Lubieniecki-von

Schelhorn, L973). Heat resistance of bacterial spores also increased when the

relative humidity of the atmosphere was reduced, but the maximum resistance was

at20-40% relative humidity, not at 0To (Munell and Scott, 1966). When cells

of Salmonella typhímuríum were freeze-dried to various Aw values in the absence

of solutes, their heat resistance was highest in the region of 0-0.2 Aw and

decreased rapidly as the Aw was increased to 0.5-0.6 (Corry, L9l3). When the
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Aw of a heating menstruum is regulated by incorporation of specific solutes, the

resulting heat resistance of organisms is also increased. However, the heat

resistance appears to be affected not only by the Aw level, but also by the solute

species (Corry, L974). Doyle and Marth (1975b) reported that the D' value for

A. flavus conidia increased from 3 min at 0.99 Aw to 70, 66 and 60 min when the

Aw of the heating medium was decreased by addition of solutes to 0.90 (NaCl),

0.90 (sucrose) and 0.85 (glucose), respectively. The Dro value for ascospores of

Byssochlamys niveø increased frorn 39 min at 0.99 Aw to 48 min at Aw 0.93

(NaCl) and to 49 min at Aw 0.89 (sucrose) (Beuchat, 1981).

Solutes have a protective effect against heat inactivation of microorganisms,

but the magnitude of protection depends on the nature of the solute (Corry, 1974).

For example, at the same Aw, the heat resistance of vegetative cells of ,S. rouxü

and Schizosaccharomyces pontbe was increased in the order sucrose )

sorbitol)fructose) glycerol (Corry, I976b). Corry (1974) reported that the

degree of protection provided by solutes was correlated with the degree of

plasmolysis or cell shrinkage. Sucrose which causes severe plasmolysis, as it is

unable to penetrate the cell membrane, exhibits the highest protection against heat

treatment (Beuchat, 1983). Solutes which are able to permeate plasma membranes

and replace cellular water can also increase cellular heat resistance (Corry, 1976a).
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However, glycerol, which penetrates cell membranes and acts as a compatible

solute, gives lower protection against heat treatment compared to solutes with a

higher molecular weight like sucrose (Corry, I98l). Vegetative cells often show

reduced heat resistance when exposed to NaCl. For example, D values of

Geotrichum candídum and Sacchoromyces cerevísíae determined at 0.99 Aw were

reduced by 20 and 8 min, respectively, when exposed to 0.93 Aw using NaCl as

the controlling solute (Beuchat, 1981).

The protective effect of solutes on fungal spore resistance to heat treatment

has been shown to be less influenced by the solute effect comparing to bacteria.

Addition of sugars to apple juice did increase the heat resistance of Talaromyces

flavus ascospore at a given Aw; however, the nature of the sugar i.e. sucrose,

glucose, or fructose, did not appear to affect the rate of ascospore inactivation

(Beuchat, 1988).

Water Activity and Mycotoxin Production

A major concern associated with food-borne fungi is their ability to produce

mycotoxins (Moss, L989; Abramson, 1991). Mycotoxins are characterized,by a

diversity of chemical structures and biological activities including carcinogenicity,

nephrotoxicity, hepatotoxicity and haemorrhagic activities (Moss, 1989).
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Various mycotoxins including aflatoxin, sterigmatocystin and ochratoxin A

have been shown to be carcinogenic in test animals. In addition, they are highly

toxic, mutagenic and teratogenic (Krogh, 1989). In the case of aflatoxin, most

livestock develop acute hepatitis and haernorrhagic diseases. Reduced feed

efficiency, decreased growth rate, and death have been also observed in farm

animals subjected to mycotoxicoses (Abramson, 1991) .

One of the most acute problems regarding mycotoxin contamination is that

when they are present in animals feeds, they have the potential to caffy over or

pass through the food chain and can appear in products such as: milk, meat,

peanut butter and related products (Moss, 1989). For example, aflatoxin B, in

livestock feed is known to enter the human chain as the carcinogenic aflatoxin M,

which can be found in eggs, milk and related products (Abramson, L99L).

Ochratoxin A, which is a nephrotoxin produced by Aspergillus and Penicíllíum

sPP., can also enter the human food chain via farm animals (Hault et al., L984).

Intake of aflatoxins by humans has been associated with primary liver cancer

(Bulatao-Jayme et al. , 1982). Aflatoxins have also been tentatively implicated in

hepatitis, kwashiorkor, Reye's syndrome and lung cancer (Denning, L}BT).

Ochratoxin A has been frequently found in human blood and has been associated

with a high incidence of nephropathic illness (Abramson, 1991).
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Mycotoxin production in foods and feeds is strongly influenced by a number

of environmental factors, with temperature and water activity being the most

important. The ability of moulds to produce mycotoxins under Aw stress depends

on strain, temperature, nutrient availability, oxygen tension, pH and microbial

interactions (Beuchat,1983; Patterson and Damoglou, 1986; Beuchat, 1987;Lacey

et al. , L99l). Studies pertaining to Aw and temperature conditions for production

of mycotoxin such as: aflatoxin, patulin, penicillic acid and ochratoxin A have

established that the minimum Aw levels are higher and the temperature range

narrower than those required for fungal growth (Beuchat, 1983). For example, at

0.95 Aw, the temperature range for growth of P. víridicatutn was 0-31'C, while

for ochratoxin A production, the temperature range was 12-24"C (Abramson,

L99I). Although, the organism was able to grow at Aw levels as low as 0.80-0.81

it did not produce ochratoxin A at an Aw below 0.83-0.86 (Northolt et al.,

1979b).

Identical mycotoxins can be produced by several species, however, the

minimum Aw conditions for their production varies among species (Beuchat, 1983;

I-acey and Magan, 1991). For instance, A. ochraceus produces penicillic acid at

an Aw as low as 0.88, whereas the minimum Aw for its production by p.

cyclopium was 0.97 (Northolt et al. , 7979a). The minimum Aw values for
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ndochratoxin A production by A. ochraceus and P. cyclopium were 0.83-0.87 a

0.87- 0.90, respectively (Northolt et al., 7979b).

Even though traditional laboratory studies using media and controlled

environments provide valuable preliminary information about mycotoxin

production, they do not take into account the influence of substrate and

environmental and microbial interactions (Abramson, 1991). For example,

Patterson and Damoglou (1986) showed that minimum Aw values for the

production of mycotoxins such as ochratoxin A by Penícíllíutn viridícatum, patulin

by P. expansum and sterigmatocystinby Aspergillus versícolor were lower when

analogue bread was used as a substrate cornpared to synthetic media. Interactions

between mycotoxic fungi and other organisms have also been shown to either

stabilize or decrease aflatoxin production (Abraûrson, I99I). It has been reported

that this interaction is influenced by water activity. Aflatoxin production by A.

flavus decreased in the presence of A. niger, P. virídicatum and, Fusarium

gramínearum at 0.98 Aw, but was stimulated at 0.95 and 0.90 Aw (Lacey and

Magan, 1991).

The concept that mycotoxin production can be controlled by reducing the

Aw of food systems can be misleading, especially for large commodities such as

stored cereals (Richard-Molard et al., 1985). Moisture distribution and the
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potential for translocation of water can cause initiation of fungal growth in

localized areas (Troller, 1979). The consequences of fungal activity include heat

generation and metabolic water production which can increase temperature and Aw

to levels at which production of mycotoxins can occur (Richard-Molard et

al.,1985).

trmpact of Adverse Conditions on Non-spore Forming Bacteria

In nature organisms often encounter adverse conditions of pH, osmolarity,

nutrient supply and temperature; in addition, they may be exposed to hostile agents

such as antibiotics, biocides and preservatives (Gilbert et aL.,1995). In order to

survive and grow they must be capable of responding quickly to changes in their

environment and adapting to them (Jennings , 1993).

Organisms such as fungi and bacteria including Myxococcus and Bacillus,

respectively, are able to survive adverse conditions through the formation of

metabolically dormant spores which are more resistant to environmental stresses

than vegetative cells (Weber and Hess, L976). Many bacterial species, however,

respond to nutrient exhaustion and adverse conditions without undergoing cellular

differentiation (Zambrano and Kolter, 1995). Similar to sporeformers these

organisms can undergo a series of physiological and morphological changes that
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decrease their overall metabolic rate and distinguish them from cells in the

exponential growth. Microscopic observations of nutrient starved E. coli in the

stationary phase of growth revealed that cells became much smaller and spherical

(Zambrano et al. ,L993). The onset of starvation in E. coli also triggers changes

in the composition of membrane fatty acids. At low temperature and osmolarity,

starved E. coli produced fibronectin-binding filaments or curli. These structures

have been proposed to increase resistance to adverse condition s (Zambrano and

Kolter, L995). In contrast cells in the stationary phase can produce compounds

such as trehalose which act as protectants against osmotic stress and high

temperature (Csonka and Hanson, 1991).

Impact of Adverse Conditions on Spore Formers

It is well recognized that the nutritional adequacy of the growth medium and

the prevailing environmental conditions impact not only on the ability of vegetative

cells to form spores (including rate of sporogenesis and yield) but also on the

quality of the produced propagules (Gilbert et al. , 1995). Altered spore qualities

may be detected by assessing their resistance to deleterious agents, their ability to

remain in the dormant state and their germination response (Cooke and Whipps,

1993). The influence of sporulation parameters such as nutrients (Lee and. Brown,
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1975; Cheung et al. , L982), temperature (Williams and Robertson , 1953; Cook and

Gilbert, 1968; Beaman and Gerhardt, 1986; Condon et al. ,1992), temperature and

acidulants (Palop et al., 1996), pH (Friesen and Anderson, 1974; pang et aI.,

1983; Craven, 1990) and Aw (Jakobsen and Murrell, 1977) on bacterial spore

quality has been investigated. In contrast, studies pertaining to the influence of

sporulation conditions on the quality of fungal spores important to the food

industry are less frequent. Nevertheless, several studies have investigated the

influence of sporulation medium composition on fungal spore quality (Darby and

Mandels, L955; Doyle and Marth, I975a; Su and Beuchat, l9B4: Conner and

Beuchat, L987b; Jackson and Schisler, 1992).

Nutrients

Spores produced under different conditions of nutrient depletion vary in

germination characteristics, heat resistance and rnorphology. Lee and Brown

(1975) reported that the nature of the depleted nutrients had an influence on the

heat resistance of spores of Ba.cillus stearotll.erruopltilus. 'When 
sporogenesis was

induced by exhaustion of nitrogen in the growth medium, the resulting spores

exhibited a moist D,,o of 459 min., but this was reduced to L96, 17I and 108 min

when sporulation was induced by exhaustion of phosphate, sulphate and glucose,
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respectively. Cheung et al. (1982) demonstrated that the germination

characteristics of B. stearothermophtlus spores were affected by the nature of the

depleted nutrient that induced sporulation. For example, carbon-depleted spores

þroduced on a medium where glucose depletion induced sporulation) were less

dormant and germinated faster compared to sulphur-depleted spores.

The composition of the sporulation medium was also shown to affect fungal

spores of Colletotrtchum truncatut¡t (Jackson and Schisler, 1992). These authors

reported that alternation of the carbon to nitrogen ratio in the sporulation medium

influenced spore yield and conidial characteristics such as morphology and

infectivity. Doyle and Marth (I975a) demonstrated that the sporulation medium

had an effect on the heat resistance of several strains of Aspergillus flavus and A.

parasiticus. Conidia produced on media high in sugar and low in both proteins

and amino acids were more heat resistant than conidia produced on media

containing high levels of proteins and low levels of sugars. In addition, chemicals

(other than growth substances) have been shown to affect spore properties. For

example, the presence of ethanol up to 5% (v/v) in the sporulation medium

progressively reduced the thermal resistance of B. ruegateriunt, B. subtilis and B.

stearothermophilus spores. This effect was attributed to possible changes in the

cell membrane principally lipid composition and fluidity (Khoury et al. , I¡BT),
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Darby and Mandels (1955) also demonstrated that the type of sporulation medium

influenced longevity of Myrotheciuru verrucaría, Memmoníella echínata and

Aspergillus luchuensi,s spores.

Temperature

The temperature used during sporulation has been reported to influence the

heat resistance of bacteria. The intensity of this influence has been observed to

vary, not only among species but also among different strains of the same species

(Condon et al., L992).

As a general rule spores of thermophiles are more resistant to heat than

those of mesophiles and psychrophiles (V/arth, 1918). However, spores of a given

species, grown at their maximum temperature are more resistant than those grown

at optimum or minimum temperatures (Williams and Robertson ,1953; Beaman and

Gerhardt, 1986). Investigations on the influence of the sporulation temperature on

heat resistance of ten thermophilic bacilti were reported by V/illiams and

Robertson (1953). These authors showed that the most sensitive strain increased

its heat resistance five to sixfold when the temperature of sporulation was

increased from 3l to 50 'C. Cook and Gilbert (1968) reported that an increase

in the sporulation temperature as small as 5"C induced a significant increase in the
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heat resistance of B. slearothermophilus spores. Lysozyme-sensitive B.

stearothermophilu.s spores produced at 45,60 and 75"C had D,oo values of 30, 238

and 311 min, respectively (Beaman and Gerhardt, 1986). Studies with B.

coagulans showed that an increase in the sporulation temperature from 30 to 45'C

increased heat resistance of this organism fivefold (El- Bisi and Ordal, 1955). An

increase in the sporulation temperature of B. subtílís from 30 to 45"C

concomitantly caused an increase in the Drr., from 4 to 10 min (Lechowich and

Ordal, L962). A similar effect was also observed with this organism by Condon

el al. (1992). They reported that an increase in the sporulation temperature from

30 to 52"c increased the D,o, alnost tenfold (from 0.49 to 3.81 min).

Water activity

Information relating the effect of reduced Aw during sporulation and the

quality of resultant spores is sparse. Jakobsen and Murr ell (1977) showed that a

reduction in the Aw of the sporulation medium decreased spore yield and increased

the time required for the development of mature B. cereus spores. However, it

did not have a significant influence on the heat resistance of the resultant spores.

Urediniospores of Puccinia striifonrtis and conidia of the powdery mildew

Lwveillulø taurica produced on drought-stressed plants exhibited reduced
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germinability and infectivity (Gopalan and Manners, L984; Caesar and Clerk,

1985). In contrast, Wyness and Ayres (1985) reported thar when Erysíphe pisi

were sporulated on drought-stressed plants their conidia exhibited hieher

germinability.

pH

The effect of pH during sporulation on resultant spore properties is often

difficult to discern as the pH may change progressively during growth and

sporulation depending on the strength of the buffer and the initial concentration of

sugar available.

According to Friesen and Anderson (1914), the pH of the sporulation

medium did not have an effect on the heat resistance of Bacillus spores. Sfr-rdies

performed with Clostridia spores by Pang et al. (1983) and Craven (Lgg1)

indicated that pH is not likely to be a major factor influencing spore properties.
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METTIODS AND MATERTAI,S

Organism and Maintenance

Penicíllíum cyclopium (IBT 3221) and Penicílliutn viridicatum (IBT 3110)

were obtained from the Plant Pathology Laboratory, Department of Agriculture

(Winnipeg, Manitoba). Peni,cílliurn roc¡uefortí (ATCC 10110) was obrained from

the American Type Culture Collection (Rockvilte, MD). All cultures were grown

on potato dextrose agar (PDA, Difco, Detroit, MI; 5 d, zz .C) slants and

maintained at 5'C. Spore suspensions used for inoculation were prepared by

washing the resulting growth with sterile distilled water plus 0.05 % (vlv) Tween

20 (c.5 ml, Sigma, Chemical Corp. St. Louis, MO). Cultures were transferred

to fresh slants everv 30 d.

Sporulation Media

The basal medium used for spore production was PDA (basal pDA, pH 5.5;

0.99 Aw). Either glycerol (Mallinckrodt, Paris, KY) or sodium chloride

(Mallinckrodt, Pointe-Claire, QC) were used as solutes to obtain a nominal water

activity (Aw) of 0.88. The level of glycerol required to adjust the Aw was
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determined according to the method of Chirife et al. (1980). Raoult's law was

used to calculate the NaCl level required for Aw adjustment as follows:

'-w
Nnro

^I 
+^r" H20 '" sol-ute

A is the activity coefficient,

Nrro is the moles of water in solution and

Nro,u," is the moles of dissolved solute i' a solution of N"ro.

The actual Aw of the prepared, sterilized media was measured using a dew point

water activity meter (cx-l 'water Activity system, Decagon, pullman, wA)

calibrated using distilled water at22"C. Aw values are presented in Table 2. Aw

measurements were performed at c. 22"C using triplicate samples consisting of

agar plugs. After sterilization (120 oC for 15 min), the Aw of the media, if
required, was readjusted to 0.88 Aw by the addition of sterilized distilted water.

Spore Production

Petri plates (100 mm x 15 nim) containing either basal pDA or solute

adjusted PDA (c. 15 ml/plate) were surface inoculated with spore suspensions (0.L

ml) harvested from PDA slants. Inoculated plates were allowed to dry in an

laminar air flow hood for c. 0.5 h and incubated in sealed relative humidity



Table 2. Spore crops: Aw and time for sporulation.

Spore

P. roqueforti

P. cyclopium

Solute

P. viri.dicatunt

I mean value of the last two measurements.

Controls

glycerol
NaCl

glycerol
NaCl

glycerol
NaCl

None

Aw1

0.885 t0.002
0.889 +0.005

0.885 +0.002
0.882 +0.003

0.885 +0.004
0.88910.001

0.995

Lag time for
sporulation (d)

7

6

5

5

6
7

0

Total incubation
time (d)

l7
T6

15

15

16
T7

10

Þ(.,t
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chambers at 22"C. The environmental relative humidity (ERH) within the

chambers was controlled using either NaCl or glycerol solutions (Aw 0.88).

Spores produced on 0.88 Aw media were incubated for an additional 10 d period

following their first appearance (Table 2). Spores produced on 0.99 Aw were

incubated for a total of 10d. This regime ensured a similar physiological age

among spore crops. After incubation the spores were stored at 4 "C.

Spore Disruption and Electrophoresis

Spores were collected by flooding the surface of culture dishes with sterile

distilled water containing 0.05% (v/v) Tween 20 and gently dislodged using a

sterile glass rod. The crude spore suspension was filtered through glass wool,

contained in Pasteur pipettes (14.3 cm long), centrifuged for 20 min at2000 g

(4'C) and washed twice with distilled water (c. 25 ml).

The spores were subsequently lyophilized in Virtis Bench Top 6 Model

Freeze Dryer (VirTis Inc., Gardiner, N.Y.) and stored in sealed microcentrifuge

tubes (1.5 ml) at -20 oC until used.

Spores (30-50 mg) were disrupted at 4"C using a stainless steel mortar and

motorized pestle in a buffer (300-500 pl) containing 50 mM Tris-HCl, (pH 8.0)

and 1mM EDTA (Springer et ã1., 1992). A phenolic complexing agent,
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polyvinylpyrrolidine (PVP, Sigma, Chemical Corp. St. Louis, MO; 25mglml) and

a serine protease inhibitor, phenylmethanesulfonyl fluoride (PMSF, Sigma; 1 mM)

were added shortly before disruption (Petaisto, 1994). Sample disruption was

monitored using phase microscopy (x a00); intact conidia appeared phase-bright,

while disrupted conidia appeared phase-dark, if not entirely disrupted. The

suspension (spore debris plus non-disrupted spores) was transferred to

microcentrifuge tubes (1.5 ml); Tris-HCl buffer (100 ¡¿l) used to wash the mortar

was also added to the centrifuge tube. The suspension was centrifuged for 20 min

at 2000 g (4"C). The supernatant was decanted and again centrifuged for 20 min

at2000 g (4'C). Protein concentrations were determined using the bicinchoninic

acid (BCA) protein assay system (Pierce, Rockford, IL; Singh et al. , 1992).

When necessary proteins were micro-concentrated ( 3, 000 MW cut off; Microcon,

Amicon, Inc., Beverly, MA).

Protein banding patterns were determined using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (Laernmli, 1970) on a Protean II

vertical slab gel electrophoresis apparatus (BioRAD, Richmond, CA). For

reducing SDS-PAGE one part of protein solution was mixed with one part of

double strength treatment buffer (0.125 M Tris-HCL (pH 6.8), 4% SDS,20%

glycerol, I0% Z-mercaptoethanol). For non-reducing SDS-PAGE, 2-
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mercaptoethanol in the treatment buffer was substituted with the same amount of

distilled water. The samples were boiled for 10 min and cooled immediately on

ice. Aliquots of extracted protein (50¡rg) and marker (40pg) were deposited in

wells of a 3.5% stacking gel and resolved on a12% running gel using a constant

current of 30 mA at 20"C. Proteins bands were visualized by staining with

Coomassie Brilliant Blue R-250 (Sigma). A wide-molecular-weight-mass-protein

marker (Sigma) was used as a standard. The marker was reconstituted in

deionized water (300 ¡rl) plus treatment buffer (100¡¿l).

Heat Resistance and llydration

Spore suspensions harvested and filtered as previously described were

enumerated using a haemocytometer and standardized to 105/ml using sterile

distilled water. Aliquots (1 ml) were dispensed into capped test tubes (12 mm x

75 mm) and shaken using a wrist-action shaker (140 rpm, 25"C).

At 0, 24 and 48 h, 0.1 ml portions (control sarnples) were serially diluted

using sterile distilled water and surface plated (0.1 ml) using basal PDA.

Incubation was at 22"C for 5 d. At each corresponding time period test tubes

containing the remainder of the contents were positioned in a thermostaticalty

controlled water bath (55oC, 10 min), such that the surface of each suspension was
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c. 2 cm below the level of the circulating water. Samples were withdrawn after

10 min of heat treatment and chilled immediately in an ice bath. Aliquots (0.1 ml)

were surface plated on basal PDA. Survivors were enumerated after incubation

forT d at22"C. A Duncan's multiple range test (SAS Institute, Carry, NC) was

used to determine significance (P < 0.05) between control and treatment samples.

Ilydration Study

Spore crops grown on PDA (0.99 and 0.88 Aw) were harvested, cleaned

and centrifuged as previously described. The spores were finally resuspended in

microcentrifuge tubes (1.5 ml) containing sterile distilled water (25 mglml) and

incubated on a wrist-action shaker (140 rpm) at either 4"C for 96 h or 25oC for

48 h. During incubation, spore appearance (development) was monitored by phase

optics (x 400) at twelve hour intervals. Microphotographs were taken using a

Zeiss Research Microscope Camera (Oberkochen, Germany) and Kodak Plus-X

Pan film. Following incubation (96 h) spore suspensions maintained at 4oC were

centrifuged (2000 g; 4"C); the supernatants were analyzed for amino acid content

using high pressure liquid chromatography (HPLC) (LKB ultrapac 8 sulphonated

polystyrene,20 cm x 0.43 cm); LKB cv plus amino acid analyzer.
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Scanning Electron Microscopy (StrM)

Spores, including a thin layer of agar upon which they were grown, were

placed into small vials and flooded with a 1:1 mixture consisting of 4%

glutaraldehyde and L% osmium tetroxide (Sigma) prepared in 0.1 M sodium

cacodylate buffer (Sigma; pH7.2). Spores were maintained in the fixative solution

for 12 h and then washed ten times with cacodylic buffer (0.1 M; pH7.2,10 min,

c. 5 ml) followed by five washes with distilled water (10 min, c. 5 ml).

Subsequently, the spores were fixed for 2 h in 1% osmium tetroxide prepared in

0.1 M cacodylic buffer, pH 7.2. After post-fixation with osmium tetroxide the

spores were transferred to specimen processing capsules and washed ten times with

cacodylic buffer (10 min, c. 5 ml). This was followed by five washes with

distilled water (10 min, c. 5 ml). All fixative procedures were carried out at 4"C.

All chemicall reagents used were at least of analytical grade. The washed spores

were initially dehydrated in a graded aqueous ethanol series (25, 50,75 and 100%)

and subsequently in a graded amyl acetate series (25Vo, 50%,15% and 100%) for

L5 min at each concentration. The amyl acetate solutions were diluted using

absolute ethanol. Immediately following dehydration the spores were critically

point dried (critical point drier, Sovall) using absolute amyl acetate and liquid

carbon dioxide as the transition fluids. Critical-point dried spores of P. roqueforti



51

were placed directly onto aluminium metal stubs covered with double sided tape.

The samples were coated with a layer of gold (35 nm) using an Anatech Hummer

VII sputter coater and examined in a JEOL JSM-6400 SEM (accelerating voltage

of 10 or L5 kv) at magnifications of 1000x, 2000x and 5000x. Photographs were

obtained using 120 Kodak T-Max 100 film. For P. cyclopium and P. viridicatum

the critical-point dried spores were attached to aluminium sfubs using carbon paint,

coated with gold (Sputter Coater 51508 Edwards) and viewed with a Cambridge

120 electron scanning microscope (Cambridge Instruments, Cambridge, England)

at magnifications of 1000x, 2000x and 5000x. Electron micrographs with a 2000x

magnification were used to measure spore diameter (n:60). The Duncan's

multiple range test (SAS Institute, Carry, NC) was used to determine significant

differences in spore sizes (P <0.05) among spore crops.

Transmission Electron Microscopy (TEM).

Method L

Spores (dry) collected directly from their sporulation rnedia were placed in

centrifuge tubes (1.5 ml) and flooded with a fixative solution consisting of a 1:1

mixture of glutaraldehyde (4%, Sigma) and osmium tetroxide (1 %, Sigma) for 2

hours at 4"C. Following centrifugation (20 min, 1750 g) the supernatant was
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discarded and c. 2 drops of agar (2%, c. 45oC, Difco, Detroit, MI) were added

to the spore pellet and quickly mixed. The agar embedded spores were washed

10 times with cacodylic buffer (0.1 M, pH7.2, c. 5 ml, 15 min, Sigma) and five

times with distilled water (c. 5 ml, 15 min). Following post-fixation in osmium

tetroxide (1%) for 2 h, the spores were again washed 10 times with cacodylic

buffer (0.1 M, p}J7.2 c.5 ml, 15 min) and five times in distilled water (c. 5 ml,

15 min). Subsequently, the spores were dehydrated in a graded aqueous series of

ethanol (25,50,70,90 and 95 %) for 20 min at each concentration and 10 min

in L00% ethanol. This was followed by dehydration in a 1:1 mixture of L00%

ethanol and 100 % propylene oxide for 10 min and then in propylene oxide for 10

min. The spores were finally treated with propylene oxide (I00%; 3 treatments

x 10 min). Spore preparations were initially infiltrated with a 1:1 and

subsequently with a 3:1 Spurr/propylene oxide solution and then infiltrated twice

using a Spurr's low-viscosity plastic (24 h each tirle). The spores were finally

embedded in fresh Spurr (flat molds) overnight at 65-70"C. Ultrathin sections (c.

80 nm) were prepared using a diarnond knife, stained (30 min in uranyl acetate

following 5 min in lead citrate) and viewed using a Hitachi H-7000 electron

microscope.
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Method 2

Spores (dry) collected directly from their sporulation media were placed in

test tubes (15 ml capacity) containing glutaraldehyde (I.5%, c. 5 ml, Sigma) and

Tween 20 (0.05%; Sigma) prepared in phosphate buffer (0.025 M, pH 6.8,

Mallinckrodt, Paris, KY) and incubated for 0.5 h on ice. The spore suspensions

were filtered through a 0.45 ¡rm millipore filter (Millipore, Bedford, MA). The

filters which retained the spores were briefly dipped in liquid agar (2%, e.45"C,

Difco ) and allowed to solidify. The filters were cut (c. 1 x 1mm), placed in3%

glutaraldehyde in 0.025 M phosphate buffer, pH 6.8 and incubated overnight at

4"C. The agar embedded spores were washed with phosphate buffer (0.025 M,

6.8 pH, c. 5 ml) six times (30 min each). Subsequently, the spores were fixed

with osmium tetroxide (2%, Sigrna), prepared in phosphate buffer (0.025 M, pH

6.8) for 4 h on ice and washed four times with the phosphate buffer (15 min each).

Spores were dehydrated in a graded aqueous series of ethanol

(10,20,30,40,50,60,70,80,90 I00% on ice) and twice in I00% ethanol (room

temperature, 15 min). The spores were infiltratecl, ernbedded, sectioned and

stained as described above.
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Lipid Extraction"

Lipid extraction was performed on spores prepared using method 2.

Following overnight fixation in glutaraldehyde and washing using phosphate buffer

(0.025 M, pH 6.8) and distilled water, the spore preparations were extracted with

chloroform/methanol (3:1) for 2 h followed by t h in chloroform (room

temperature) (Hickey and Coffey, 1978). The specimens were again washed (4

x 15 min) with phosphate buffer (c. 5 ml), postfïxed with osmium tetroxide (2%)

and processed as described in method 2.

Minimum Inhibitory Growth Concentration of Benzoate, Sorbate and

Cycloheximide.

Spores of P. roqueforti and P. cyclopiurn were collected and standardized

to 105/ml as previously described. Stock solutions (20%) of either sodium

benzoate (Fisher Scientific, Fair Lawn, N.J.) or potassium sorbate (Sigma) were

membrane filtered (0.45 pm). PDA containing either benzoate or sorbate (50,

250, 500, 750, 1000, 1500 and 2000 ppm) was prepared by adding appropriate

amounts of stock solution to sterilized PDA tempered to 50 "C. The pH of the

modified PDA was adjusted to either 4.2 or 4.8 using I0% sterile tartaric acid

(J.T. Baker Chemical Corp., Phillipsburg, N.J.).
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Petri plates (100 mm x 15 mm) containing the modified PDA (c. 15 ml)

were each surface inoculated in duplicate with a standardized spore suspension (0.1

ml) and incubated at 22"C for 5 d. The MIC was determined as the lowest

concentration of preservative which inhibited growth. In the case of P. roquefortt

the initial MIC established for either sorbate or benzoate was further refined using

50 ppm decrements in the range from 150 to 500 ppm; PDA adjusted to pH 4.2

was used. For P. cyclopiutn the initial MIC was further refined in the range of

200-500 ppm and 400-800 ppm for sorbate and benzoate, respectively, using

decrements of 50 ppm; PDA adjusted to pH 4.8 was used.

The MIC for cycloheximide (Sigma) was established in a similar fashion

using final concentrations of 5, 25, 50, 100 and 200 ppm; basal PDA having a pH

of 5.5 was used. Once the initial MIC was established it was further refined from

25-50 ppm for spores of P. roc1ueforti (0.99 Aw), 50-100 ppm for spores of P.

roqueþrti (Aw 0.88) and P. cyclopiwn (0.99 Aw) and 100-200 ppm for spores of

P. cyclopîum (0.88 Aw) using 10 ppm decrements.

A Duncan's multiple range test (SAS Institute, Carry, NC) was performed

to establish statistical difference (P < 0.05) arlrong MIC values.
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Uptake of Cycloheximide

Standardized and filtered spore suspensions of P. roqueþrti and P.

cyclopium (105/mt) were diluted 100 fold in sterile distilled water containing

cycloheximide (Sigma) in concentrations equivalent to twice the MIC established

for the specific spore crop. With P. roqueforli these concentrations corresponded

to 80, 160 and 160 ppm for spores produced at Aw's of 0.99, 0.88 (NaCl) and

0.88 (glycerol). With P. cyclopiunz the concentrations corresponded to L40,280

and 360 ppm for spores produced at0.99,0.88 (NaCl) and 0.88 Aw (glycerol),

respectively. Following mixing the spore suspensions were incubated at room

temperature for 0,24 and 48 h. Enumeration consisted of filtering (1 ml) of the

spore suspension through a hydrophobic grid membrane tilter (HGMF, QA Life

Sciences Inc. San Diego, CA, 0.45pm). Following washing with sterile distilled

water (100 ml) the filter was placed on pre-poured plates of basal PDA and

incubated for 48 hat22'C. A Duncan's multiple range test (SAS Institute, Carcy,

NC) was conducted to determine significant differences (P < 0.05) among spore

survivors.
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Germination and Growth Characteristics

Agar plugs (0.8 cm dia; c. 3 mm thick) prepared using basal PDA were

inoculated with spore suspensions (c. 50 ¡rl; 108/ml) and affixed to the underside

of petri dish lids via adhesion (inoculated surface facing up). Following the

addition of c. 5 ml of distilled water to the bottom of each dish. the lids were

replaced. The dishes containing the agar plugs were incubated for 24 h at22"C.

To determine the gerrnination time, T,o (tirne necessary for 10% spores of

the spores to germinate) spore plugs were periodically viewed directly through the

Petri dish lid using light microscopy (x 400). One hundred spores were randomly

examined on each of two agar plugs. Spores were considered germinated when

the length of the germ tube was equal to or larger than one-half of the spore

diameter (Paul et al. , 1992).

Mycelial development and colonial growth was monitored using a Zeiss

camera and Kodak Plus-X P-n film after 7l and 24 hours of inoculation.
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RESTJLTS

Influence of Hydration on Fleat Resistance

Spores of P. roqueforti and P. cyclopium produced at 0.99 Aw were

significantly (P<0.05) affected by heat treatment at 55oC for 10 min (Table 3

4). Extending the time of hydration to 48 h prior to heat treatment also had

significant (P < 0.05) effect on their heat sensitivity.

In contrast spores of P. cyclopium and P. roquefortl produced at 0.88 Aw

with either glycerol or NaCl did exhibit a significant (P < 0.05) reduction in

survivor levels. Hydration prior to heat treatment enhanced the reduction of P.

roqueforti survivors, produced with either glycerol or NaCl. With P. cyclopium

a similar pattern was observed with either treatment or control spores. Spores

produced on media containing glycerol, however, appeared more sensitive.

Heat treatment of P. viridicaturu (Table 5) significantly (P<0.05) reduced spore

levels regardless of sporulation Aw and/or nature of solute. Overall, however, the

difference following heat treatment appeared greater with spores produced at the

lower Aw. \Yithin the control group only spores produced with either NaCl or

glycerol exhibited significant (P < 0.05) decrease in survivor levels as a result of

not

and

no



Table 3. Influence of hydration on the survival of P. roqueþrti spores following heat treatment
(55'C, 10 min).

Sporulation
Aw/solute

0.99lnone

Time of
hydration
(h)

0.88/NaCl

0.88/glycerol

0
24
48
0
24
48
0
1A

48

Means followed by a

Means followed by a
lValues represent the
2Control-treatment.

Control

4.74+0.0rî
4.73 +0.02i
4.70 +0 .24?

5.11+0.10å
5.04+0.04å
5.01+0.03å
4.83 +0.13å
4.66+0.09åb
4.49 +0.21b^

lsurvivors (log CFU/ml)

different
different
means *

Treatment

superscript within
subscript within a

s.d., n:4 (1 trial

4.74+0.19i
4.69+0.0så
4.66+0.09i
4.69+0.03å
4.69 +0.02t
4.44+0.178
3.96+0.38:
3 .94+0.33t
3 .85 +0.24i

2Difference followins
heat treatment

a column are significantly different (P<0.05).
row are significantly different (P<0.05).
performed four times).

0.0
0.04
0.04
0.42
0.35
0.57
0.13
0.28
0.64

(r¡l
\o



Table 4. Influence of hydration on the survival of P. cyclopíum spores following heat treatment
(55'C, 10 min).

Sporulation
Aw/solute

0.99lnone

Time of
hydration
(h)

0.88/NaCl

0.88/glycerol

0
24
48
0
a/1

48
0
24
48

Control

Means followed by a
Means followed by a
lValues represent the
2Control-treatment.

lsurvivors (log CFU/ml)

4.31+0.01å
4.30+0.04å
4.32+0.2i
4.22+0.03î
3.93 +0.131
3.81+0.10:
3.88 +0.01i
3.78 +0.10åb
3.68 +0.12:

Treatment

different
different
means +

superscript within
subscript within a

s.d., n:4 (1 trial

4.28 +0.04i
4.24+0.03i
4.25 +0.08å
3.95 +0.02f,
3.29 +0.103
2.84+0.10;
3.s3 +0.07å
2.66+0.091
2.22+0.30i

2Difference following
heat treatment

a column are significantly different (P<0.05).
row are significantly different (P<0.05).
performed four times).

0.03
0.06
0.07
0.21
0.64
0.77
0.35
T.I2
L46

o\
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hydration. In contrast hydration had no significant (P < 0.05) effect on survivor

levels among treatment spores. Overall, spores of P. viridicatunx appeared the

most heat sensitive regardless of the Aw employed during their preparation.

Spore dppearance and Amino Acid Release Ðuring I{ydration

The influence of hydration on the appearance of P. roqueforti and P.

cyclopíum spores, produced on 0.88 and 0.99 Aw media is presented in Figures

L and2. Spore crops produced at0.99 Aw prior to hydration appeared mainly

phase bright or refractile. However, nany spores produced at 0.88 Aw did not

appear refractile or hyaline prior to hydration (Figures 1c, Ie,2c and2e).

Following hydration (either 4oC for 96 h or 25'C for 48 h) it was observed

that spores produced at 0.99 Aw remained essentially refractile (Figures Lb and

2b). In contrast, however, all spore crops produced at 0.88 Aw (NaCl) contained

a substantial (c. 70-80%) numbers of spores which appeared non refractile or grey

following hydration; no swelling or germ-tube (GT) was observed (Figures 1d and

2d). Numerous spores, particularly those of P. cyclopítur? appeared cracked

possibly initiating germ-tumbe emergence. Spores of P. vit"idicatum appeared

similar to those of P. cyclopiulrz following hydration and as such were not

photographed. Spore crops produced at 0.88 Aw (glycerol) also contained phase



Figure 1.

Influence of hydration (either 4"C for 96 h or 25oC for 48 h) on the appearance
of P. roqueþrti spores (a00 x). Prior to hydration: la. 0.99 Aw, lc. 0.88
Aw/NaCl, le. 0.88 Aw/glycerol. Following hydration: lb. 0.99 Aw, ld. 0.88
Aw/NaCl, lf. 0.88 Aw/glycerol. Arrows point to swollen and germinating spores
and germ-tube (GT) formation.





Figure 2.

Influence of hydration (either 4"C
of P. cyclopíum spores (a00 x).
Aw/NaCl, 2e. 0.88 Aw/glycerol.
Aw/NaCI, 2f . 0. 88 Aw I glycerol.
(GT) formation.

for 96h or 25oC for 48 h) on
Prior to hydration: 2a. 0.99
Following hydrati on: 2b. 0.99
Arrows point to cracked spores

the appearance
Aw, 2c. 0.88
Aw, 2d. 0.88
and serm-tube
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grey spores following hydration. In many instances germ-tube formation was

observed and numerous spores appeared cracked (Figures 1f and zÐ.

Approximately 2 and L0% of P. cyclopíum and P. roqueforti spores exhibited

germ-fubes, respectively, following hydration.

The supernatants from spores hydrated at 4"C for 96 h were analyzed for

their animo acid composition (Table 6). Individual amino acids ranged from 32.15

nmol/100 ¡rl (glutamic acid, P. cyclopium grown with NaCI) to 0.4 nmol/100 ¡rl

(glutamic acid, P. roqueþrti grown with gtycerol). Overall, the highest and the

Iowest total amino acid levels were obtained in supernatants from p. cyclopium

0.88 Aw (glycerol; L73.8 nmol/100p1) and p. roqueforti 0.gg Aw (glycercl;3.2

nmol/100¡^rl), respectively. No detectable amino acids were obtained from

suspensions of spores produced at0.99 Aw with the exception of P. virtdicatum.

In addition, there appeared to be no correlation between the levels and types of

amino acids released from the various spore crops.

Minimum Inhibitory Growth Concentration MIC) of Benzoate" Sorbate and

Cycloheximide

The MIC of potassium sorbate and sodium

roqueforti and P. cyclopium is presented in Table

benzoate for growth of P.

7. Overall, spores produced



Table 6. Amino acid analysis of spore supernatants following hydration (4"C, 96 h).

Amino acid
(nmol/100¡rl)

Lysine

Histidine

Arginine

Aspartic Acid
Threonine

Serine

Glutamic Acid

Glycine

Alanine

Valine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Total

PRU PRSb

9.0

4.6

4.7

22.0

r0.2
11.3

26.9

9.9

10.1

13.6

8.9

7.7

13. I

14.2

166.2

PRG'

2.8

0.4

3.2

PCd

uP.

oP.

"P.
oP.

'P.

roqueforti 0.99
roquefoni 0.88
roqueþni 0.88
cyclopium 0.99
cyclopium 0.88

PCS"

9.2

2.8

3.2

16.l
21.4

17.3

30.0

7.2

16.0

8.8

3.7

8.4

8.3

r53.0

Aw/NaCl
Aw/glycerol
Aw
Aw/NaCl

PCGf

tt.7

7.1

12.4

18.1

22.0

32.1

10.0

32.0

9.0

3.0

6.6

9.8

173.8

PVC

'P. cyclopíum 0.88 Aw/glycerol
sP. viridicatum 0.99 Aw
hP. vtrídicatum 0.88 Aw/NaCl
iP. viridicatum 0.88 Aw/glycerol
- not detected

2.7

2.9

t.9
2.2

9.6

r.9

1.1

3.9

r.9
5.6

8.6

3.6

45.9

PVSh

5.6

1.0

2.7

9.0

1.3

r.9
r.9

1.0

1.6

8.4

r.4
2.2

1.1

39.1

PVGi

1.5

1.4

t.2
1.1

1.2

1.4

1.3

1.2

5.0

10.0

r.2
6.3

1.5

1.5

35.8

o\
oo



TableT. Minimum inhibitory concentration (MIC) of benzoate and sorbate for peníciltíum spores.

pH
of assay
medium

Organism

4.8

4.2

P. roqueforti

4.8

Sporulation
Aw/solute

P. roqueforti

P. cycl.opiunt

'Results are expressed as means of two trials each performed in duplicate.2For each organism at specified pH, values followed by a different superscript within a column are
significantly different (P < 0.05).

0.99lnone
0.88/NaCl
0.88/glycerol

0.99lnone
0.88/NaCl
0.88/glycerol

0.99lnone
0.88/NaCl
0.88/glycerol

'MIC (ppm)

sorbate

21ooo"

g00b

g00b

400"
300b

250

benzoate

> 2000
> 2000
> 2000

400"
350b
350b

700"
500b

500b

400"
300b

300b

o\\o
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4t0.88 Aw were significantly (P<0.05) more sensitive to both sodium benzoate

and potassium sorbate.

At pH 4.8 benzoate appeared to have a relatively low inhibitory effect on

all P. roquefortl spore crops, requiring in excess of 2000 ppm; therefore in order

to increase the effectiveness of sodium benzoate, the pH was reducedto 4.2. At

pH 4.2, the sensitivity of P. roqueþrli spores produced at0.99 Aw, to sorbate and

benzoate appeared similar (MIC : 400 ppm). In contrast P. roqueforti spores

produced at 0.88 appeared more sensitive to sorbate than to benzoate, particularly

when glycerol was used as a controtling solute in sporulation media. P. cyclopíum

spores produced at0.99 Aw were significantly more sensitive to sorbate (MIC :

700 ppm) than to benzoate (MIC : 400 pprn). The sensitivity of P. cyclopium

spores to either sodium benzoate or potassium sorbate increased when sporulated

at 0.88 Aw regardless of solute. A reduction in sporulation Aw from 0.99 to 0.88

concomitantly reduced the MIC of benzoate and sorbate for P. cyclopium spores

by 200 and 100 ppm, respectively.

The MIC of cycloheximide for P. roqueforti and P. cycloptum spores is

presented in Table 8. Spores produced at reduced Aw were significantly

(P<0.05) more resistant to cycloheximide than those produced at 0.99 Aw. The

nature of the solute did not appear to impact on the resistance of P. roquefortí
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'able 8. Minimum inhibitory concentration (MIC) of cycloheximide
for Pentcíllíum spores.

Organism Sporulation
Aw/medium

lMIC
(ppm)

P. roquefortí 0.99lnone
0.88/NaCl
0.88/glycerol

P. cyclopium 0.99lnone
0.88/NaCl
0.88/glycerol

lResults are expressed as means of three trials each
performed in duplicate.
2For each organisrn, means followed by a different
superscript within a column are significantly
different (P < 0.05).

240"

g0b

g0b

70"
140b

1 80'
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spores produced at 0.88 Aw. However, a significant difference (P<0.05) was

observed in the MIC of cycloheximide between P. cyclopium produced on PDA-

NaCl (140 ppm) and PDA-glycerol (180 ppm).

Survival of Spores Following Incubation with Cycloheximide

The effect of cycloheximide on P. roquefortí and P. cyclopíum spores

expressed as percent survival after incubation with cycloheximide for 24 and 48h

is presented in Table 9.

Survival levels of P. roqueþrti spores produced at either 0.99 or 0.88 Aw

significantly (P < 0.05) decreased with an increase in the exposure time to

cycloheximide. At24 h survivors levels were not significantly (P < 0.05) different

among the P. roqueforti spore crops. However , at 48 h the percent survivors for

spores produced at 0.88 Aw was significantly lower as compared to those

produced at 0.99 Aw.

The number of survivors for P. e)clopiu,n¿ spores produced at 0.99 Aw,

significantly (P < 0.05) decreased after exposure to cycloheximide for 24 h.

However, further incubation to 48 h did not significantly affect the number of

survivors. In contrast, the survivor levels for P. cyclopíum spores produced at

0.88 Aw significantly (P<0.05) decreased after 24 and 48 h of incubation with



Table 9. Survival of Penicillíum spores after treatment with cycloheximide.

Organism Sporulation
Aw/solute

P. roqueforti

P.

t Cycloheximide
(ppm)

0.99lnone

0.88/glycerol

0.88/NaCl

0.99lnone

0.88/glycerol

0.88/NaCl

cyclopiurn

Means followed by a different superscript within a column are significantly different (P<0.05).
Means followed by a different subscript within a row are significantly different (P<0.05).
lConcentrations represent twice the MIC for the specific spore crop.
2Values represent the means, * standard deviation , î:4 (two trials performed in duplicate).
3Values given in parenthesis are Logro CFU/m1.

80

160

160

140

360

280

2Survivors (Vo)

'(Log,o CFU/ml)
at time (h)

100"
(2.8 +0.1)
100"
(2.8 +0.1)
100"
(2.6+0.1)
100"
(2.7 +0.r)
100"
(2.8 +0.1)
100"
(2.7 +0.D

24

92.9 +0.11
(2.6+0.1)
90.2+r.91
(2.s +0.1)
84.r + | .21

(2.2+0.D
97.4+0.|t
(2.6+0.1)
97.6+1.3î
(2.7 +0.1)
95.2+1.4t
(2.6+0.1)

48

82.6+ 1.8å
(2.3 +0.1)
72.2 +0 .7b"

(2.0+0.1)
69.2+3.22
(1.8 +0.1)
96.1+r.4î
(2..6+0.1)
74.1+0.22
(2.0 + 00)
68.0 + 1.5:
(1.8 +0.1)

\ì
u)
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cycloheximide. The survivor level among P. cyclopium crops was not significantly

different after 24 h of cycloheximide treatment. However, after 48 h of incubation

the percent survivors significantly differed among the spore crops. P. cyclopium

spores produced with NaCl exhibited the lowest number of survivors (68%)

followed by spores produced on glycerol Qa%).

Gerrnination and Growth Characteristics

The germination times for P. roclueforti, P. cyclopium and P. víridicatum

spores produced at 0.99 Aw and 0.88 Aw are presented in Table 10. Overall, no

clear pattern was evident with regards to the germination time and the Aw or

solute used for sporulation. In the case of P. roclueforti, the germination times for

spores produced at 0.88 Aw with either glycerol or NaCl were shorter than for

spores produced at 0.99 Aw by 5.5 and 4 h, respectively. Spores of P.

viridicatum and P. roqueþrui produced with glycerol exhibited the longest (12 h)

and shortest (6.5 h) germination times, respectively.

The development of P. roqueforti and P. cyclopium germlings on PDA

following spore incubation (24 h,22"C) is shown in Figures 3 and 4, respectively.

As expected, the extend of development was influenced by the germination time.

For example, P. roqueforli spores produced at 0.88 Aw (glycerol) exhibited the



Table 10. Germination time for Penicillium spores.

Organism

P. roqueþrti

Sporulation
Aw/solute

P. cyclopíum

P. viridicatum

0.99lnone
0.88/glycerol
0.88/NaCl

0.99lnone
0.88/glycerol
0.88/NaCl

0.99lnone
0.88/glycerol
0.88/NaCl

uTime necessary for 70% of spore populations to germinate; spore germination was
evaluated on basal PDA at 22"C.
bResults are expressed as means of duplicate determinations. Each determination
examined 100 spores for germination progress.

trial I

uGermination time (h)

12
'7

8

8

9
I

10
T2

11

trial II

t2
6
8

8

9

9

10
t2
10

omean values

T2

6.5
8

8

9
8.5

10

L2

10.5

\ì(Jl



Figure 3.

Germination and outgrowth of P. roqueforti spores on basal PDA at22"C. Spores
produced at 0.99 and 0.88 Aw. After L7 h:3a.0.99 Aw, 3c. 0.88 Aw/NaCl, 3e.
0.88 Aw/glycerol. After 24 h: 3b. 0.99 Aw, 3d. 0.884w/NaCl, 3f. 0.88
Aw/glycerol. Arrows indicate vacuoles (V).
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Figure 4.

Germination and outgrowth of P. cyclopium spores on basal PDA at22"C. Spores
produced at0.99 and 0.88 Aw. After L7 h: 4a.0.99 Aw, 4c. 0.88 Aw/NaCI, 4e.

0.88 Aw/glycerol. After 24 h: 4b. 0.99 Aw, 4d. 0.884w/NaC1, 4f. 0.88
Aw/glycerol.
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shortest germination time and the highest level of developnent (Figure 3f). In
contrast, spores of P. roqueforti produced at 0.99 Aw (Figure 3b) and spores of

P' viridtcatum produced at 0.88 Aw/glycerol (photo not taken) exhibited the

longest germination times and the least development. There appeared to be no

differences in the germination times and development processes among p.

cyclopíum spore crops. Although all germlings exhibited phase bright inclusions

or vacuoles in their mycelia, those produced on glycerol, in particular with p.

roqueþrti, (Figure 3Ð appeared most noticable, giving rise to a banded-like

appearance' It was also observed that spores produced at reduced Aw invariably

gave rise to two germ-tubes. This observation was far less frequent in spores

produced at 0.99 Aw.

Scanning Electron Microscopy

scanning electron micrographs of p. rocpteforti, p. cycropiunt and, p.

viridtcaturlx spores produced at0.99 and 0.88 Arv are illustrated in Figures 5-7.

Generally all spores appeared in chains and were enveloped in a ,,tubular,, 
sheath.

In detached spores the sheath appeared absent at the abscission scars (Figures 5b

and 7b)' Beneath the sheath, the spore surface appeared relatively smooth (Figure

5b)' The smallest and largest spores were produced at 0.99 and 0.gg Aw



Figure 5.

Scanning electron microscopy micrographs of P. roqueþrti spores produced at
0.99 and 0.88 Aw.

Mag. 5 000 x
5a. 0.99 Aw, spores arranged in chains covered with a slightly wrinkled sheath
(S). 5c. 0.88 Aw/NaCl, chain arrangement destroyed; sheath present as remnants.
5e. 0.88 Aw/glycerol, chain containing spores with diverse sizes.

Mag. 10 000 x
5b. 0.99 Aw, a spore covered with a slightly wrinkled sheath which is absent in
the abscission scar (arrow). 5d. 0.88 Aw/NaCl, cabbage-like appearance; peeling
spore sheath (arrow). 5f. 0.88 Awlglycerol, spore sheath is deeply wrinkled
(arrow).



ei
tu
#r,,.t;;.'



Figure 6.

Scanning electron microscopy micrographs of P. cyclopíum spores produced at

0.99 and 0.88 Aw.

Mag. 5 000 x
6a. 0.99 Aw, spores arranged in chains covered with a smooth and entire sheath
(S). 6c. 0.88 Aw/NaCl, spores arranged in chains; the sheath is torn particularly
at the links. 6e. 0.88 Aw/glycerol, spores arranged in chains; sheath appears torn
and similar to that around spores produced with NaCl.

Mag. 10 000 x
6b. 0.99 Aw, spore with smooth sheath. 6d. 0.88 Aw/NaCl, spore with slightly
wrinkled and torn sheath. 6f. 0.88 Aw/glycerol, spore with wrinkled and torn
sheath.





Figure 7.

Scanning electron microscopy micrographs of P. víridícatuzn spores produced at
0.99 and 0.88 Aw.

Mag. 5 000 x
7a. 0.99 Aw,7c.0.88 Aw/NaCl, 7e. 0.88 Awlglycerol, diverse spore size.

Mag. 10 000 x
7b. 0.99 Aw, spore surface with "bumps" (arrow), abscission scar (Sc). 7d. 0.88
Aw/NaCl, spore with severely torn sheath (S), underneath the spore surface
appears smooth. 7f. 0.88 Aw/glycerol, spore with highly wrinkled surface
(arrow).
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(glycerol), respectively (Table 11). In addition, spores produced on glycerol

showed the highest variability with regard to size distribution. The average sizes

of P. roqueforti, P. cyclopium and P. viridicatul?? spores produced at 0.88 Aw

(glycerol) were 1.1, 1.2 and 1.3 times larger than spores produced at 0.99 Aw,

respectively. The standard deviation for diameters of all spores produced at 0.88

Aw (glycerol) was c. two times higher than spores produced at 0.99 Aw (Table

11). Spores of P. cyclopíum produced at 0.99 Aw were enveloped in a sheath that

appeared entire and intact (Figure 6b). In fact, the sheath appeared to be the

smoothest among those spores produced at 0.99 Aw. In contrast, the sheath from

spores produced at 0.88 Aw appeared damaged and torn (Figures 6d and 6f).

In the case of P. virídícatur?? spores produced at 0.99 Aw, the surface

appeared relatively smooth with occasional hemispherical or prominent bumps

(Figure 7b) while their sheaths appeared entire. When grown at 0.88 Aw

(glycerol), however, the surface appeared highly wrinkled (Figure 7f). Spores

produced with NaCl appeared smooth beneath their sheaths which were torn and

damaged (Figure 7d).

Spores of P. roqueforti, especially those produced with NaCl appeared to

exhibit the greatest damage as a result of Aw effects. Surfaces appeared peeled

and frayed giving them a cabbage-like appearance (Figures 5c and 5d); chain
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Table 11. Influence of sporulation Aw on spore sizer

Organism Solute/Aw Diameter (rrm)

P. roqueforti

P. cyclopium

P. vtridícatum

none/O.99
NaCl/0.88
glycerol/0.88

none/O.99
NaCl/O.88
glycerol/0.88

none/0.99
NaCl/0.88
glycerol/O.88

3 .42+0.L6^
3 .5r +0.22b
3 .66+0.32.

2.85 +0.L3"
3.09+0.20b
3 .27 +0.26"

2.76+0.L5"
2.83 +0.13b
3.66+0.32"

rDiameters of penicíllia spores were measured using
micrographs (x 2000; * s.d., n:60).

For each organism means followed bv a different
significantly different (P < 0.05).

scanning electron

superscript within a column
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arrangement was all but destroyed ostensibly during preparation (Figure 5c). In

contrast spores produced at 0.99 and 0.88 Aw (glycerol) showed little signs of

sheath damage. In both cases surfaces appeared deeply wrinkled or convoluted

and shrivelled (Figures 5b and 5f) not unlike those observed with P. virídicarum

when grown on glycerol.

Transmission Electron Microscopy

Spores of P. roqueþrti produced at 0.99 and 0.88 Aw were prepared,

sectioned and viewed by transmission electron microscopy. A typical near-median

section of a P. roqueforti spore, grown at 0.99 Aw, is illustrated in Figure 8a.

Cytoplasmic organelles, particularly the nucleus and mitochondria, in spores

grown at0.99 Aw generally appeared similar to those produced at 0.88 Aw with

either NaCl (F'igure 8c) or glycerol (Figure 9a). For all spores, the spore

cytoplasm generally appeared densely packed with ribosomes.

Overall, spores produced at0.99 Aw exhibited a protoplasm which appeared

highly invaginated by the plasma membrane (Figures 8a and 8b). This was in

contrast to protoplasts of spores produced at 0.88 Aw (Figures 8c and 9a). Spores

produced at 0.88 Aw (glycerol) were noticeably characterized. by the presence of

large structures resembling lipid-like bodies (SR) (Figures 9a, 10a and 10c).
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Abbreviation/symbols used for Electron Micrographs

C - cytoplasm
D - deposition bodies
G - granular material
I - spore wall inner layer
M - mitochondria
N - nucleus
O - spore wall outer layer
P- plasma membrane
'W - spore wall
SR -structures resembling lipid bodies
V - vacuoles
Ve - vesicles



Figure 8.

Transmission electron microscopy - ultrathin sections of P. roqueþrti spores
produced at 0.99 Aw and 0.88 Aw/NaCl.

A near-medium section showing various cytoplasmic organelles present in spores
produced at: 8a. 0.99 Aw, 42 900 x. 8c. 0.88 Aw/NaCl, 45 000 x. 8b. A two-
layered wall of a spore produced at 0.99 Aw covered with a double membrane
sheath and with granular material between the spore outer wall layer and sheath,

40 000 x. 8d. A two-layered wall of a spore produced at 0.88 Aw/NaCl covered
with some granular material. The sheath is partially detached from the wall, 45
000 x.





Figure 9.
Transmission electron microscopy - ultrathin sections of P. roqueþrti spores
produced at 0.99 and 0.88 Aw.

9a. A near-medium section showing various cytoplasmic organelles present in
spores produced at 0.88 Aw/glycerol, 37 700 x. 9b. A two-layered wall of a

spore produced at 0.88 Aw/glycerol covered with an undulated sheath; granular
material appears between the outer wall layer and the sheath, 49 800 x. 9c.
Granular material in the adjoining area between spores produced at 0.88
Aw/glycerol, 21 000 x. 9d. Detached granular material resulting from torn
sheath in a spore produced at 0.99 Aw, 36 400 x. 9e. Wall of a spore produced
at 0.88 Aw/NaCl covered with remnants of granular material; the sheath is
completely detached, 32 000 x.
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Figure 10.

Transmission electron microscopy - ultrathin sections of P. roqueþrti spores

produced at 0.88 Aw/glycerol.

10a. A near medium section showing large structures resembling tipid bodies (SR),

26700 x. 10b. A near-medium section, of a spore after 5 months storage at7oC,
showing large SR, 27 900 x. 10c. A section showing SR and highly undulated

sheaths, 6 300 x. 10d. A near-medium section showing SR after lipid extraction
with a chloroform:methanol mixture, 26 700 x.
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However, the content of these bodies was not affected by a chloroform/methanol

lipid-extraction procedure (Figure 10d). Interestingly, the SR appeared larger after

storage for five months at 7"C (Figure 10b). In spores produced at 0.88

Aw/NaCl, SR were not observed, although increased vacuolization was apparent

compared to other spores. Many of the vacuoles were observed to contain

electron-dense deposition bodies (D) of varying sizes (Figures 8c, 11d and 11e).

The SR and vacuoles with electron-dense deposition bodies were also present in

spores produced at 0.99 Aw; however, they appeared smaller and occurred less

frequently than in spores produced at reduced Aw (Figure 8a).

Examination of thin sections also revealed that all spores were enveloped,

but not compartmentalized, by a double-membraned sheath. The sheaths exhibited

profiles with varying degrees of undulation ( Figures 8b, 8d and 9b). Staining

with uranyl acetate and lead citrate revealed that the spore wall of P. roqueforti

grown at0.99 Aw consisted of two layers. The outer wall layer appeared densely

stained while the inner wall layer appeared lightly stained (Figure 8b). These two

layers were also evident in spores produced at 0.88 Aw with NaCl (Figure 8d) and

glycerol (Figure 9b). A layer of coarse granular material was observed between

the sheath and the wall (Figures 9c, 9d and 9e). This layer is clearly not an

integral part of the structural wall, since it was often found in greater abundance



Figure 11.
Transmission electron microscopy - ultrathin sections of P. roqueforti spores
produced at 0.88 Aw/NaCl.

11a. and c. Spores with detached sheaths,9 700 x and 10 900 x, respectively.
11b. A near-medium section showing vesicles (Ve),23 000 x. 11d. A near-
medium section showing numerous vacuoles (V) which contain electron dense
deposit bodies (D),25 500 x. 11e. A vacuole containing large electron dense
deposit bodies.
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in areas between adjacent spores (Figure 9c) and occasionally absent around the

walls where the external sheath was torn off (Figure 9e).

P. roqueforti spores produced under different Aw conditions could be

distinguished by their cross-sectional profiles of the surrounding two-layered

sheath. The sheath enveloping spores produced at 0.99 Aw was relatively less

undulated, and was more closely appressed to the wall surface (Figure 8b)

compared to spores produced at 0.88 Aw (Figures 8d and 9b). These undulations

were particularly more evident with spores produced at 0.88 Aw (glycerol)

(Figures 9b and 10c). It appeared that spores with a highly undulated sheath

contained more granular material (Figure 9b). Spores produced at 0.88 Aw

(NaCl) often were viewed partially or completely devoid of sheaths (Figures 1Lb,

1lc and 1ld).

Protein pattern

Reducing SDS-PAGE protein patterns from penicillia spore extracts are

shown in Figure 12. Overall, protein banding of extracts from spores produced

on 0.88 Aw (glycerol) appeared the least intense. Several bands corresponding to

molecular weights (MW) of 84, 50, 35.6, 22.3 kDa were common for all

Penicílliurø species. However, a number of subunits in the molecular region of



Figure 12.

Reducing SDS-PAGE of protein extracts from Penícílliurn spores:

S - standard, PR - P. roqueþrti, PC - P. cyclopium, PY - P. viridicatum;
Lanes: 1. 0.99 Aw 2.0.88 Aw/NaCl 3. 0.88 Aw/glycerol.
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200 and 84 kDa appeared in protein extracts from spores of p. roqneforti and p.

viridicatum when grown at 0.88 Aw (NaCl). In addition, protein bandings

corresponding to a Mw of 34.7 for P. roqueforti, 23.1 for P. cyclopium and,6I.7 ,

43.5 and 32-1 kDa for P. vtrtclicatutn appeared when spores were produced on

0'88 Aw (NaCl). An increase in the intensity of several bands was also observed,

especially for spores produced at 0.88 Aw (NaCI). In particular, bands

corresponding to MWs of 64.7, 55.7, 47.r,22.3 15.6 kDa; zg.o,1g.3 kDa; and

38.0, 35.6, 22.3 kDa were observed for p. roqueþrti, p. cycropíum and p.

víridicatum, Íespectively. As indicated, a band corresponding to a MW of 22.3

kDa was common to both P. roqueforti and, P. viriclicatum. The intensity of

several bands 200-84 kDa, 84-50 kDa, 47 kDa and 38 kDa was also observed to

decrease particularly in extracts of P. cyclopiurn spores produced at 0.gg Aw.

Non-reducing SDS-PAGE protein patterns of penicillia spores extracts

(Figure 13) appeared to differ from those of reducing SDS-pAGE. Although the

intensity of the protein bands improved, differences among them were less

distinguishable compared to reducing SDS-PAGE. Still some differences were

observed in the number and intensity of bands obtained from spores produced at

different Aw, especially those grown at 0.88 Aw (glycerol). The solute used to

adjust Aw also had an influence on the non-reducing SDS-PAGE protein patterns.



Figure 13.

Non-reducing SDS-PAGE of protein extracts of Penicillium spores:
S - standard, PR - P. roqueþrtí, PC - P. cycloptum, PY - P. viridtcatum;
Lanes: I. 0.99 Aw 2.0.88 Aw/NaCl 3. 0.88 Aw/glycerol.
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In this respect, banding of P. cyclopium protein extracts appeared less intense in

the MW region of 24 kDa and 14.2 kDa; also bands extracts from P. víridicatum

spores (0.88 Aw with glycerol) appeared less intense primarily in the 200 kDa and

50 kDa region.
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DISCUSSIOI{

The heat survival of fungal spores, similar to that of bacteria is greatly

influenced by various factors includin g age (Doyle and Marth, I975a; Conner and

Beuchat, L987a), composition of sporulation medium (Doyle and Marth, L975a;

Su and Beuchat, L984; Beuchat, 1988) and nature of the heating menstruum (Dole

and Marth, L975b; Conner and Beuchat, L987b; Beuchat, 1988). In this study the

list of contributing factors to affect fungal heat survival has been broadened to

include Aw of the sporulation medium. Specifically, spores of P. cyclopíum, p.

vírídicatum and P. roqueforti when grown on PDA at reduced Aw were shown to

be signif,cantly more heat sensitive in water (10 min, 55 "C) compared to those

produced at 0.99 Aw. In addition, the nature of the solute (solute effect) used to

control the Aw of the sporulation rnedium viz, sodium chloride versus glycerol,

appeared to have a negligible influence suggesting that the reduction in Aw per se

was the major factor for the observed effect.

Although Aw is one of the most important parameters influencing the growth

of organisms ( Beuchat, 1983; Beuchat,1987; Pitt, 1989), studies pertaining to the

effect of sporulation Aw on heat resistance of formed spores ate scarce. In one



108

of the few studies which examined this effect, Jakobsen and Mur rell (1977)

reported that reduced Aw in the sporulation medium had no effect on the heat

resistance of bacterial spores of Bacillu,s cereus. Their results, which are in

contrast to findings in this study, are not surprising, considering the plethora of

contradictory literature related to heat resistance. For example, Conner and

Beuchat (L987a) reported that the age of Neosartorya fischeri ascospores had a

profound influence on their heat resistance. These authors suggested that increased

levels of polyols and presence of the disaccharide, trehalose, in older spores

accounted for their increased heat resistance. In contrast, Doyle and Marth

(I975a) reported that tolerance of Aspergítlus parasíticus and, Aspergtllus niger

conidia to moist heat decreased with age. Release of substances such as enzymes

or ions that contribute to heat resistance and structural changes or changes in

permeability of the spores were speculated as reasons for the reduced heat

tolerance observed in these spores. However, it is doubtful whether this factor

was important in the present study since all spore crops produced were of a similar

physiological age.

Alternatively, Doyle and Marth (I975a) demonstrated that the composition

of the sporulation media had a profound effect on the heat resistance of resulting

Aspergillu^ spores. The authors reported that spores produced on media containing
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large amounts of proteins and amino acids and small amounts of sugars were less

heat resistant than those produced on media rich in sugars and low in proteinous

substances. Beuchat (1988) also reported that the heat resistance of Talarotnyces

flavus ascospores was influenced by the chemical composition of the sporulation

medium. In contrast, Conner and Beuchat (1987b) reported that the type of

sporulation media did not affect heat resistance of Neosartoryafisheri ascospores.

Since all spore crops in the present study were produced on PDA, it is unlikely

that differences in nutrient levels played a n-rajor role. It could be argued,

however, that the inclusion of solutes used to adjust the Aw could have created

compositional differences. However, with sodium chloride, this is highly doubtful

since it is not considered a highly required substance and in addition, solute effects

were not discernable. The temperature employed during sporulation and the

composition of the heating menstruum have also been reported to exert great

influence on the resistance of spores (Palop et à1., 1996). In the case of

Talaromyces flavus ascospores, Beuchat (1988) reported that increasing the

temperature during sporulation concomitantly increased their heat resistance.

Beuchat (1988) also showed that decreasing the water activity in the heating

menstruum by the addition of solutes increased heat resistance of these ascospores

and that the protective effect was not influenced by the type of solute. Similarly,
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Lubieniecki-von Schelhorn (L913) demonstrated that the heat resistance of

Aspergtllus niger, Humtcola fuscoatra and Byssoclzlamys fuWa spores

proportionally increased with a decrease in relative humidity. Splittstoesser et al.

(1986) demonstrated that heat resistance of Saccharotixyces cerevísiae ascospores

was modified by the nature of the food they were heated in. Ascospores in foods

with a high content of sugar exhibited highest heat resistance. Doyle and Marth

(1975b) showed that heat resistance of Aspergillus conidia was increased by

addition of solutes to heating menstruum. However, they reported that resistance

was solute dependent. In the current study the nature of the heating menstruum

used for all trials was constant as was the temperature used during sporulation.

Overall, the most obvious single factor contributing to differences in heat survival

appeared to originate from a water activity effect.

Acquired thermotolerance in microorganisms including their fruiting bodies

such as spores can be induced by stress such as temperature shock, salt, exposure

to ethanol, heavy metals, oxidative agents and anaerobiosis ('Watson, 1990). In

particular synthesis of heat shock proteins (hsp) and accumulation of trehalose have

been related to an increase in heat resistance of fungi exposed to stress conditions

(Lewis et al. , 1995). For example synthesis of hsp following heating was shown

to induce thermotolerance in Therntorlxyces laru,tginousøs conidia (Trent et al.,



L994). For Saccharomyces cerevisiae a similar effect was observed

exposure to heat and salt (Lewis et al., 1995). It is apparent at least

present results that water stress had an opposite effect.
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following

from the

The decrease in heat survival exhibited by conidia grown at 0.88 Aw may

very well be due to injury and/or structural alternations incurred during

sporogenesis. In regards to the latter point it is recognized that during the process

of activation and especially during germination various properties uniquely

associated with dormant spores are lost, in particular heat resistance. Germinated

spores, for example, normally exhibit a heat resistance similar to vegetative hyphae

(Hashimoto, I99I). Indeed heat lability is considered a reliable indicarion of a

germinated spore. Presently, when spores produced at diminished Aw were

suspended in sterile distilled water and microscopically exarnined (total elapsed

time c. 3 min) phase grey (non hyaline) spores were observed. Upon further

incubation in water some spores became darker and in the case of those produced

with glycerol many appeared swollen while others developed germ-tubes and/or

were cracked suggesting initiation of germ-tube ernergence. In contrast spores

produced at 0.99 Aw appeared hyaline or refractile before and after incubation in

distilled water. clearly, phase greying, darkening, swelling and germ-tube

emergence are signs of germination progress (Cotter, 1975 Dute et al., 1989).
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Coincidentally, spores produced at reduced Aw with glycerol also exhibited

the most advanced signs of germination following hydration and appeared the most

heat sensitive. This situation appeared opposite for spores produced at 0.99 Aw.

It is possible therefore that a decrease in survival level of spores produced at

reduced Aw following heating may be attributed to the presence of heat-sensitive

germinated spores and that increasing the time of hydration, for example with p.

cyclopium and P. roqueforti spores produced at 0.88 Aw, enhanced their

germination. It is well rccognized that most spores require exogenous nutrients

in order to germinate. Exceptions do exist since it is also known that some spores

including conidia can germinate in distilled water and/or without the presence of

exogenous germinants (Griffin, 1994). Gottlieb and Tripathi (1968) reported that

Penicillium aftovenetum spores produced at 0.99 Aw did not germinate in distilted

water. Their observations are consistent with those of spores produced at 0.99 Aw

in this investigation. This observation therefore indicates that alternation(s) in

germination requirements may have occurred for those spores produced at 0.88

Aw. This alternation(s) may be physiologically and/or injury based. In either

case, these putative changes may have increased the ability of spores to germinate

or may have circumvented control mechanisms which inhibit germination such as

the release of self-inhibitors. Since all spore crops were harvested, cleaned and
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concentrated in a similar fashion, carry-over of nutrients from their sporulation

medium would be a non-issue.

Similarly, the susceptibility of spores, produced at reduced Aw to either

sorbate or benzoate may also attest to their genninated and/or injurious state.

Since germinated or injured spores would be more sensitive to the action of

antimicrobials ostensibly due to increased permeability, it is logical that lower

concentrations would be required to cause inhibition. If permeability was a factor

for injured spores it could indicate alternations in structural cornponents including

the outer spore wall. In the case of P. roqueforti, rcducing the pH of the assay

medium from 4.8 to 4.2 resulted in lower MIC levels for all spore crops with both

preservative types. Decreasing the pH was necessary in order to establish a MIC

value for benzoate whose pKa (dissociation constant; pH value at which 50% of

organic acid is in the effective undissociated form) is ca, 4.2. A pH of 4.g was

initially evaluated as this is the pKa of sorbic acid (Liewen and Marth, 1985;

Splittstoesser, 1992). The mode of action by which sorbate and benzoate inhibit

the growth of microorganism is not well defined. The most prevailing theory is

that the undissociated form of the preservative diffuses through the membrane and

ionizes. The ionized form discharges protons resulting in a pH change. Freese

et al. (1973) reported that sorbate prevented microbial growth by inhibiting the
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transport of substrate molecules into cells. It has also been suggested that sorbate

inhibits a number of enzymes: sulfhydryl-containing enzymes (York and Vaughan,

L964), enolase (Azukas et al. ,196I) and catalase (Troller,1965). Sorbate has also

been shown to delay (Seward et al. , 1982) or inhibit (Blocher and Busta, 1983)

outgrowth of Clostridíum botulinun? spores. Since the MIC for sorbate using p.

roqueforti spores, produced with sodium chloride (300 ppm) and glycerol (250

ppm), was shown to be significantly different, it may suggest that this

antimicrobial may have multiple sites and/or mechanisms of action separate from

inhibition by lowered pH. Axiomatically, this would infer multiple sites of injury

on P. roqueforti spores when produced at diminished water activity, or perhaps

suggest a solute speciffic effect.

Whereas lower concentrations of preservatives were required to inhibit

growth of spores produced at reduced Aw, an opposite effect was observed with

cyloheximide. Spores produced at reduced Aw required frorn 2 to 2.5 times more

cycloheximide for inhibition compared to those produced at 0.gg Aw.

Cycloheximide is a glutarirnide antibiotic that inhibits protein synthesis in

eucaryotes (Sullia and Griffin, 1977). Its site of action has been associated

primarily with the 605 ribosomal subunit and is frequently used to study metabolic

processes (coddington, 1977; Evans and Evans, 19g0). Although it is well
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teco9nized that protein synthesis occurs during fungal spore germination (Beilby

and Kidby, L982) and that cycloheximide blocks emergence of germ-tubes, its

action on dormant (hyaline) spores is not well characterized,. Assuming protein

synthesis in dormant spores is minimal or lower than in germinated spores, the

levels of cycloheximide required for protein-synthesis inhibition would be expected

to be correspondingly lower. Alternatively, reduced entry into the spore (selective

permeability), deactivation of the antibiotic perhaps via binding or modification in

the target site could account for the MIC pattern (Cooke and 'Whipps, 
Lg93).

Differences in MIC for cycloheximide with regards to P. cyclopium spores

produced at 0.88 Aw may be attributable to reasons previously stated. Present

results indicate not only a difference in MIC levels among spore crops but also a

difference in the rate of inhibition. Overall, spores produced at reduced Aw

exhibited higher levels of inhibition particularly during protracted incubation. If

spores, produced at reduced Aw, did undergo germination during incubation in

water they would become more susceptible to the action of cycloheximide.

It is difficult to conclude whether the release and/or leakage of amino acids

from spores, particularly those produced at reduced Aw, was due to structural

injury (example, spore wall) or metabolic changes incurred during germination.

Overall, no clear pattern was observed regarding sporulation Aw and amino acid
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analysis of spore suspensions.

Based on electrophoresis results in this study it would appear that Aw

affected protein synthesis in resulting spores. This is based on the fact that both

the banding pattern and intensity varied in spores produced at 0.99 and 0.88 Aw.

Bhagwat and Apte (1989) also reported that exposure of a nitrogen-fixing

cyanobacterium, Anabaena to salinity shock, heat and osmotic stress resulted in

alternations in protein synthesis. The authors observed that some of protein

synthesis modifications were sirnilar under all three stress conditions (common-

stress proteins), while others were found to be specifìc to either heat (heat shock

proteins) or salinity/osmotic stress (osmotic-stress proteins).

The banding intensity, especially in the high molecular weight region, of

extracts of spores produced at 0.88 Aw (glycerol) appeared the least intense. Two

methods of protein extraction were used in this study. Initially, a method was

applied as described by Conner and Beuchat (I987a) in which spores were

sonicated for 10 to 20 min at 60 W, and incubated in an extraction solution

(0.0625 M Tris-HCl, pH 6.8,2% SDS, I0% glycerol and 5% 2-mercaptoerhanol)

for an hour at room temperature. Although this method successfully extracted

protein from Neosartoyafisheri ascospores (Conner and Beuchat, 1987a) it failed

to extract sufficient amounts of proteins from conidia especially from those grown
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at 0.88 Aw (glycerol). The second method of extraction, based on spore

disruption using a mechanical pestle appeared more effective; the band intensity

of extracts from spores produced on PDA-glycerol improved, but still remained

the least intense especially in the high molecular weight region. The intensity and

appearance of bands in non-reducing SDS-PAGE appeared different compared to

reducing SDS-PAGE, indicating that disulfide bonds play an important role in

stabilization of protein subunits isolated from Penicilliur?? spores.

Transmission and scanning electron microscopy (TEM, SEM) are common

techniques used to study the ultrastructure of biological cells. Wall strucfure

details and interior organization of dormant spores using TEM have been used in

the sfudy of food borne fungi (Martin et al., 1973; Backett, L975; Dute et aI.,

L989; Tiedt, 1993). SEM provides a three dimensional view of fungal spore

feafures such as external surface characteristics, shape and dimensions, which alt

can be used to discriminate among fungal species and even strains or varieties

(Mycock and Berjak, 1991).

The cell wall and plasma membrane in organisms constantly interact with

their surrounding environment resulting in both structural and compositional

changes (Jennings,1993). For example, Poulain et al. (1985) demonstrated that

the growth medium and age of Canclícla. albicans affected the number and
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appearance of layers the cell wall. Hegedus et al. (1990) also showed that the

surface appearance of Beauvaria bassiana spores was affected by the sporulation

medium. To date, however, no information is available as to how sporulation Aw

affects spore structure. In this study SEM and TEM were used to determine the

influence of reduced water activity during sporogenesis on the morphology and

ultrastructure of resulting penicillía spores. Examination of penicillium spp. by

SEM revealed that Aw affected both the sheath appearance and size of spores.

TEM revealed that the sheath and internal ultrastructure - structures resembling

lipid bodies (SR) and vacuolization, of spores produced at 0.88 Aw differed from

those grown at 0.99 Aw. Both SEM and TEM micrographs indicated that sheath

appearance was most affected by both sporulation Aw and humecant type. Spores

produced at 0.88 Aw (NaCl) exhibited sheaths that were most vulnerable to

specimen preparation possibly indicating loose attachment or fragility. On the

other hand the sheath of spores produced at 0.88 Aw (glycerol) appeared highly

undulated. Numerous studies have indicated that conidia of Penícillium and

Aspergíllu.s spp are covered with a sheath, which has been variously named, for

example, as the outer layer (Martin etal.,Igl3; Dute et al., 1989) or superficial

lamina (Oliver, 1972). Freeze-fracture/fre eze-etchTEM studies (Weber and Hess,

1976) have revealed that the spore sheath of many fungal spp including
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Penicillium, Aspergillus and, Geotrichu¡rz is covered with small markings called

rodlets which appear to be unique only at the conidial stage. Hess et al. (196g)

also reported that the rodlets form patterns distinctive for each species. Dute et

al' (1989) using thin-sections and freeze-fracture preparations identified a wrinkled

outer sheath that enclosed spores of Aspergílh,ts ochraceu.r as a rodlet layer. The

rodlet material was not removed by boiling in chloroform or methanol, but was

broken down by ethanolic or aqueous potassium hydroxide, which suggested that

the rodlets are composed of proteins not lipids (Weber and Hess, 1976). The

rodlet layer also appeared to protect spores against harsh environmental conditions.

Spores with well defined rodlets seem to be more resistant to various detergents,

enzymes and denaturants (Hashimoto et al.,l9l6; Beever and Dempsey, 197g).

It has been suggested that a well defined rodlet layer may result from conidial

aging or desiccation (Boucias and Pendland, 1991). In contrast, Tiedt (1993) in

a sfudy pertaining to wall formation and conidiogenesis of Aspergillus níger

suggested that the sheath sloughs off as the conidia mature and does not contribute

to the formation of a mature conidium wall. Martin et al. (Ig73) observed that the

sheath was released during the swelling phase in germinating spores of p. notatum.

Thomas et al. (1987) indicated that the morphology of the rodle t layer could be

influenced by cultural conditions. Conidia of B. bassiana produced on solid
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media possessed a well organized rodlet layer, whereas conidia produced in broth

cultures had a layer with highly disorganized rodlets. The same phenomenon was

observed during swelling of AspergílhLs oclu'aceus conidia (Dute et al., 1989). In

addition, the presence and stability of a rodlet layer has been reported to contribute

significantly to conidial hyrophobicity (Hess et al., 1968; Beever and Dempsey,

L978). Although conidial hydrophobicity was not assessed in this study,

observations during the preparation of spore suspensions in distilled water without

Tween 20 indicated that spores produced at 0.88 Aw were much easier to suspend

than those produced at 0.99 Aw. Indeed spores produced at 0.99 Aw were

invariably concentrated at the meniscus. Ostensibly the reduced hydrophobic

nature of the spores may have resulted frorn either the liberation or sloughing of

the sheath during preparation (vigorous mixing) or from the presence of NaCl or

glycerol residues; both of the latter compounds would tend to reduce hydrophobic

interactions.

In this study TEM revealed that the spore wall of P. roqueforli consisted of

two layers and was covered with a coarse granular material which in turn was

covered by a sheath. Martin et al. (L973) observed a similar layering on the spore

wall in resting spores of Penicíllium notatutn. In addition, the authors observed

a fourth layer between the translucent region and cytoplasm in isolated spore walls
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of resting P. notatum, however, this layer was not distinguished in thin sections

of intact cells. A similar spore wall structure was also observed in Aspergillus

ochraceus conidia by Dute et al. (1989).

In the current study the level of coarse granular-like material appeared

modified by the Aw of the sporulation mediun-r. Spores produced at 0.88 Aw

especially with glycerol appeared to contain more of this material. Although it was

irregularly distributed around the spore wall, it was found in greater abundance in

areas between adjacent spores indicating that this material is most likely

mucilaginous in nature. This conclusion is based on the fact that mucilaginous-like

material usually appears as a loosely structured coating which is very irregular in

shape and thickness (Chong et al., 1985)

It should be stressed that TEM results are often subject to interpretation.

The number of layers observed in cell walls depends on the fixation and staining

methods used while the resolution of the layers can be influenced by the plane of

sectioning (Chong et. al., 1985). Even though various preparation methods were

used, the conidia were difficult to fix, perhaps due to their hydrophobic nature

and/or complexity of the chemical nature of their walls.

Overall, no major changes in the spore wall structure were discernable. It

should be noted that the spore wall is usually nlore difficult to stain than the
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cytoplasm (Hoch, L977). In order to increase the differentiation of the spore wall

layers longer staining was applied. However, this procedure usually resulted in

a very densely stained cytoplasm. The spore cytoplasm, prepared using cacodylic

buffer (pH 7 .2), also appeared dense and amorphous, making differentiation of the

interior strucfure difficult, especially with spores produced at 0.99 Aw. The

appearance of cytoplasmic structures was improved when spores were initially

fixed with glutaraldehyde containing Tween 20 and also when phosphate buffer

(pH 6.8) was used. Spores produced at 0.88 Aw could be distinguished from

those produced at 0.99 Aw: large structures resembling lipid bodies (SR) were

observed in the cytoplasm of spores produced with glycerol while increased

numbers of vacuoles with dense deposits were observed with spores produced with

NaCl. Treatment of spores produced at 0.88 Aw (glycerol) with a chloroform and

methanol mixture did not eliminate nor decrease the SR bodies. This extraction

method which has been successfully used in various studies to extract lipids

(Hickey and Coffey, L978; Chong et al., 1981) indicated that lipids are not likely

a major chemical component in these structures. It would be of interest to

investigate the chemical nature of these bodies as well as the electron dense

deposits using cytochemistry and X-ray analysis. There have been reports that

conidia from Penicillium and Aspergillus may contain large amounts of trehalose,
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mannitol and other polyols which can serve as compatible solutes (Lewis and

Smith, L967; Hallsworth and Magan, 1994). The polyol content of spores

produced in this study was not investigated.

Finally, the integrity of the spore wall is important in maintaining the

function of the plasma membrane. The main function of the plasma membrane is

to perceive the surrounding environment; it is also a location of selective transport

system that governs the movement of n"rolecules into and out of the cytoplasm. It

is suggested that the spore wall can act as a buffer against stressful environments

and it is apparent that damage or detachmenf of the sheath which surrounds spore

wall could affect spore quality. Increased sensitivity to heat treatment and

preservatives of spores produced at reduced Aw could arise by such modifications

or alternations of the spore sheath.
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SUMMARY

L. PenicíIliurn spores produced at 0.88 Aw appeared more sensitive to heat

(55"C, 10 min) and preservatives (benzoate and sorbate) compared to those

produced at 0.99 Aw.

2. Penicilliu,n spores produced at 0.88 Aw exhibited an increased minimum

inhibitory concentration (MIC) to cycloheximide compared to those produced

at 0.99 Aw.

3. P. roqueþrti and P. cyclopium spores produced at 0.88 Aw with glycerol,

exhibited limited germination during hydration. Spores produced at 0.99

Aw were not affected bv hvdration.

4" P. roqueforti spores produced at 0.88 Aw, particularly with glycerol,

exhibited the smallest lag prior to germination.
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7.

Penícíllia spores produced at 0.88 Aw were larger

variability in size than those produced at 0.99 Aw.
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and exhibited more

Spores produced at 0.88 Aw with NaCl exhibited the greatest sheath damage

Differences in cell wall structure were not obvious.

A reduction in Aw to 0.88 appeared to influence the presence of some

cytoplasmic organelles, particularly strucfures resembling lipid bodies (SR)

and vacuoles. Although these organelles appeared in spores produced at

0.99 Aw, their size and appearance was changed by the sporulation Aw.

Spores produced at 0.88 Aw with glycerol appeared to contain an increased

number of SR. On the other hand spores produced at 0.88 Aw with NaCl

exhibited an increase number of vacuoles that very often contained large

electron dense deposition bodies.

8. Based on the results from this study P. roqueforti spores produced at

0.88 Aw could exhibit increased colonization capacity upon refurn to

propitious conditions due to a diminished lag phase prior to germination.

On the other hand, reduced resistance to heat and preservatives would make
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them more sensitive to preservation processes used in the food industry.

Further work should focus on determining the chemical composition of the

SR and deposition bodies and their relevance to spore quality. This

investigation should be extrapolated to natural Aw growth limiting

conditions using actual food con'rmodities including cereals and fruits. In

addition, this investigation should be extended to include other genera and

species of fungi.
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