Effect of Biodegradable Polymer Poly (L-lactic acid)
4. REFERENCES

[1] McKay,R. (1997) Stem cells in the central nervous system. Science 276, 66-71.

[2] Gage, F. H. (2000) Mammalian neural stem cells. Science 287, 1433-14338.

[3] Nakashima K. et al. (2001) BMP2-mediated alteration in the developmental pathway
of fetal mouse brain cells from neurogenesis to astrocytogenesis. Pro. N. A. S. 98,

5868-5873. -
[4] Doetsch F. et al. (1999)‘Subventricu
adult mammalian brain. Cell 97, 703-716.
[5] Johansson C. B. et al. (1999) Identification of a n
mammalian central nervous system. Cell 96 25-34.
[6] Gage F. H. et al. (1995) Survival and differentiation of adult neuronal progenitor
cells transplantation to the adult brain. Pro. N. A. S. 92, 11879-1 1883.
[7] Suhonen J. et al. (1996) Differentiation of adult hippocampus-derived progenitors
into olfactory neurons in vivo. Nature (London) 383, 624-627.
[8] Tsuchiya T. et al. (2002) Effects of biodegradable polymers on the cellular function
of chondrogenesis. (inJ apanese) Bio Industry 19, 30-37.
[9] Lam K. H. et al. (1993) The effect of phageytosis of poly (L-lactic acid) fragments
on cellular morphology and viability. j. Biomed. Mater. Res. 27, 1569-1577.
[10] Reynolds B. A. et al. (1992) Generation of neurons and astrocytes from isolated
cells of the adult mammalian central nervous system. Science 1707-1710.
[11] Richards L. J. et al. (1992) De novo generation of neuronal cells from the adult
mouse brain. Pro. N. A. S. 89, 8591-8595.
[12] Svendsen C. N. et al. (1996) Survival and differentiation of rat and human epidermal
growth factor-responsive precursor cells following grafting into the Jesioned adult

central nervous system. Exp. Neurol. 137, 376-388.
ftable human neural stem cells respond to development

[13] Flax J. D. et al. (1998) Engra
cues, replace neurons, and express foreign genes. Nat. Biotech. 16, 1033-1039.

[14] Woodbury D. et al. (2000) Adult rat and human bone marrow stromal cells

differentiate into neurons. J. Neurosci. Res. 61, 364-370.
[15] Sanches-Ramos 1. et al. (2000) Adult bone marrow stromal cells differentiate into

neural cells in vitro. Exp. Neurol. 164, 247-256.
[16] Deng W. et al. (2001) In vitro differentiation of human marrow stromal cells into

early progenitors of neural cells by conditions that increase intracellular cyclic AMP.
Biochem. Biophys. Res. Commun. 286, 779-785.

lar sone astrocytes are neural stem cells in the

eural 'stem cell in the adult

AR L I A
R e Pt sathd




AARK #Zei%- %25 (FRI8E2H%) FR

WS/ Fo 00— LER

f/VN»{X~VVﬁK$6
IR & BRBE DI

B OX=Z EZRESH HKHI-
HFLr#HE $H R TEFIL




358

F/TF /AT -DFE FIATAVY

N
7

FIVNA A=V FICkB
R & R oMb

BOoxr= ZEREH HRHEHR-
HE®/E s &R £ EFIT

Nano-level imaging for analyzing protein structure and function
'Hidezo Mori, ‘Naoki Mochizuki, ‘Soichi Takeda,
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Abstract
The present manuscript outlines the nano-level imaging project, which is under
promotion by the three national research institutes and supported by a research grant
from the Ministry of Health, Labor and Welfare (nano—001). This research project targets
collecting fundamental information regarding comprehensive understanding of cardio-
~ vascular, neurological and the other disorders, developing new diagnostic and therapeutic
methods by visualizing protein structure and function in atomic(sub—nano level) or
molecular (nano-level) resolution. The results of the current projects will be extended
into drug design, clinical diagnostic technology and medical materials in near future.
Key words:. nano~technology, structural biology, drug design, protein crystallography,
tailor-made medicine
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Disinfection or sterilization treatment by heating, irradiation, or chemicals can cause injury
to microorganisms at sublethal levels. Microbial injury is the inability to grow under conditions
suitable for the uninjured microorganisms. This inability of injured microorganisms to grow is
explained in terms of more complex or different nutritional requirements or in terms of in-
creased sensitivity to environmental conditions such as incubation conditions (time or tem-
perature) or to chemical agents such as halogen compounds. Injured microorganisms can be
distinguished from those that are dead or mutated by their ability to regain normal physiologi-
cal activity when placed in appropriate conditions for cultivation. The return to normal physio-
logical function has been termed repair. The extent and severity of sublethal injury, the
mechanisms of injury, and the mechanisms and degree of recovery vary with the sterilization
procedures, the species, the strains, the condition of the microorganism, and the methods of
repair. Injury to spore formers has been detected at different stages of the spore cycle. The
sites of Injury include damage to enzymes, membrane disruption, and/or damage to DNA or
RNA. Information on the sublethal injury and recovery of microorganisms is very important in
evaluating sterilization/disinfection procedures. This paper supplies academic as well as
practical information dealing with the repair, and detection of injured microorganisms for per-

forming reproducible sterilization validation.

Key Wofds > Injured microorganisms/lnjury/Repair/Damage/Sterilization validation

INTRODUCTION

The injury to microorganisms by various steriliza-
tion procedures is a common occurrence. The detec-
tion of injured microorganisms is of significance for
evaluating the sterilization process in health care
products, and attainment of sterility assurance and
reproducible sterilization validation (Busta, 1978;
Hurst, 1977; Hurst, 1984a). Inadequate detection of
injured microorganisms in health care products can
lead to potential spoilage and hazards if the injured
microorganisms undergo repair and proliferate during
product storage. Therefore it is important to employ
techniques that will optimize the detection and enu-

*Corresponding author. Tel: +871-3-3700-9268, Fax : +81-
3-3707-6950

meration of injured microorganisms. Ignorance or
poor recovery of injured microorganisms may lead to
an overestimation of lethal effects, which can resultin
faulty sterilization validation. This must be avoided.
An understanding of injury can supply valuable infor-
mation to optimize the proliferation and maintenance
of microbial cultures.

It is important to understand the resistance, injury,
repair, and detection of the bioburden to attain satis-
factory and reproducible sterilization validation.

1. Importance of inactivating spore formers

The spore cycle is described in Figure 1. Spores
are formed in the vegetative cell during sporulation
and are released into the environment during cell
lysis. Spores can withstand high doses of heat, irra-
diation, and chemicals.
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The typical structure of bacterial endospore con-
sists, from the inside to the outside, of a protoplasmic
core, a spore wall, a cortex, the spore coats, and
exosporium (Figure 2). The spore coats protect the
spores and respond to germinants. The cortex and
the cell wall are comprised of peptidoglycan (Figure
3). The spore cell wall forms the cell wall of the ger-
minated cell. The dehydrated core consists of DNA,
ribosomes, enzymes, and other cellular components
including calcium (Barach et al., 1976), magnesium,
manganese, and dipicolinic acid (Denyer et al,
2004). The chemical structure of dipicolinic acid is
shown in Figure 4. Bacterial spores in the injured
state are not considered as threats unless they regain
metabolic activity.

The objective of health care product sterilization is
to destroy bacterial spores, rendering the product
safe while retaining acceptable quality for long peri-
ods of time. The repair of injured spores may lead-to
product guality loss and/or safety problems to peo-
ple. Thus, it is quite important to detect undamaged
as well as injured spores in products to avoid any
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FIG. 1. Diagrammatic representation of the cycle of bac-
terial endospore formation, germination and outgrowth
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FIG. 2. A typical bacterial spore
EX, exposporium; SC, spore coats; CX, cortex; C, core

risks concerned. The recovery and enumeration of
normal or injured spores which are susceptible to in-
jury and repair involve the completion of the various
stages in the spore cycle in Fig. 1 (Gould, 1084).

2. Definition

The representative cycle of bacterial endospore ac-
tivation, germination, outgrowth and growth is pre-
sented in Fig. 1.

2-1. Activation

Activation is generally accomplished by sublethal
levels or other treatments (heating, irradiation, chemi-
cal agents exposure and so on) which do not cause
significant changes in the properties of the dormant
spore, but accelerates the germination process. This
treatment also inactivates the vegetative cells in the
medium.

2-2. Germination

The sequence of major changes accompanying
endospore formation and germination is presented in
Table 1. During the stage of germination, the dormant
state of the spore is irreversibly terminated. When
spores germinate they lose their characteristic resis-
tance to heat, radiation, chemicals, and other
stresses. Germination is initiated by several agents.
They include nutrients (e.g., amino acids and sug-
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FIG. 4. Chemical structure of dipicolinic acid
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TABLE 1. Sequence of major changes accompanying endospore formation and germination

Spore formation
________ (timescale commonly 8 h)

End of vegetative growth

Chromatin filament formed

Spore protease excreted

Forespore septum formed

Forespore protoplast engulfed

Heat resistant catalase formed
Peptidoglycan cortex synthesized
Spore becomes refractile

Dipicolinic acid synthesized

Calcium taken up

Proteinaceous spore coats assembled
Resistance to organic solvents acquired
Resistance to heat acquired

Mother cell lyses to release mature spore

Spore germination

Addition of germinants
Heat resistance lost

Calcium and dipicolinic acid excreted

Temporary rise in resistance to ultraviolet

irradiation

Refractility loss observable by phase
contrast microscopy

Resistance to stains lost

Release of fragments of hydrolysed
peptidoglycan

Fall in extinction of spore suspensions

Onset of metabolism

ars), nonnutrient germinants (e.g., metal ions, bicar-
bonate, and calcium dipicolinate), enzymes (e.g.,
lysozyme), and physical treatments (Adams, 1973;
Adams, 1974; Alderton et al, 1974). According to the
present author's experiment, Ca, vitamin mixtures, L-
alanine, puruvate and glucose are appropriate agents
to promote germination (Shintani, 2006). Mg ion
does not successfully promote germination conirary
to reported results (Cazemier et al., 2001; Busta et
al., 1976).

2-3. Outgrowth

In this stage, the germinated spore is transformed
into the first vegetative cell. It is a metabolic step in-
volving the synthesis of RNA, proteins, DNA, and the
cell wall and membrane, which differentiate the spore
into a vegetative cell (Adams, 1978).

2-4. Growth

The stage involves metabolic growth which can be
observed as an increase in the number of vegetative
~ cells. The inhibition of the growth or the doubling
process will prevent detection of the organism,

3. Spore injury

Injury is defined as damage incurred during expo-
sure 1o sublethal environmental stresses. Injury may
cause a longer lag period, increased sensitivity or de-
creased tolerance to a variety of chemical agents and
the inability to multiply until repair of the injury has
been attained. Repair is characterized as a return to
normality and is defined as the correction of the in-
jury-mediated damage and the process involved
therein.

One major difference between bacterial spores and
vegetative cells is the high resistance of the spore to
environmental stresses. Several types of injury have

been reported for bacterial spores (Adams, 1978).
Spore injury is more complex than injury to vegetative
cells (Hurst, 1984b) because any of the several
steps in the spore cycle can be independently af-
fected (Fig. 1). The injury and repair mechanisms of
bacterial spores are different from those of vegetative
cells due to the dormant and resistant state of spores.
Several stages are involved in the transformation of a
spore into a vegetative cell, and there is the possibil-
ity that a spore is defective in nature during
sporulation (Gould, 1984). Some treatments may in-
jure spores by mechanisms different from those in-
volved in the injury to the vegetative cells. Treatments
such as freezing and drying, which injure vegetative
cells, are not usually implicated in the injury of
spores. The physical treatments involved in damage
to bacterial spores include heating, ionizing and UV
radiation, and hydrostatic pressure. Chemical injury
to spores occurs due to changes in the pH, ion ex-
change treatments, and disinfectants -such as
hypochlorite, phenol, hydrogen peroxide, peracetic
acid, and ethylene oxide. Enzymatic treatments can
cause spore characteristics and spore coat perme-
ability is altered with lysozyme and hydrolytic en-
zymes. Metabolic factors may be active during
sporulation and include the lack of important nutrients
and altered levels of divalent cations of Ga, Mg, Mn
and so on. Injury towards bacterial spores is ex-
pressed in various forms. There is a need for
nonnutrient germination stimulants by the injured
spores, modified optimum incubation temperatures
for the enumeration of survivors, an increased sensi-
tivity of the survivors to inhibitors and selective
agents, and altered nutritional requirements by the
survivors (Adams, 1978). Other factors required for
recovery includes changes in pH, the oxidation-
reduction potential, the recovery medium, the
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incubation period and so on.

3-1. Injury by heating

Elevated temperatures may cause stress and injure
bacterial spores (Foegeding and Busta, 1981; Gould,
1984) . Bacterial spore injury by heating has been ob-
served in the temperature range of 50 to 170°C and
on spores of both aerobic and anaerobic bacteria
(Adamas, 1978). Heat-injured spores are unable to
grow under conditions that are optimal for unheated
spores. They exhibit sensitivities to antibiotics and
curing agents, such as sodium chloride (Briggs and
Yazdany, 1970), fastidious growth requirements, the
need for nonessential agents, such as starch, acti-
vated charcoal, lysozyme, and other lylic enzymes,
altered incubation temperature and an extended lag
phase (Gould, 1984).

3-2. Radiation injury by ionizing and UV irradia-
tion :

Spore injury caused by irradiation has been re-
ported (Farkas et al., 1995; Foegeding and Busta,
1081). It is an interesting phenomenon that spores in-
jured by irradiation can generally initiate germination
at rates even faster than those of unirradiated con-
trols. This appears different from the injury caused by
heat, which is expressed as damage to germination
(Gould, 1984). An explanation for this is that irradia-
tion damages spore DNA that is not needed for the
initiation of germination. From this, irradiation injury is
usually expressed during outgrowth (Rowley et al,
1983).

The significant difference between UV and gamma-
ray irradiation is that the former involves base dimer
formation (e.g., thymine-thymine, thymine-cytosine,
cytosine-cytosine mostly pyrimidine dimers) leading
to messenger disorder while the latter consists mainly
disruption of single strand or double strand of DNA. In
both cases, disorder of DNA messenger to produce
proteins has occurred and dinfection can be evalu-
ated from the death or survival of targeted microor-
ganisms.

3-3. Injury by several sorts of chemicals

Several chemicals used in disinfection and/or ster-
ilization can injure bacterial spores, especially
through their action on spore coats (Gould, 1984).
Spores with damaged spore coats are more sensitive
than intact organisms to chemicals. Bacterial spore
injury through the action of chemicals has been re-
ported with adverse pH conditions (Gould, 1984),
ethylene oxide (Futter and Richardson, 1970a, b,
Davis et al., 1978), hydrogen peroxide (Wallen and
Walker, 1979), hypochlorite’ (Foegeding and Busta,

1983a,b), alcohols (Craven and Blankenship, 1985)
and/or nitrite (Gould, 1984).

Hypochlorite injures bacterial spores such as
Clostridium botulinum (C. botulinum) (Foegeding
and Busta, 1983a, b). Hydrogen peroxide has injured
spores of Bacillus atroaeus (B. atrophaeus) (Wallen
and Walker, 1979), B. cereus and C. sporogenes
(Neal and Walker, 1977). Ethylene oxide injures bac-
terial spores (Roberts, 1970). They are, for example,
C. perfringens (Futter and Richardson, 1970a,b), B.
subtilis, and Geobacillus stearothermophilus G
stearothermophilus) (Davis et al., 1978). Alcohol
treatment can reduce the activation of C. perfringens
spore, and higher levels injure them. QOzone has been
reported as an effective sporicide, especially at low
pH and higher humidity at more than 90% (Sakurai et
al., 2003). The removal of spore coat proteins in
Bacillus and Clostridium spores enhanced their inacti-
vation by ozone (Foegeding, 1985). Spores lacking

~ intact coats were significantly more sensitive to inac-

tivation by chlorine dioxide than strains with intact
spore coats (Foegeding et al., 1086). Copper in-
creases spore sensitivity to hydrogen peroxide
(Bayliss and Waites, 1976; Waites et al., 1979).

3-4, Injury by combination

The phenomenon of combined chemical and/or
physical treatments causing bacterial spore injury is
reported by Waites and Bayliss (1984). Combination
effects have also been observed between gamma-
irradiation and heating. Irradiation reduced heat resis-
tance (Gomez et al., 1980) and preheating reduced
radiation resistance (Ma and Maxcy, 1981). The
presence of free radical producing compounds (e.g.,
iodide, iodate, or iodoacetate) during radiation treat-
ment results in strong synergistic effects expressed
as the inhibition of spore germination. This is thought
to be due to inactivation by the free radicals of spore
proteins or enzymes involved in germination (Gould,
1984: Waites et al., 1979). Irradiated spores are more
sensitive to subsequent heat treatment than
unirradiated spores. The increased heat sensitivity
was not observed when the spores were heated in
the presence of sucrose or glycerol (Foegeding and
Busta, 1981; Gomez et al,, 1980). One reason is that
sucrose or glycerol served as a radical scavenger
with their OH functional groups and another is the
damage of an osmoregulatory mechanism  of
rehydration involved in the development of heat sen-
sitivity in irradiated spores. Spore damage is greater
in the presence of both heat and chemical treatments
and either one of these treatments can:be- used to
sensitize the spores to the other. (Waites: Bayliss,
1984). The pretreatment:of: spore




peroxide and/or peracetic acid makes them more
susceptible to damage by heat. Heated spores are
more sensitive to inhibition by chemicals such as hy-
drogen peroxide or glutaraldehyde.

4. Injury during outgrowth

The outgrowth stage of spore formers may also in-
volve injury by several sorts of sterilization treat-
ments. Shifts in optimal temperatures to lower levels
for the recovery of heated spores have been sug-
gested as favoring outgrowth because germination
can occur in a wider temperature range (Prentice and
Clegg, 1974; Busta, 1967). Injury during outgrowth
may involve any of several structures and metabolic
pathways (Adams, 1978). Injury may involve damage
to the spore membrane, DNA or other vital compo-
nents and structures of the cell. After injury, the
spores were germinated with lysozyme but they re-
tained their injury because they continued to be sen-
sitive to chemicals. The results suggested that injury
had occurred in the outgrowth stage of the life cycle
of spore formers.

5. Vegetative cell injury

The injury of spores is practically more important
than that of vegetative cells, because spores are
more tolerant to sterilization procedures. Research is
needed on the sporulation of injured cells to deter-
mine any inherent changes in the resulting spores
that may influence subsequent destruction, injury,
and repair processes (Hurst, 1984b). The injury of
vegetative cells may be expressed as sensitivity to
several sorts of chemicals, modified metabolic activ-
ity, and leakage of intracellular material (Tsuchido,
2003).

Electron microscopic observations have indicated
holes and fractures in the membranes of heated B.
cereus cell (Hurst, 1977). The disappearance of ribo-
some and the coagulation of cytoplasmic protein
were also observed. Studies with B. subtilis and B.
cereus have indicated reversible damage to cell
membranes, DNA, and RNA.

6. Factors causing injury

The factors affecting bacterial spore destruction
can also affect injury (Foegeding and Busta, 1981).
The conditions influencing resistance to stress, injury,
mechanisms of injury, and repair vary with the gen-
era, species, and strains of spore formers. Spore of
B. subtilis is less resistant to irradiation injury than
that of C botulinum. It is interesting that the mecha-
nism of DNA damage by heat was different for the
spore and vegetative cell of 5. subtilis (Uchida and

Kadota! 1979). Cells in the log phase are more
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susceptible to injury than spores or cells in the sta-
tionary phase (Mackey, 1984; Mossel and van
Betten, 1984; Manas and Mackey, 2004). Important
properties of the substrate include the water content,
the concentration and type of ions and pH, the oxida-
tion-reduction potential, the gas atmosphere, the
presence of protective agents, and contamination
with other microorganisms. Handling, storage, and
treatment of the injured spore suspension after expo-
sure to stress will also affect recovery. Important con-
siderations include the recovery enriched media, the
germinants, the nutrients, the selective agents, the
antimetabolites, the oxidation-reduction potential, the
gas atmosphere, the pH, the water activity, the incu-
bation temperature, and the prolonged cultivation pe-
riod (Foegeding and Busta, 1981).

Thermally injured spores have demonstrated sensi-
tivities to sodium chloride -(Briggs and Yazdany,
1970) and other curing salts (i.e., sodium nitrate or
sodium nitrite), antibiotics, other chemical inhibitors,
certain culture media, varying lots of culture media,
the pH of the recovery medium, the oxidation-
reduction potential, and the gas atmosphere during
recovery. In addition, thermally injured spores have
demonstrated delayed germination, a sensitivity of
the germination process 10 media components, the
need for a modified incubation temperature, and the
need for a longer incubation period for optimum col-
ony formation (Hurst, 1984a; Adams, 1978,
Foegeding and Busta, 1981). The spore injury by irra-
diation has led to a sensitivity to sodium chloride and
other components, pH, certain gas atmospheres, dilu-
tion and incubation temperature, and a requirement
for a longer incubation period for recovery
(Foegeding and Busta, 1981). Spores injured by
chemicals are sensitive to pH, gas atmosphere, sorts
of media, and incubation temperature. In that mean-
ing, to attain successful and reproducible sterilization
validation, these factors must be seriously studied
and a scientific rationale attained to avoid falsified
validation resuits.

Recovery has been improved with lysozyme, high
L-alanine levels, lactate, and malate, which improved
germination with ferrous sulfate (FeSO.), manganous
sulfate (MnSO.), yeast extract, glucose, and vitamin-
free casamino acids, and with a longer incubation pe-
riod (Foegeding and Busta, 1981, Shintani, 2006).

7. Sites and mechanisms of spore injury and re-
pair

Sites and mechanisms of spore injury areé pre-
sented in Table 2 (Waites and Baylis, 1984). Sites
and mechanisms of spore injury by heat include as
follows: damage to germination systems, the loss of
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TABLE 2. Site of bacterial spore injury by combined treatment

Site of injury Treatments
Coat Heat + chlorine
Heat + hydrogen peroxide
Glutaraldehyde + formaldehyde
Membrane Heat + neomycin and polymyxin
Glutaraldehyde + formaldehyde
Cortex Heat + hydrostatic pressure
Heat + irradiation (v)
Heat + chlorine
Heat + hydrogen peroxide
Heat + Cu**
Irradiation () -+ hydrostatic pressure
Ultrasonic waves + glutaraldehyde
Exosporium Ultrasonic waves + hydrogen peroxide
Proteases Heat + Cu**
Calcium removal Glutaraldehyde + ionizing cation
DNA Heat + irradiation ()

Heat + hydrogen peroxide

Heat + ethidium bromide

Irradiation () -+ hydrostatic pressure
Irradiation (UV) + hydrogen peroxide

Cited from Waites and Baylis (19\84), pp.223

cortex Iytic activity through enzyme inactivation or in-
activation of the mechanism involved in enzyme re-
lease, damage to the spore membrane (plasma or
cortical) structures related to the need for suitable
osmolarity or water activity during recovery, and dam-
age to DNA.

Thermal injury does not cause single-strand DNA
breaks. Chemical injury has been associated with the
inactivation or alteration of spore-germination sys-
tems, while injury by irradiation is almost associated
with single-strand or double-strand DNA breaks. This
means depending on the sort of sterilization proce-
dure, sites of injury differ, which means recovery
mechanisms also differ.

7-1. Damage to germination enzymes

The germination of bacterial spores may be inacti-
vated or altered by heat and chemical treatments
(Hurst, 1984a; Gould, 1984). Damage to germination
systems by heat has often been characterized by a
need for specific germinants or enzymes in the me-
dium (Foegeding and Busta, 1981; Gould, 1984). For
example, Ca, glucose or alanine are considered as
germinants and thus inclusion of them into the culture
medium is indispensable to attain reproducible and
successful sterilization validation (Shintani, 20086;
Shintani et al., 2000; Sasaki et al., 2000). Damage to
the germination system has been demonstrated with
the use of calcium dipicolinate (Edwards et al,
1965a,b), lactate (Foegeding and Busta, 1983a),

lysozyme (Busta and Adams, 1972; Adams and
Busta, 1972; Barach et al., 1974; Adams, 1974;
Duncan et al,, 1972; Alderton et al., 1974), and mix-
tures of amino acids (Uchida and Kadota, 1979;

. Gurney and Quesnel, 1981; Gurney and Quesnel,

1980) and so on. As most chemicals that promote im-
proved recovery (e.g., lysozyme, other lytic enzymes,
calcium dipicolinate, and amino acids) are involved in
promoting spore germination (Gould, 1984), it is
speculated that they act by helping the spores by-
pass the injured L-alanine germination system
(Gould, 1984),

The mechanism of injury to germination involves
the inactivation of Iytic enzyme systems, or the
mechanism that releases these lytic enzymes, which
are involved in degradation during germination
(Adams, 1978). This is supported by the effect of
lysozyme, other lytic enzymes, and dipicolinate in al-
lowing the injured spores to bypass the damage and
germinate. The inactivation of germination enzymes
has been supported by large losses of cortex Iytic en-
zyme activity in thermally injured spores, and by ther-
modynamic values for the inactivation of the L-alanine
germination system tha : stentwith protein
denaturation (Adam}s an Bustat Inoreased

e in the |-
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cycle (Gurney and Quesnel, 1981; Gumey and
~ Quesnel, 1980). Treatment with chemical agents may
render the germination process sensitive 1o
lysozyme, which enhances the germination of spores
(Hurst, 1977). One example is that the treatment with
alkali removes spore coat proteins and renders the
- germination process sensitive to lysozyme. The other
example is that chlorine treatment also removes coat
proteins from spores (Wyatt and Waites, 19756).

In the.mechanism of the injury to germination sys-
tems, lytic enzymes, e.g., lysozyme, are speculated to
enhance germination by hydrolyzing the B,1-4 link-
age of peptidoglycan in the spore cortex (Fig. 3),
which then permits the hydration of the core of the
spore (Gould, 1984). It may involve interference with
membrane function as indicated by the increased
sensitivity of heated spores (Flowers and Adams,
1976) to surface active agents including antibiotics
(Gould, 1984).

7-2. Damage to the spore membrane

The spore membrane and structure have been pro-
posed as the site of injury (Hurst, 1984a; Adams,
1978:; Foegeding and Busta, 1081: Gould, 1984).
Even when lysozyme is needed to germinate injured
spores, the actual repair may be taking place during
the outgrowth stage. This could indicate that injury
might be associated not with a germination system,
but with the membrane (Foegeding and Busta, 1981;
Barach et al., 1974; Barach et al., 1975). Evidence to
support the membrane damage theory includes the
sensitivity of heated C. perfringens spore to several
antibiotics and chemicals with surface-active proper-
ties (Barach et al., 1974; Flowers and Adams, 1976).
Damaged membrane is also sensitive to sodium chlo-
ride, nitrate, nitrite, and fatty acids (Flowers and
Adams, 1976; Chumney and Adams, 1980). The lack
of repair during germination occurred when trans-
ferred in a medium supporting outgrowth (Barach et
al., 1974; Flowers and Adams, 1976) and at the com-
pletion of repair during outgrowth. It occurred even in
the presence of inhibitors of RNA, proteins, DNA, and
cell wall synthesis (Flowers and Adams, 1976;
Chumney and Adams, 1980). The injured spores
were osmotically fragile (Gomez et al,, 1980). It was
observed by electron microscopy that in heat-treated
spores, the plasma membrane was separated from
the core of C. botulinum. From this it can be specu-
lated that heat causes damage to the plasma and cor-
tical membrane of the spore, which become the
vegetative cell membrane and cell wall, respectively
(Hurst, 1984a; Adams, 1978; Foegeding and Busta,
1981).

Significant changes in pH may also cause damage
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associated with spore membranes (Gould, 1984).
Alkali treatment dissolves protein components in the
spore coat, which increases permeability and allows
lysozyme fo act on the cortex, peptidoglycan. This
also happens after treatments that rupture disulfide
bonds (Gould, 1984). Milder alkali treatments in-
crease the sensitivity of spores to various germinants
(Vary, 1973) by improving access of the germinants
to receptor sites (Gould, 1984). The effect of alkali -
treatment on spore coat permeability may also be re-
sponsible for the increased susceptibility of the
spores to disinfectants and other chemicals, some of
which (e.g., hypochlorite) also remove coat protein
(Gould, 1984). Reduced pH may activate spores and
enhance germination, while drastically jow pH values
may induce dormancy (Gould, 1984; Vary, 1973).
High acidity is linked with the removal of cations, es-
pecially calcium, from the spores (Blocher and Busta,
1985; Rode and Foster, 1966), which may cause a
reversible injury of the germination mechanism
(Gould, 1984) because calcium is an indispensabie
agent for spore germination (Shintani, 2006). The ex-
change of cations caused by acid treatment also re-
duces the heat resistance of the spores (Alderton,
1964), which is also reduced by irradiation resistance
(Gomez, 1980). Reduced heat resistance catalyzed
by acid is reversed when the spores are reloaded
with cations (Gould, 1984). The mechanism for the
acid-catalyzed loss of heat resistance may be related
to changes in spore hydration caused by changes in
the ionic state of the spore cortex, which affects its
osmotic and contraction state (Gouid, 1984;
Alderton, 1963).

7-3. Injury to DNA and RNA

Injury by irradiation or heat may also be due to
changes in the genetic materials of the cell, espe-
cially DNA (Hurst, 1984a; Adams, 1978; Foegeding
and Busta, 1981; Gould, 1984). Breaks in the single-
strand of the spore DNA have been identified in irradi-
ated spores (Grecz and Grice, 1978). The spore
DNA is more resistant to single- and double-strand
breaks than the DNA of vegetative cells. The fonizing
and UV-radiation resistances of DNA isolated from
cells and spores are similar. The increased resistance
of spore DNA appears to be due to either increased
structural integrity and/or its ability to repair single-
strand DNA breaks after the initiation of spore germi-
nation (Grecz and Grice, 1978).

The recovery of DNA appears to take place in dor-
mancy. The repair of DNA during dormancy is appar-
ently catalyzed by an enzyme which appears to be a
magnesium-dependent DNA ligase (Gould, 1984,
Durban et al., 1974). Spore injury by UV irradiation
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also involves DNA but it appears to be different from
the DNA breaks caused by ionizing radiation as men-
tioned in 3.2

Damage of spore DNA by UV irradiation appears to
be different from that of vegetative cells. Spore dam-
age is thought to be due to changes in the configura-
tion of DNA (Gould, 1984). Injury and repair by
thermorestoration is speculated to occur at the site of
DNA (Tanooka, 1978). The synergistic effect of irra-
diation and heat treatments, which is expressed as an
increased heat sensitivity of pre-irradiated spores
(Gombas and Gomez, 1978), is probably due to the
increased fragmentation of spore DNA, and the inac-
tivation of DNA repair enzymes by heat (Gould,
1984). This indicated that spores treated only with ir-
radiation were active (Gould, 1984). The increased
heat sensitivity of preirradiated spores may be due 1o
damaged peptidoglycan in the spore cortex, which
can allow the hydration of the core and result in re-
duced heat resistance (Hurst, 1984a; Gould, 1984).
In addition to germination enzymes and membrane
damage, DNA has also been suggested as a target of
spore injury by heat (Hurst, 1984a; Adams, 1978;
Foegeding and Busta, 1981; Gould, 1984; Gombas,
1983).

Some of the more complex nutritional requirements
of heat-injured spores have bheen attributed to heat-
induced mutations (Adams, 1981). The need for
amino acid supplementation to induce the recovery of
heat-injured spores has suggested that heat may
damage spore DNA (Uchida and Kadota, 1979). The
alteration of amino acid metabolism or amino acid-
stimulated germination may be another effect of ther-
mal injury (Gould, 1984). Dry heat also caused
mutations  which were expressed as reduced
sporulation (Gould, 1984). Chemical damage may
also occur on DNA and result in lower heat resistance
(Hanlin et al., 1981).

8. Repair of injured spores

Several papers have been published on this sub-
ject so far (Hurst, 1984a; Gould, 1984; Ray and
Adams, 1984; Waites and Baylis, 1984; Mossel and
van Netten, 1984; Mackey, 1984, Gilbert, 1984a,b;
Johnson and Busta, 1984). The role of medium con-
stituents in the recovery of injured spores has been
discussed (Blocher and Busta, 1982; Shintani, 2006;
Shintani et al., 2000; Sasaki et al., 2000). They de-
scribed the effects of inhibitors on recovery and the
modified metabolic requirements of injured spores.
Their conclusion is the constituents to enrich the cul-
ture medium are required by injured microorganisms.
This means an enriched culture medium is more de-
sirable than the selective medium to avoid falsified

results in a sterilization validation study.

Injury was initially recognized in terms of cultural in-
adequacies observed in microorganisms exposed to
various stresses. Most of these inadequacies need to
be addressed before the organisms present any evi-
dence of vitality through cell division. Restoration to
the original undamaged condition is accomplished
through the process known as repair or recovery
(Busta, 1978). There is a need for the development
of standardized methods for the recovery and enu-
meration of both injured and uninjured spores
(Johnson and Busta, 1984). There are several com-
plex steps (i.e., activation, germination, outgrowth,
and growth) to be completed before the dormant
spores can grow and be enumerated (Fig. 1). The
same set of events should be completed for the de-
tection and enumeration of injured spores.

The culture media and environmental conditions
employed should support these events_for appropri-
ate spore recovery. Injured spores may require modi-
fied conditions for their recovery and enumeration
compared with uninjured entities. The sublethal dam-
age of spores results in various sensitivities and addi-
tional requirements for the injured spores to repair
their injury and grow. Factors to be considered in-
clude sensitivity to activation treatments, germinants,
selective agents, chemical additives, other inhibitors,
oxidation-reduction potential, pH, water activity,
osmolarity, nutritional requirements, and incubation
requirements including gas atmosphere, temperature,
and incubation period.

The repair and recovery of injured cells usually re-
quires richer culture media, the removal of inhibitors,
and optimum incubation conditions, including pH,
relatively lower temperatures for cultivation, and an
extended incubation period. The influence of these
factors in specific situations appears to be dependent
on the type of microorganism, the nature of the
stress, and the type and extent of injury (Johnson
and Busta, 1984). An activation treatment usually
consists of heating at 80°C for 10 min, but specific re-
quirements may vary with the strain, the injury, the
suspending medium, and the recovery medium
(Johnson and Busta, 1984). Somie specific factors to
be monitored during recovery are the condition of the
population before its exposure to stress, handling and
storage of the sample before enumeration, the com-
position of the recovery medium (e.g., the type of me-
dium, nutrients, and inhibitors), the dilution

procedures and diluents, the mode of inoculation, the
enumeration procedure (e.g., plating or MPN), and
the conditions of incubation (Mossel and van Netten,
1984). The recovery requirements may be different
with the type and extent of injury, the species, strains,




and individual spore suspensions (e.g., the condi-
tions of sporulation and handling before and after ex-
posure to stress), storage and handling after
exposure to stress and before recovery, and the con-
ditions of recovery. Research on specific recovery
media and constituents for injured spores is limited
and not systematic (Table 3). The responses may be
different with varying strains and the types of injury
(Blocher and Busta, 1982; Farkas and Roberts,
1982) Thus, specific media may be appropriate for
recovery under certain conditions, and different indi-
vidual components may be needed for enumeration
under different conditions of injury. Variations in me-
dia, their constituents, purity, and storage period may
be influential in the repair of injured spores. Media
components that may enhance recovery under cer-
tain conditions include potential nutrients such as
sugars, yeast extract, glucose, and amino acids,
absorbants such as starch, reducing agents such as
thioglycollate and cysteine, lysozyme and egg yolk,
bicarbonate, cultural filtrates and divalent cations
(Blocher and Busta, 1982). In addition to the media
and their constituents, the appropriate pH, gas atmos-
phere, oxidation-reduction potential, incubation tem-
perature, and incubation period should be selected
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for the individual strains to recover from specific
types of injury.

Injured spore formers have significant sensitivity to
sodium chioride (Feehery et al,, 1987), nitrate and ni-
trite (Chumney and Adams, 1980), surface-active
agents including antibiotics (Chumney and Adams,
1980), pH (Feehery et al., 1987), water activity and
osmolarity (Mattick et al, 2001), gas atmosphere
(Feehery et al., 1987), culture media, media brand
and their lots (Pflug et al.,, 1979; Pflug et al,, 1981,
Sasaki et al, 2000; Shintani and Akers, 2000;
Shintani et al., 2000), and incubation temperature
and period (Feehery et al., 1987; Shintani et al,
2000). The type and extent of these sensitivities vary
with the species and the type of injury.

Irradiation-injured spores in general were less af-
fected by pH than by heat-damaged spores (Futter
and Richardson, 1970). It was indicated that only two
modifications have been recommended widely and
adopted in the specific detection of injured and unin-
jured spores (Ray and Adams, 1984). They include
the use of starch as a binder of potential inhibitors in
the recovery medium and extension of the incubation
period for the detection of survivors. Other potential
requirements and modifications for injured spore

TABLE 3. Effect of added agents to culture media on the recovery of injured bacterial spores

Ingredients Clostridium Bacillus
Nutrients
Glucose 0,+ 0,+
Fructose +
Sucrose 0 +
Galactose +
Maltose 0,+
Egg yolk + +
Yeast extract + 0,+
Casamino acids +
Lactate +
Absorbants
Starch 0,+ +
Charcoal + +
Serum albumin +
Reducing agents
Thioglycollate -, + 0
Cysteine + 0
Cations
Magnesium +
Calcium + +
fron +
Others
Bicarbonate 4+
Lysozyme + 0
Cultural filtrates + +

0: No effect, —: Reduced recovery, +: Increased recovery

Cited from Blocker, J.C. and Busta, F. F. (1982).




, , 1979; Wallen and Walker,
g Shmtanl et al, 2000 Sasaki et al., 2000;

,,7;Shmtam and Akers, 2000; Shintani, 2006). Several
medla have been used for the recovery of injured

spores (Table 4). The recovery of B. pumilus spores

injured by UV irradiation was greater in double-

strength soybean casein digest broth (SCDB) than in
soybean casein digest agar (SCDA) (Abshire et al.,
1980). Heat-injured C. sporogenes P.A. 3679 spore
recovered better in Anderson's pork-pea infusion than
in trypticase peptone agar, yeast extract agar, pork
infusion agar, and T-Best agar (Polvino and Bernard,
1982). This suggested that recovery differed when
medium differed and additionally suggested that the
pour-plate procedure was not adequate for the recov-
ery of heat-stressed spores. The repair rate of C

_perfringens was much higher in trypticase yeast ex-

tract broth than in 0.1% peptone (Traci and Duncan,

L overy of heat stressed C. perfringens
etter on_, tryptone-sulfite-cycloserine me-
‘dxum Wnthout ‘egg - yolk than on sulfite-polymyxin-

sulfadiazine medium (Orth, 1977). More heat-

stressed C. sporogenes recovered on modified P.A.
3679 agar than on yeast exiract agar and peptone
trypticase agar (Grischy et al., 1983). Treatment of 5.
megaterium with chlorhexidine resulted in a sensitiv-
ity to potassium chloride during recovery in SCDA,
but recovered in SCDB (Nadir and Gilbert, 1982).
Recovery is influenced not only by the kind and con-
stituents of the culture medium, but also by the condi-
tion of the medium (Pflug et al,, 1981; Pflug et al.,
1979), the quality of the constituents (Johnson and
Busta, 1984; Shintani et al., 2000; Sasaki et al.,
2000), and the brand and the lot of the medium
(Pflug et al., 1981; Pflug et al., 1979; Shintani et al.,
2000; Sasaki et al., 2000). Different lots of soybean

_ casein digest, even from the same manufaciurer, re-

sulted in different rates of recovery of heated G.
stearothermophilus spores (Pflug et al, 1981:
Shintani et al., 2000; Sasaki et al., 2000; Shintani and
Akers, 2000; Shintani, 2006). This lot to lot variation

TABLE 4. Culture media used for the recovery of injured spore formers

Treatment Organism

Medium

Heat Clostridium sporogenes

C. botulinum

C. perfringens

Bacillus cereus
B. stearothermophilus

B. subtilis

: Desulfotomaculum niginficans
Irradiation C. sporogenes
C, botulinum

B. pumilus (UV)

Ethylene oxide B. subtilis
Hydrogen B. subtilis
peroxide

Yeast extract starch bicarbonate agar
Yesair's pork infusion +thioglycollate
Pork-pea agar

Pork-pea or beef infusion extract
Thioglycollate milk +bicarbonate

Beef infusion or yeast extract agar
Anderson's pork-pea infusion
Modified P.A, 3679 agar

Yesair's pork infusion+starch

Yeast extract starch bicarbonate agar
Yeast extract agar
Tryptone-sulfite-cycloserine
Shahidi-Ferguson perfringens agar
Trypticase yeast extract broth
Sulfite-polymyxin-sulfadiazine medium
Mannitol egg yolk polymyxin
Antibiotic assay medium A

Eugon broth

Beef infusion -

Columbia broth

Soytone-sulfite agar

Eugon agar cystine

Pork-pea infusion

Pork-pea infusion

Double-strength trypticase soy broth
Columbia broth

Yeast extract, glucose, casamino acid agar +
FeS0;+MnSQO,

Cited from Blocher and Busta (1982).




and brand to brand variation may be due 10 the differ-
ences in the nutrient composition among the same
culture medium. New lots or brand of media and com-
ponents should be validated to avoid falsified sterili-
sation validation because consecutive SuCCess in
validation studies is indispensable (Johnson and
Busta, 1984: Shintani et al., 2000; Sasaki et al., 2000;
Shintani and Akers, 2000). In that meaning equiva-
lency between the old culture medium and the new
culture medium must be confirmed in sterilization vali-
dation studies (Shintani et al., 2000; Sasaki et al,,
2000; Shintani, 2006).

8-2. Nutritional requirements

Injured spores have fastidious requirements and
may need nutrient supplementation in the recovery
medium (Mackey, 1984; Shintani et al., 2000; Sasaki
et al). Nutritional requirements vary with species and
strains of microorganisms and are variable with re-
spect to the injured state (Johnson and Busta, 1984).
The recovery of heated Bacillus spores was improved
when glucose or blood was added to the nutrient agar
(Johnson and Busta, 1984). Several compounds
(yeast extract, liver extract, glucose, fructose,
mannose, galactose, sucrose, maltose, soluble

starch, pyruvate, glycerol phosphate, amines, amino

acids, vitamins and divalent cations) increased the
recovery and apparent heat resistance of B.- subtilis
spore (Johnson and Busta, 1984). Other compounds
(xylose, arabinose, trehalose, lactose, glycerol,
mannitol, glycogen, lactate, acetate, and succinate)
did not significantly improve the recovery of injured B.
subtilis spore (Johnson and Busta, 1984).

Several individual and some combinations of amino
acids (glycine, alanine, homoserine, threonine, valine,
glutamine, arginine, isoleucine, aspartic acid, and
methionine) also improved the recovery of injured B
subtilis spore (Johnson and Busta, 1084). The recov-
ery of hydrogen peroxide-damaged B. atrophaeus
spore was improved with yeast extract, glucose, and
casamino acids (Johnson and Busta, 1084, Wallen
and Walker, 1979). In every case of injury, addition of
glucose, pyruvate, alanine and divalent cations (Ca
and Mg) will cause significant recovery (Shintani,
2006).

8-3. Germinants

Useful agents to initiate germination are lysozyme,
egg yolk emulsion, initiation protein, and calcium
dipicolinate. Among them, lysozyme is the most com-
mon additive that has improved the recovery of heat-
injured C. perfringens (Barach et al,, 1974) and C.
botulinum spores (Alderton et al.,, 1974). An initiation
protein produced by C. perfringens has also
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increased the heat resistance (Duncan et al., 1972).
An initiation factor was also detected during the
growth of G. stearothermophilus in certain media, and
promoted the recovery of thermally injured G -
stearothermophilus spore (Labbe, 1979). This factor
appeared to be influential on outgrowth.

Calcium dipicolinate has also improved recovery,
and increased the heat resistance of B. subtilis
spores (Busta and Adams, 1972).

8-4. Detoxifying agents

The stressed microorganisms indicate the in-
creased sensitivity to several inhibitors. Traces of in-
hibitory agents (e.g., unsaturated fatty acids such as
linoleic acid and linolenic acid) which may be present
in the culture media are speculated to be absorbed
and neutralized through the addition of starch, acti-
vated charcoal, and serum albumin to the medium.
Increased recovery with the inclusion of such com-
pounds in the medium has been recognized with vari-
ous spore formers (Labbe, 1979; Labbe and Change,
1095). Another study has reported no improved re-
covery with starch in the culture medium (Blocher
and Busta, 1982). The speculated discrepancy be-
tween the results is due to the presence of inhibitors
not absorbed by starch, or the presence of inhibitor
concentrations higher than those absorbed by starch
(Blocher and Busta, 1982).

8-5. Inhibitors

Damaged spores are sensitive 1o several agents,
such as antibiotics and surface-active agents (e.g.,
sodium lauryl sulfate, sodium deoxycholate, and qua-
ternary ammonium compounds), chloride, nitrite, ni-
trate, acids, alkali, unsaturated fatty acids, and so on
(Barach et al., 1974; Flowers and Adams, 1976;
Chumney and Adams, 1980; Tsuchido et al., 1983;
Tsuchido et al., 1987). Injured vegetative cells pre-
sented a reduced recovery in media with selective
agents.

However undamaged cells were perfectly tolerated
and were not influenced the recovery rate. The recov-
ery substrate should be applied to support the recov-
ery of injured organisms (Blocher and Busta, 1982).

Modifications may include adjustments in pH, the
removal of inhibitory agents, the use of different se-
lective agents, or the use of chemicals that will sup-
port recovery (Blocher and Busta, 1982). These
modifications will depend on the microbial strains and
the type of injury (Gould, 1984). Injured spores are
often sensitive to pH variations in the recovery me-
dium (Futter and Richardson, 1970a). Heat-injured
spores in general recovered optimally at a neutral pH
(Cook and Brown, 1965; Yokoya and York, 1965). In




