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Bacillus subtilis (ATCC 19659) were damaged by 

exposure to various concentrations of glutaraldehyde, as 

shown by decreased germination rates. The damage caused 

was repaired or otherwise obviated by the presence of 

sodium lactate in the holding medium. When two different 

salts of lactic acid were compared for ability to overcome 

the effect of glutaraldehyde, it was found that calcium 

salt of lactate was more effective than the sodium salt. 

The damage repair system involved 1-aj.anine, lactate and 

either the sodium or calcium ions. The study involved in 

determining the difference in efficiency of spore repair 

was due to an organic or an amino acii snowed that the 

presence of two carbox^j.ic functional groups did not 

effectively alter the reactivity. That is, the sodium 

salt of malic acid had approximately the same effect as 

the sodium salt of lactic acid on the germination of 

spores which had been treated with varying doses of 

glutaraldehyde. 



Other studies showed that glutaraldehyde imparted 

impermeability to the spores and did not permit 

germination by preventing the passage of chemical 

substances such as lysozyme into the spores. In addition, 

dipicolinic acid was prevented from escaping from spores 

which had been treated with glutaraldehyde. Also, these 

studies indicated that L-alanine could reverse the effect 

of glutaraldehyde by competition with the spore constituents 

for the active groups of glutaraldehyde. 
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CHAPTER I 

INTRODUCTION 

Glutaraldehyde is a well established member of a large 

family of chemicals used in cold sterilization processes 

in medicine, dentistry, industry and other similar 

activities. It has many properties which make it very 

desirable including high efficiency, non-corrosiveness, 

chemical inertness, low cost and long shelf life. 

Although a large body of literature exists on the medical 

and industrial applications of glutaraldehyde, these 

generally approach the subject from a utilitarian point of 

view and many questions regarding the mode of action or 

the scope of sporocidal functions are still unanswered. 

The objectives of this research were to gain some 

insight into the specific activities of glutaraldehyde in 

its use as a sporocide. This task was approached by an 

experimental protocol centered around three major 

questions. They can be simply stated as follows: 1) to 



determine if the spores of Bacillus subtilis are damaged 

by exposure to glutaraldehyde before being killed, 2) to 

determine the effect of various concentrations of 

glutaraldehyde on spore germination and 3) to gain 

information on the mechanism of action of glutaraldehyde 

on the spores of _B. subtil is. 

The organism 

Bacillus subtilis is an aerobic, Gram-positive, 

sporeforming, rod-shaped bacterium classified in the 

family Bacillaceae. The individual vegetative cells are 

variable in size and may occur singly or in short chains. 

Bacillus subtilis forms endospores under certain adverse 

nutritional conditions such as those found in situations 

in which rapid growth has ceased. This organism belongs 

to the genus Bacillus and is one of the most widely 

distributed bacteria. u is found in water, soil, air and 

special environments such as decaying plants and animal 

materials. It is associated with dust particles in the 

air and is often one of the organisms found in museum 

specimens, ancient man-made artifacts, preserved foods and 

even in the cadavers of mummified human remains recovered 

from Egyptian tombs and sarcophogi. Some strains of 



B» subtilis are parasitic and pathogenic for insects, 

animals and human beings. While B̂ . subtilis is regarded 

as non-pathogenic for normal, healthy human beings, it is 

often encountered as an opportunistic pathogen in 

medically compromised individuals. In this regard, B̂ . 

subtilis plays a particularly important role in surgical 

materials. This role is enhanced by the fact that the 

spores of this organism are extremely resistant to killing 

by all procedures including both physical and chemical 

methods. 

Glutaraldehyde 

Glutaraldehyde is a simple, easily produced chemical 

compound used in numerous technical applications. It is 

one of the most widely used sanitizers, one of the most 

widely used agents for chemical sterilization of medical 

equipment in hospitals ^4, 11, 37), it is used in the 

leather tanning industry as one of the principal 

treatments, and is utilized in hundreds of other areas 

including the preparation of specimens for electron 

microscopy. 

The main advantages of glutaraldehyde reside in its use 

as a chemosteri1izer in medicine includes the following: (1) 



broad spectrum of activity, (2) activity in the presence 

of organic matter, (3) fast antimicrobial action, 

(4) non-corrosive action towards metals, rubber and other 

materials, (5) safe use on lens cement and lenses of 

bronchoscopes, cytoscopes, or telescopes, (6) mild odor 

and (7) lack of ability to irritate skin and mucous 

membranes. Because of these properties, special equipment 

or skills are not required for its use in the medical 

industry. It is not listed as a carcinogen or hazardous 

substance by the office of Occupational safety Health 

Administration, Washington, D.C. Rittenbury and Hench 

(105) were among the first to recommend glutaraldehyde for 

cold sterilization of medical equipment, food containers, 

and surgical instruments. Georgae (38), Haselhuhn et al. 

(56) and Lynn (82) recommended glutaraldehyde for liquid 

sterilization of anaesthesia equipment after critical 

evaluation of chemical sterilizers. These investigators 

found glutaraldehyde an adequate material for use in 

patients undergoing severe surgical trauma. 

Glutaraldehyde is routinely used for sterilization of 

surgical instruments (79, 90, 96). It is superior to all 

other substances for the cold sterilization of non-porous, 

non-woven materials such as the plastic and rubber 

materials of which catheters, breathing tubes, and 



drainage tubes are made (18). Christensen (21) showed 

that glutaraldehyde-moistened sponges used as wraps were 

suitable for sterilizing dental equipment which would be 

damaged by autoclaving or immersion in fluid baths. 

Bovallius and Anas (13) demonstrated the effectiveness of 

glutaraldehyde in the vapor phase for surface sanitation 

or sterilization of objects contaminated with the 

vegetative cells and spores of bacteria. It has also been 

used in antiseptic soaps for cleansing and disinfection of 

the hands and other body surfaces (65). 

The antimicrobial properties of glutaraldehyde have 

been employed in other areas as well (27, 95, 113/ 125). 

Glutaraldehyde has been used in the poultry industry for 

the sterilization of food grinders (71, 85) and as a 

disinfectant in immersion chilling vats. It has been used 

to sanitize formulation vessels and other equipment used 

in the production of cosmetics (3, 63). It has been 

incorporated in formulas at a concentration of 0.5 percent 

to inhibit the growth of bacteria in cosmetics (88). 

As shown in Table I, glutaraldehyde has a broad 

spectrum of antimicrobial activity, being active against 

the vegetative cells and spores of bacteria, the tubercle 

bacillus and many viruses. It was found to be an active 

sporocide against both the spores of Bacillus and 



TABLE I 
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ANTIMICROBIAL ACTIVITY OF GLUTARALDEHYDE 

Types of Microorganisms 

Killing Time 
Specific Organism(s) (Minutes)* 

Vegetative cells of 
bacter ia 

Staphylococcus aureus 
Streptococcus pyogenes 
Streptococcus penumoniae 
Escherichia coli 
pseudomonas aeruginosa 
Serratia marcescens 
Proteus vulgaris 
Klebsiella pneumoniae 
Micrococcus lysodeikticus 

Tubercle bacillus Mycobacterium tubercu-
losis H37 Rv. 

10 

Bacterial spores Bacillus subtilis 
Bacillus megaterium 
Bacillus globigii 
Clostridium t^tani 
Clostridium perfringens 

180 

Viruses Polio types I and II, 
ECHO type 6, Coxsacki 
3-1, Herpes simplex, 
Vaccinia, Influenza A-2 
(Asian), Adeno type 2, 
Mouse hepatitis (MHV3) 

10 

•Exposure to 2% solution at 25°C 
**Data from various sources. 

AOAC standard use-dilution test 



Clostridium. Borick et al. (11) demonstrated that when 

properly utilized, glutaraldehyde could destroy all forms 

of microbial life tested including bacterial and fungal 

cells and spores, and all the viruses they used. 

While glutaraldehyde is the most widely used of the 

aldehydes for the control of microbial populations, others 

are also effective. Table II lists other aldehydes and 

alkylating agents and their sporicidal activities. 

Sporicidal Activity 

Since bacterial spores are the most difficult of all 

microbial forms to kill, Borick et al. (11) concluded that 

sporocidal chemicals could be considered synonymous with 

chemosterilizers. 

One of the earliest indications of the antimicrobial 

activity of glutaraldehyde came from a study of the 

sporicidal activity of a series of dialdehydes in the 

search for an efficient substitute for formaldehyde 

(109). Pepper & Lieberman (102) revealed that as a 

sporicidal agent, glutaraldehyde in alcoholic solution was 

superior to both formaldehyde and glyoxal. 

In the use of chemicals as cold sterilizers, it is 

assumed that spores are more resistant than vegetative 

cells, and the time necessary to kill spores is taken as 



TABLE II 
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COMPARATIVE SPORICIDAL ACTIVITIES OF SOME ALDEHYDES 

Aldehyde Chemical structure Sporicidal Activity 

Formaldehyde 
(methanal) 

HCHO Good* 

Glyoxal 
(ethanedial) 

CHO-CHO Good 

Malonaldehyde 
(propanedial) 

CHO-CH2-CHO Slightly active 

Succinaldehyde 
(butanedial) 

CHO-(CH2)2-CHO Slightly active 

Glutaraldehyde 
(pentanedial) 

CHO-(CH2)3-CHO Excellent 

Adipaldehyde CHO-(CH2)4-CHO Slightly active 

*Borick, P. M. 1966. Chemical Sterilizers (Chemosterilizers) 
Advances in Applied Microbiology 10:291-312 . 



the measure of effectiveness. At a concentration of two 

percent, v/v, glutaraldehyde is capable of inactivating 

spores of Bacillus in three hours (11, 131). Rubbo et al. 

(114) reported a 99.99 percent kill of spores of Bacillus 

anthracis and Clostridium tetani in fifteen and thirty 

minutes, respectively. It is apparent from their results 

that not all species are equally susceptible, and that 

Bacillus pumilus was the most resistant of the organisms 

they tested. 

Antibacterial and Antifungal Activities 

Vegetative cells of bacteria are readily susceptible 

to the action of glutaraldehyde when tnese are compared to 

spores. Leers et al. (80) compared glutaraldehyde and 

formaldehyde using stainless steel penicylinders, neoprene 

rings, and circular polyvinyl tubing as carriers for 

several microorganisms including pseudomonas aeruginosa 

and Mycobacterium smegmr tis. These tests were designed to 

simulate conditions for the sterilization of instruments, 

catheter tubing, and anaesthesia equipment in surgical 

procedures. Glutaraldehyde was much more effective on all 

three cariers since formaldehyde failed to kill all the 

cells on porous surfaces although it was effective on 

stainless steel. On the basis of these results and those 
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of other tests, these investigations showed glutaraldehyde 

to be the chemosterilizer of choice against bacterial cells 

The antifungal activity of glutaraldehyde was first 

demonstrated by Stonehill et al. (131) who reported that 

growth of Trichophyton interdigitale was inhibited by a 

five-minute exposure to a two percent alkaline 

glutaraldehyde solution. This solution exhibited greater 

antimicrobial activity than a number of other commercially 

available preparations such as iodine and quaternary 

ammonium compounds. 

Dabrowa et al. (25) reported that a one-percent 

glutaraldehyde solution was also fungicidal but that 

porous surfaces contaminated with Candida albicans and 

Microsporum gypseum were significantly more difficult to 

sterilize with glutaraldehyde chan smooth surfaces such as 

glass and metal. 

Antiviral Activities 

The susceptibility of some animal viruses to 

disinfectants is thought to be greater than that of 

vegetative cells of bacteria but less than that of 

bacterial spores. The enteroviruses are more resistant 

than the enveloped adenoviruses (69) and some of these are 

exceptions to the above generalization in that they resist 
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exposure to chlorine at concentrations inhibitory to the 

enteric bacteria. A number of reports have shown that 

glutaraldehyde is effective against a variety of viruses 

(11, 127, 131). The enteroviruses, polio, ECHO and 

Coxsackie viruses showed greater resistance to 

glutaraldehyde than the other virus groups tested (69). 

Saitanu & Lund (117) reported that papovaviruses and 

paramyxoviruses were more resistant to glutaraldehyde 

treatment than enteroviruses under the conditions of their 

exper iments. 

Analysis of Glutaraldehyde 

Glutaraldehyde was first synthesized by Harries and 

Tank (55) in 1908 using glutaric acid and cyclopentene as 

starting materials. The saturated five carbon dialdehyde 

is an amber liquid usually supplied by manufacturers in a 

solution at a pH lower than 7 . 0 . As w i t h other aldehydes, 

the two aldehyde groups react readily in a wide spectrum 

of reactions under suitable conditions. When mixed with 

water, glutaraldehyde undergoes rapid hydration. This 

hydration is much greater than that of monofunctional 

aliphatic aldehydes. It is suggested that hydration is 

due to the ease with which both ends of the glutaraldehyde 

molecule approach each other to form a cyclic 
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monohydrate. The molarity of the solution, measured by 

vapor pressure osmometry, remains unchanged over a period 

of several weeks indicating the absence of any other 

spontaneous reaction or molecular rearrangement. Pure 

glutaraldehyde exhibits an absorption peak at 280 nm (4) 

but an absorption peak at 235 nm is seen in commercial 

solutions because of the presence of polymers which form 

spontaneously (101, 130). Gillet and Gull (40) reported 

that the absorption peak at 235 nm developed as a function 

of polymerization during storage. The chemical nature of 

solutions of glutaraldehyde is of considerable importance 

since these solutions are widely used for the 

cross-linking of proteins both in industry in the tanning 

of leather and in research in X-ray crystallography. The 

nuclear magnetic resonance spectra of aqueous solutions of 

glutaraldehyde were found to exhibit three peaks which 

were attributed to the presence of unsaturated polymeric 

material (55). By extraction with solutions of sodium 

chloride or ether, or by distillation, the unsaturated 

polymers were eliminated, leaving a residuum with a fifty 

per cent higher yield of monomeric glutaraldehyde. These 

studies also showed that the polymerization of 

glutaraldehyde in neutral solution was slow and polymers 

appeared only after a long period of storage. In alkaline 
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solutions, by contrast, glutaraldehyde rapidly polymerizes 

to an insoluble solid. 

The chemistry of the role of glutaraldehyde in the 

cross-linking reaction of proteins is unclear. Richards 

and Knowles (104) proposed a probable mechanism of 

reaction but did not offer unambiguous proof: (a) the 

reaction occurs fast in aqueous solution at room 

temperature; (b) protein modification is apparently 

irreversible since it could not be reversed with urea and 

semicarbazide; (c) for several proteins, the reaction does 

not disorder the crystal structure determined by x-ray 

diffraction (i.e., very similar single-crystal diffraction 

patterns resulting from treated or uncreated protein); (d) 

amino acid analysis of hydrolysates of proteins treated 

with glutaraldehyde shows partial loss of lysine; (e) no 

new ninhydrin-positive material appeared on chromatograms 

of the glutaraldehyde treated protein hydrolysate; and (f) 

comparison of treated and untreated protein revealed an 

acid shift of the hydrogen ion titration curve in the 

alkaline region. While these observations revealed 

something of the action of glutaraldehyde on some protein 

structures, they do not give a clear view of changes in 

molecular structure comensurate with changes in the nature 

of the protein. 
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Comparison with Other Chemosterilizers 

in 1961, Kronig and Paul (72) described a quantitative 

procedure for the testing of chemical sterilizers against 

microorganisms. Later, Chick (20) and Madsen and Hyman 

(84) introduced a mathematical model which describes the 

inhibition of microbial populations by chemicals and 

established the concept of a logarithmic death rate. The 

formula which described the kinetics of such inactivation 

curves has remained a model for demonstrating the rates of 

inactivation of bacterial cells by a variety of chemical 

and physical agents. 

Bernarde et al. (10) observed the action of chlorine 

on the vegetative cells of bacteria and proposed that the 

disruption of protein synthesis was primarily responsible 

for its effectiveness as a bactericidal agent. 

Rosenkrantz (110) suggested that sodium hypochlorite in 

solution might react with the DNA of vegetative cells and 

thus cause the well known bactericidal effect of this 

substance. Wlodkowski and Rosenkrantz (146) obtained 

mutants of Salmonella typhimurium using weak solutions of 

sodium hypochlorite. Since it is known that this oxidizes 

the purine and pyrimidine moieties of the DNA, these 

observations strongly support the work of Rosenkrantz. 

Investigations of the action of chlorine on vegetative 
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cells involve a variety of mechanisms. Generally, the 

antimicrobial action of chlorine results from the strong 

oxidizing effect of chlorine on all chemical constituents 

of the cell. Since the vital constituents are inside, the 

effect of chlorine must depend on penetration of the cell 

wall. Because chlorine reacts with all the organic 

constituents of the cell, multiple targets in the cell 

must be affected and death would result if those molecules 

most critical to the life of the cell were denatured. 

Wyatt and Waites (152) showed that chlorine at 

concentrations of approximately 50 ug per ml in water 

added to spores of Clostridium bifermentans, B. subtilis, 

and B. cereus reduced the number of spores which 

germinated but that those which germinated gave normal, 

typical bacterial cells. Studies with polyacrylamide gel 

electrophoresis (143, 150, 152) have shown that chlorine 

will remove a portion of certain proteins with similar 

molecular weights from spores of C. bifermentans and 3. 

subtilis. Wyatt and Waites (150, 151) also showed that 

mild chlorine treatment increased the germination rates of 

slow-growing mutants of C. bifermentans. While the reason 

for this was not understood, they suggested that these 

mutants could have had altered spore coats and that the 

faster germination could have resulted from increased 
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permeability of the spore coat to germination triggering 

chemicals (e.g., alanine) in the medium. As proof of this 

hypothesis, they showed that chlorine treatment sensitized 

the spores to lysozyme germination (153). In other 

studies, Dye and Mead (26) and Kulikovski (73) showed that 

chlorine treated spores lost dipicolinic acid, calcium, 

RNA, and DNA and also suggested that spore coats, as well 

as other protective cell layers, might be disrupted by 

chlorine, thereby altering the permeability of spores to 

chemicals present in the environment. While chlorine 

inactivates the germination mechanism, lysozyme normally 

initiates germination, but spores treated with broth did 

not grow out to form cells (152). In addition, chemical 

removal of the spore coat proteins increased the lethal 

effect of chlorine on spores of C. bifermentans and B. 

cereus spores over and above that calculated to result 

from the chlorine concentration used. Ail these data 

suggested that the spor-. coats protect the central body 

from the effects of chlorine (24, 62, 86) and offer 

concrete evidence that other sporocidal chemicals may also 

depend on penetration as a first consideration in 

effectiveness. 

Waites et al. (142) found that spores treated with 

hypochlorite and subsequently mildly heated (80°C), lost 
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dipicolinic acid and produced swollen protoplasts. Since 

heat was shown to not cause these changes, it was assumed 

that the combination of the two agents had a synergistic 

effect. Rode and Williams (108) found that spores of 

Bacillus megaterium were partially dissolved by treatment 

with hypochlorite. Subsequent studies with the electron 

microscope showed that spores of Baci1lus anthracoides and 

B. cereus treated with chlorine developed separations of 

the spore coats from the cortex, and that this was 

followed by sequential dissolution of the spore coat 

layers (37, 73, 74). Treatment of spores with alkali, 

hydrogen peroxide, and halogens other than chlorine also 

appeared to alter the spore coat with a consequent 

increase in permeability as a prerequisite for 

inactivation (23, 24, 28, 31, 99, 136, 142). 

Spores, as well as vegetative cells, vary in 

resistance to inactivating agents. There are variations 

among different genera, among different species and among 

different strains within species, and even in the same 

clone when cultures are grown in different media or under 

different conditions. Resistances of vegetative cells and 

spores to disinfection seems to vary with change in growth 

rate or time of sporulation (9, 77, 89, 144). 
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The Spore Cycle 

Many Gram-positive bacilli, some Gram-negative 

organisms, and some cocci form endospores. The formation 

of endospores by bacteria was postulated in the eighteenth 

century by Lazaro Spallanzani and documented in 1875-1877 

by Robert Koch. Since then, considerable information has 

been collected about the properties of spores and a lesser 

amount on spore physiology. The structure of bacterial 

spores has been studied by specific stain reactions and 

also by electron microscopy, some work has recently 

appeared describing the genetics of sporulation. There 

are many compilations of specific work on the mechanisms 

of sporulation, germination, and outgrowth (32, 121). The 

following review will briefly cover the changes which 

occur during the spore cycle. 

Sporulation 

Sporulation begins \hen rapid growth in a batch 

culture ceases, probably as nutritents become exhausted or 

waste products accumulated. There are exceptions but in 

general, it is at this time when sporulation commences. It 

is assumed that the concentration of one or more critical 

nutrients serves as the signal for sporulation. Although 

the nutritional signal serves as the mechanism for 
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induction, it is assumed that all subsequent developments 

depend on genetic control (32). The conditions required 

for sporulation are specific and different from the 

conditions required for growth of vegetative cells. The 

most important factors affecting sporulation have been 

found to be nutrient and mineral composition of the growth 

environment, pH, temperature, and aeration of the medium 

(140). 

During sporulation, characteristics unique to the 

spore develop sequentially but traits such as resistance 

to heat and chemicals appear only when the spore has 

matured. Dipicolinic acid and calcium accumulated in the 

cytoplasm of the forespore and the spore coat, 

respectively, and changes in cellular structure were noted 

in B. cereus (28). 

The culture conditions under which spores are formed 

have an effect on the structure and resistance of spores 

(9, 23). When raffinose replaced starch in the 

sporulation medium of Clostridium perfringens, the cells 

released more enterotoxin (39, 76), had thicker cortexes, 

and had altered spore coat structures (78). Spores of C. 

bifermentans produced in a trypticase medium contained 

more dipicolinic acid, were more resistant to hydrogen 

peroxide and heat and germinated more rapidly than spores 
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produced in a glucose medium (154). Church and Halvorson 

(22) were able to alter the dipicolinic acid content of 

Bacillus cereus var. terminalis spores by varying the 

level of yeast extract in the sporulation medium or by 

deleting phenylalanine. These workers found that spores 

with the higher dipicolinic acid content were more 

resistant to heat than those with lower amounts. Sugiyama 

(133) found that spores produced in cultures incubated at 

37°C had higher heat resistance than those produced at 

incubation temperatures of 24, 29, or 41°C. Sugiyama 

also observed that lowered iron, calcium and fatty acid 

concentrations in the sporulation medium decreased the 

heat resistance of the spores in comparison to those grown 

in the media normally used. From these and other such 

studies, it was found that, in general, the longer the 

fatty acid chains of lipids in the growth medium, the 

greater the heat resistance of the spores. In addition, 

extraction of fatty acids from the sporulation medium 

lowered heat resistance. 

Waites et al. (141) observed smaller protoplasts, 

larger cortexes, and greater heat resistance in spores 

produced in trypticase media with glucose than in a medium 

which they called "reinforced Clostridium medium". Their 

data were consistent with those of Gould and Dring (45) 
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who postulated the concept that an expanded osmoregulatory 

spore cortex leads to greater heat resistance. A similar 

relationship between resistance and protoplast size and 

expanded cortex was also observed with B. subtilis 

spores (9) . 

Activation 

Keynan and Evenchik (67) stated that activation of 

spores ended the state of dormancy but not the state of 

cryptobiosis. Activated spores were identified as those 

which were refractile, nonstainable, and resistant to 

heat, radiation, and chemicals but which could germinate 

more rapidly in the presence of suitaole initiators 

(germinants) or which require lower concentrations of 

germinants than normal, non-activated spores. Evans and 

Curran (29) reported that spores of Bacillus could be 

activated by heat shock. Other agents used to activate 

spores include reducing agents, low pH, calcium 

dipicolinate, ionizing radiation, urea and D-cycloserine 

(67). Activation, however, remains an elusive phenomenon 

which might be affected by the composition of the 

sporulation and plating medium (92, 107, 113), time of 

exposure and temperature of the heat treatment, storage 

time and temperature of incubation (16). Heat activation 
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and activation by reducing agents are reversible during 

storage at low temperatures (68) since spores which had 

been heat shocked and allowed to rest reverted to dormancy 

and required a second heat shock treatment to initiate 

germination. To the contrary, Busta and Ordal (17) 

observed that B. subtilis spores which had been 

heat-activated at 75°C did not lose the ability to 

germinate in the same fashion as recently activated spores 

even after 215 days at 5°C. Heat activated B. subtilis 

and B. stearothermophilus spores lost viability when 

stored in several nutrient or non-nutrient media (106, 

118) where sporulation could not continue. This 

phenomenon, was defined as the "loss of ability to 

germinate and develop under favorable growth conditions 

after storage under conditions preventing vegetative 

development." 

Germination 

Germination is the irreversible transition from a 

heat-resistant spore to a heat-labile intermediate form 

which has not yet developed into a vegetative cell (43). 

Germination is measured in several ways, including onset 

of heat or chemical lability, stainability, loss of light 

refractility, and increased oxygen uptake. 
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Spore germination involves rapid depolymerization of 

spore polymers and other storage components, loss of 

approximately 30 percent in weight, including dipicolinic 

acid, calcium, and manganese, and loss of about 50 per 

cent of the peptidoglycan content (43). In the sequence 

of events associated with germination, it is generally 

accepted that dormancy is lost, metabolism commenced, and 

enzyme activity reestablished. Enzymes are not generally 

detectable in dormant spores, but become active rapidly 

during this transition (50). During germination, protein 

and RNA storage forms are degraded while synthesis of ATP 

and of ribosomal and soluble RNA begins but the synthesis 

of messenger RNA, new protein, and DNA occurs later and 

are associated more with outgrowth than germination (122, 

123). 

Germination may be initiated or promoted by many 

chemicals including metal ions, calcium dipicolinate, 

surfactants, bicarbonate, lysozyme and lytic enzymes 

specific for bacterial spores. Germination may also be 

initiated by physical means such as abrasion, deformation, 

and application of hydrostatic pressure (36, 46, 83, 

126). A review of the various germination mechanisms 

including initiators was written by Gould and Dring (44). 

Metabolizable or nutrient initiators included particular 
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amino acids, purine ribosides or deoxyribosides, bases, 

and sugars (44). 

L-alanine is the most widely studied germinant. in 

the presence of suitable ions or sugars, it will initiate 

the germination of spores of many species of Bacillus and 

Clostridium (43). The mechanism by which L-alanine and 

other amino acids initiate germination is unknown but 

involvement of L-alanine dehydrogenase has been suggested 

(52, 97, 98). However, it was readily shown that mutants 

of B. subtilis incapable of synthesizing alanine 

dehydrogenase germinated in the presence of L-alanine 

albeit at a slower rate than wild-type spores (34). 

Stewart et al. (129) and Wolgamott et al. (147) proposed a 

kinetic model for germination which suggested that 

L-alanine inhibits an allosteric spore enzyme primarily on 

the ground that the substrate of the enzyme suggested, 

bore no relationship to alanine. The identity or location 

of the allosteric enzyme was not established but it was 

assumed that it was one of the initiation proteins 

identified by Labbe and his co-workers (78). It was also 

assumed that it could have been the spore lytic enzyme 

extracted by Gombas and Labbe (41) or the serine protease 

associated with B. cereus spore coats (128). Nutrient and 

non-nutrient germinants appeared to act in many cases as 
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potentiators of amino acid-induced germination (45), 

although some reports indicate that germination induced by 

nutrient or non-nutrient agents in the absence of amino 

acids might also occur (6, 57, 116, 124, 139). 

The nature of germination initiation is 

controversial. Generally, there are two views of the 

triggering reaction: 1) it is a metabolic reaction 

requiring energy or 2) it is a biophysical change in 

spore structure at or near the spore surface. The 

hypothesis describing a metabolic reaction is based 

primarily on studies with metabolic inhibitors and 

germination mutants. Rossingnol and Vary (112) suggested 

that the inhibitors affected a later stage in germination 

or even during outgrowth. Mutants which were blocked in 

defined stages of various metabolic pathways, which 

included glycolysis and amino acid metabolism, often 

showed altered germination requirements (33, 35, 145) or 

germination characteristics. Freese and his co-workers 

concluded that all mutants with altered or missing enzymes 

would respond differently to germination (33, 34). It was 

assumed that enzyme changes resulting from mutations 

affect later stages of germination or even only outgrowth 

reactions (66, 111, 129). 

Data which indicate that the trigger reaction for 
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germination is a biophysical change of the spore 

structure, are more convincing. Vary ( 1 3 9 ) and Rossingnol 

and Vary ( 1 1 1 , 1 1 2 ) found that non-metabolizable analogues 

of germinants such as glucose and proline could initiate 

germination, thereby indicating that metabolism of the 

inducer was unnecessary for germination. Bacillus 

megaterium spores were found to lack measurable amounts of 

enzymes for proline catabolism, yet proline was an 

effective germination trigger ( 1 1 1 ) . Studies with 

L-alanine and L-proline showed that triggering requires a 

brief exposure of heat-activated spores to the L-amino 

acid ( 5 1 , 5 4 , 1 1 1 , 1 2 0 ) . Scott and Ellar ( 1 1 9 ) failed to 

detect changes in B. megaterium spore components or the 

presence of metabolic intermediate pathways (glycolysis, 

tricarboxylic acid cycle, pentose phosphate pathway, amino 

acid metabolism) during the first few minutes of 

germination in L-alanine. The evidence presented by these 

workers strongly indicaLad that metabolism was not 

necessary for the triggering of germination. They 

suggested that a biophysical alteration in the spore or 

spore coat probably served as the triggering event. The 

site of the biophysical trigger might be an inner spore 

coat layer or even a site on the spore cytoplasmic 

membrane ( 1 9 , 3 0 , 7 5 , 1 3 8 ) . These suggestions appear 
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tenable in that it has been proposed that cortex 

hydrolysis is the first detectable metabolic event in 

spore germination (64). 

Many environmental factors, which have no effect on 

outgrowth or on vegetative cell growth, affect the 

germination process and these may vary from one organism 

to another. The concentration of the germinant or a 

promoter can affect both rate and extent of germination as 

has been demonstrated for spores germinated with 

L-alanine, L-cysteine and other promoters (5, 6, 113, 

137). The optimal culture medium pH for spore germination 

has received much attention. Several studies indicated 

that in several media, approximately neutral pH values 

were best (2, 5, 6, 7, 113) for germination. However, 

Swank and Walker (134) reported that a pH of 10.0 was best 

for germination of Baci1lus spores in L-alanine and that 

germination was negligible in the range from 3.5 to 8.0. 

The optimal pH values for germination were influenced by 

other factors, such as the medium and the temperature of 

incubation. Temperature has a significant effect on spore 

germination. Spores germinate over a wider range of 

temperatures than those favorable for vegetative cell 

growth. Some spores germinate at 4°C, while others 

require much higher temperatures for germination (6, 47, 
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113, 119). Rowley and Feeherry (113) indicated that 

37°C was best for germination of Clostidium botulinum 

spores in an optimal medium but that germination could 

occur in the range of temperatures from 0° to 70°C. 

Other studies (6, 7) have also indicated that germination 

is optimal at 37°c. However, the optimal temperature 

for germination was shown to vary with the particular 

germinant and the conditions of the experiment (1). 

According to Rowley and Feeherry (113), spore 

germination occurred over a wider range of water activity 

(a ) than did the growth of vegetative cells (50). Some 
w 

spores germinated at a w values as low as 0.89, when 

other conditions such as pH and temperature were 

maintained at optimum levels. On the other hand 

Baird-Parker and Freame (8) indicated that if 

environmental conditions such as pH were suboptimal, low 

water activities might limit germination of spores. Ohye 

and co-workers (100) observed a similar effect of low a w 

in combination with suboptimal temperature. 

Outgrowth 

After germination, spores undergo changes which 

includes swelling, rupture of the spore coat, emergence of 

the protoplast and elongation leading to formation of the 



29 

first vegetative cell (132). Outgrowth is also affected 

by environmental factors such as temperature, amounts and 

kinds of nutrients, water activity, Eh, and pH. 

Potential For Industry 

It is tempting to exploit the unique properties of the 

cell at certain stages of the spore cycle in order to be 

able to control spore problems in the food industry. For 

example, if bacterial spore germination could be blocked, 

the dormant spores would not present spoilage or public 

health problems. If spores could be induced to germinate 

at preselected times by the use of specific substances or 

treatments, less severe sterilization treatments could be 

used to destroy the spores which cause problems of 

contamination. This would be very attractive since there 

would be a reduction in the use of treatments on foods and 

food products, medical equipment and production 

machinery. As a safety factor, controlling spore problems 

by inducing or blocking progression of spores through the 

spore cycle would be useful. Further research is needed 

to understand the processes involved in transitions from a 

vegetative cell to a dormant spore and back to a 

metabolically active vegetative cell. 
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Mechanisms Of Glutaraldehyde Toxicity 

The biocidal activity of glutaraldehyde in alkaline 

solutions is thought to be due to the effects that the 

glutaraldehyde molecule has on the outer layers of the 

microbial cell or spore. 3oucher et al. (12) postulated 

that the two major factors governing antimicrobial 

activity were the distance between the active aldehyde 

groups of the glutaraldehyde molecule and the resultant 

tendency to cause cross linking. This report essentially 

agreed with the findings of Rubbo et al. (114) which 

showed that antibacterial activity was due to the two free 

aldehyde groups. Considering these results, Navarro and 

Monsan (95) stated that a molecule containing two aldehyde 

groups allowed formation of an aldo-type polymer at a pH 

near alkalinity. Several studies of glutaraldehyde 

interactions with proteins have been published (15, 48, 

49) and these show that in the incorporation of the 

glutaraldehyde molecule in protein, cross linking is the 

major reation. The extent and rate of these cross linking 

reactions were shown to be a function of pH and increased 

considerably over the range of 4 to 9 (60). 

Glutaraldehyde reactions with proteins involve principally 

the lysine residues in the proportion of four moles of 

glutaraldehyde to one mole of lysine (70). Monsan et al. 
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(91) stated that the aldol-type polymers formed in 

alkaline solution react with amino groups to give an imino 

bond and proposed that glutaraldehyde does not react as a 

single molecule but as an unsaturated polymer. 

It has been proposed that glutaraldehyde-protein 

interactions may affect the cell surface of Escherichia 

coli (95). Treatment of E. coli with alkaline 

glutaraldehyde greatly reduced or prevented lysis on 

exposure to two per cent sodium lauryl sulfate. Because 

of interaction between glutaraldehyde and lipoprotein, 

this protection against lysis was greater with intact 

cells than the commensurate reaction with isolated cell 

walls. These findings point to a powerful binding 

reaction of the aldehyde to the outer cell wall layers. 

In other studies, Navarro and Monsan (95) showed that 

the cells of many organisms agglutinated irreversibly in 

the presence of even low concentrations of 

glutaraldehyde. They showed that this was due to the 

formation of intercellular bonds. Munton and Russell (94) 

attributed the unusual color development of Gram-negative 

bacteria grown in the presence of small amounts of 

glutaraldehyde to a reaction involving amino groups on the 

outer cell layers. These findings support the hypothesis 

of preferential action of glutaraldehyde on the outer 
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layers of the cell. 

Cell wall components such as the peptidoglycans, 

mureins, glycopeptides, or mucopeptides, contain many 

chemical groups capable of reacting with glutaraldehyde. 

Hughes and Thurman (61) studied the effect of lysozyme on 

the isolated peptidoglycan of B. subtilis. They found 

that, although splitting of lysozyme-sensitive bonds 

occurred, glutaraldehyde-treated peptidoglycan was more 

resistant to further lysis by lysozyme than the untreated 

polymer. In these studies it was proven that 

glutaraldehyde reacted with 30 to 50 per cent of the amino 

groups in the isolated peptidoglycan by combining with 

free amino groups. Ester-linked D-alaiine residues 

present in cell wall teichoic acids also reacted with 

dialdehyde. When isolated cell walls of B. subtilis were 

treated with glutaraldehyde, intramolecular cross-bridges 

were found involving single teichoic acid chains; also 

found were intermolecular bonds which joined teichoic acid 

chains together. The intensity of this reaction depended 

on the content of teichoic acid in the cell wall 

material. It was assumed that the reaction between 

different chains depended on the proximity of teichoic 

acid polymers within the cell wall material. A study by 

Gorman and Scott (42) on the interaction between the 
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peptidoglycan from Gram negative bacteria and 

glutaraldehyde showed that glutaraldehyde labelled with 

carbon-14 did not penetrate the peptidoglycan layer. They 

also showed that isolated cell walls which had 

peptidoglycan as the outer layer exhibited a decreased 

capacity to bind glutaraldehyde of approximately fifty 

per cent after pretreatment with glutaraldehyde. They 

interpreted these data as strongly indicative of the 

possibility of a cross-linking interaction between 

glutaraldehyde and the cell walls of living cells. Upon 

treatment with glutaraldehyde, lysozyme-induced 

protoplasts of Bacillus megaterium became optically dense 

and resisted lysis when transferred to a hypotonic medium 

(93) . 

Only a few studies involving the reactions between 

glutaraldehyde and cytoplasmic constituents have been 

reported, protein synthesis was found to be inhibited 

within ten minutes when glutaraldehyde was added to 

E. coli (88) in rapidly growing cultures. It was 

suggested that this rapid affect of glutaraldehyde was 

probably not caused by the direct action upon the 

protein-synthesizing reactions of the cell but rather was 

due to inhibition of precursor uptake as a consequence of 

a glutaraldehyde-protein reaction on the outer cell wall 
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structures of the organism (87). The reaction of 

glutaraldehyde with nucleic acids followed pseudo first 

order kinetics at high temperatures, but there was little 

evidence for the formation of intermolecular cross-links 

(59). Ellar et al. (27) showed that the release of 

certain enzymes from the isolated cytoplasmic membranes of 

Micrococcus lysodeikticus was prevented by treatment with 

low concentrations of glutaraldehyde. 

Few studies have been conducted on the mechanism of 

sporicidal action of glutaraldehyde. Thomas and Russell 

(135) showed that at 0.1 percent concentration glutar-

aldehyde inhibited the germination of spores of B. 

subtilis and B. pumilus. At higher concentrations (2%) 

glutaraldehyde was sporicidal but only after exposures 

from two to three hours. These studies showed that 

glutaraldehyde interacts with the outer layers of 

bacterial spores at either an acid or an alkaline pH. In 

addition, it was noted that this interaction reduced the 

release of dipicolinic acid from B̂ . pumilus spores. In a 

similar study Russell and Hopwood (115) showed that acid 

glutaraldehyde interacts at the spore surface whereas 

alkaline glutaraldehyde penetrates the surface structures 

and attacks the protoplast itself. These findings were 

confirmed by proving that the proteins obtained from spore 
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protoplasts treated with alkaline glutaraldehyde were 

different from those treated with acid glutaraldehyde in 

electrophoretic mobility. The acid-treated spores gave 

protein "profiles" much more similar to the ones obtained 

from untreated spores than did the ones treated with 

alkaline glutaraldehyde. 

Gould and Dring (45) found that spores of B_. cereus 

became heat-sensitive when exposed to increasing concen-

trations of various salts. They postulated that the 

cations interacted with loosely cross-linked and 

electronegative peptidoglycans, causing collapse of the 

cortex. A possible role of sodium bicarbonate in 

facilitating penetration and interaction of glutaraldehyde 

with proteins, enzymes, and peptidoglycans in the cortex 

of spore coats has also been postulated (45). This work 

also showed that alkaline glutaraldehyde at high 

concentrations (ten percent) interacts strongly with one 

or more layers of the s-ore coat producing an extremely 

tough, sealed structure. At a low pH this interaction was 

much slower. 

Factors That Influence injury 

It is often difficult to assess injury to a bacterial 

cell or spore but certain principles apply a_ pr ior i. 
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There are many factors which influence the type and extent 

of injury incurred by the cell or spore exposed to 

different stresses. Often these can be the kind discerned 

only as a function of the experimental protocol employed, 

and assessment is always difficult. For the purpose of 

this work, the following criteria were established. 

Inherent 

Differences exist in resistance to stress and in the 

type and extent of injury. Differences in injury are also 

affected by the genus, species, and strain of the 

microorganisms used. Since the spore is more resistant 

than its vegetative cell counterpart, one has to assume 

that injury to a living entity in the state of 

cryptobiosis is considerably different from that in the 

vegetative, reproductive state. 

Environmental 

Sporulation conditions affect resistance and 

consequent injury of bacterial spores just as growth 

conditions affect vegetative cells. Sporulation 

conditions which are undoubtedly important include medium, 

availability of nutrients, temperature, gaseous atmosphere 

(particularly the presence of oxygen with anaerobic 

spore-formers), presence of other microorganisms, storage 

conditions, and post-harvest treatment. Specific factors 
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which are known to influence injury include specific 

minerals, water content, fatty acids and sugars. Busta 

and ordal (16) reported that a sporulation medium of 

thirty per cent potato infusion had to be diluted with 

distilled water to a ratio of three parts medium plus 

seven parts water before a decrease occurred in heat 

resistance of 3. cereus spores. During exposure of the 

spore to stresses which result in injury, several factors 

were found to influence the kind and extent of injury. 

These include the type of stress; for example, heat, 

irradiation, chemical substances, and the extent of the 

exposure. 

The handling and treatment of a spore after exposure 

to a stress resulting in injury is critical to the 

assessment and evaluation of injury in terms of laboratory 

evidence. Factors which should be considered include 

medium composition, availability of nutrients, germinants, 

salts, presence of selective agents such as dyes and 

minerals, antibiotics, and preservatives. Other factors 

of importance are incubation time and temperature, gaseous 

atmosphere, oxidation-reduction potential, pH, a , and 

the presence of other microorganisms. 

Finally, the best and only unambiguous criterion of 

spore injury or damage is the death of the spore. This is 
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an end-point which can be approached only unidirectionally 

for no assessment can ever be made of "overkill" in any 

rational sense, in this study, the sense of injury and 

death were considered as sequential phenomena, not 

qualitatively different from each other but only differing 

quantitatively from each other. In this view, it is 

postulated that there are two extremes and a middle ground 

consisting of a continuous spectrum of conditions 

differing one from the other only in infinitesimal 

quantities. By necessity, these infinitesimal quantities 

are imperceptible by our experimental methodology and can 

be assessed only in very few cases. The two extremes are 

"normal" and "dead" there being no other possibilities 

beyond either extreme. 

in assessing some of the effects of glutaraldehyde on 

bacterial spores, we used the concept of injury wherever 

possible, the concept of death when necessary in order to 

assess injury and considered all conditions other than 

injury and death of spores were considered to be normal. 
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CHAPTER II 

MATERIALS AND METHODS 

This section contains the materials and methods common 

to each of the subsequent units which describe the 

experiments conducted to accomplish the stated objectives. 

Spore inoculum 

Bacillus subtilis (ATCC 19659) was maintained in the • 

laboratory in the lyophilized state at 4 C. Working 

cultures were grown in Soybean casein Digest Broth (Difco, 

Detroit, Michigan) in Ehrlenmeyer flasks at 32°C for 96 

hours as still cultures. The cells were harvested by 

centrifugation at 4/000 x g and washed three times by 

centrifugation with sterile distilled water and were then 

stored at 4° until needed. 

Enzymatic cleaning of Spore crops 

Before use, the spores were further cleaned by a 

modification of the method of Grecz et al. (3). One 

hundred milliliters of the spore suspension were 
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aseptically added to 50 ml of lysozyme (U.S. Biochemical 

Corporation Cleveland, Ohio) solution (200 mg/ml) and 

incubated for 30 minutes in a 45°C water bath. The 

spores were again concentrated by centrifugation at 4,000 

x g and the supernatant liquid was decanted aseptically. 

Seventy-five ml of trypsin (U.S. Biochemical Corporation 

Cleveland, Ohio) solution (100 mg/ml) were then added, and 

the incubation was continued for two hours. The lysozyme 

and trypsin solutions were made with 0.05M potassium 

phosphate buffer (K2HP04, KH2P04 Mallinkrodt, 

Incorporated, St. Louis, Missouri), pH 8.1 and sterilized 

by filtering through 0.45 urn filter membranes. After 

enzyme treatment, the spores were washed ten times with 

distilled water by centrifugation at 4,000 x g. They were 

then re-suspended in sterile distilled water and counted 

by serial dilution and plating on Tryptone Glucose Extract 

Agar (Difco, Detroit, Michigan). The spore stock 

suspension was also examined microscopically using phase 

contrast microscopy to check for vegetative cell debris 

and the presence of non-refractile spores. The refractile 

spores were considered to be the normal form and it was 

assumed that they were not undergoing germination while 

non-refractile spores were either dead or at some stage of 

the germination process. 
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Glutaraldehyde Treatment 

The glutaraldehyde solutions were made from analytical 

grade glutaraldenyde (Surgikos, Inc., Arlington, Texas) by 

diluting a two-molar stock solution with distilled water. 

The pH was poised at 7.0 by titration with a one Molar 

sodium hydroxide solution. The control used in the 

experiment was a 100 mM phosphate buffer solution at pH 

7.0. Before each experiment, an aliquot of the spore 

suspension was heat shocked at 80°C for fifteen 

minutes. Heat shock was always conducted within two hours 

of use of the spores. 

The spores were exposed to 2.0, 20, and 200 millimolar 

solutions of glutaraldehyde for two minutes at 25°C. A 

0.05 ml sample of spore suspension was added to test tubes 

containing 5 ml of the appropriate glutaraldehyde 

concentration and mixed rapidly. After two minutes, the 

glutaraldehyde was inactivated by neutralization with 0.4% 

(w/v) sodium thiosulfate. 

The control consisted of 0.05 ml of a spore suspension 

in 5 ml potassium phosphate buffer (100 mM) at pH 7.0. 

The spore suspensions were plated after treatment and 

those which survived the treatment were counted as 

colonies on Tryptone Glucose Extract Agar. 
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Spore Germination Assessment By Light Microscopy 

Glutaraldehyde was diluted in water to give final 

concentrations of 2, 20, and 200 mM and a Tris buffer 

control solution (100 mM) were prepared. To 9 ml of each 

of these solutions one ml of the spore suspension 

containing 1 x 10^ spores was added. The pH was 7 and 

the temperature 25°C. After two minutes the excess 

glutaraldehyde was neutralized by rapidly adding 0.1 ml of 

the test solutions to 5 ml Tryptic Soy Broth containing 

100 mM sodium thiosulfate. Samples were taken from these 

tubes after 0, 60, and 120 minutes also at 32°c. The 

sample was removed aseptically and placed on a clean cover 

slip. The cover slips were prewarmed on a hot plate at 

50°C and were at approximately 25°C when the sample 

was added: this was done to avoid temperature shocks which 

might affect refractility. The cover slips were placed 

culture-side down on clean glass microscope slides coated 

with distilled water. .he slides were examined 

immediately by phase contrast microscopy at 1,000X. One 

hundred spores were counted and were recorded as either 

refractile or non—refractile. The results were reported 

as percentage non-reftactile; i.e., germination after 

correction for the number of non—refractile spores in the 

stock spore preparation. 
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Viability 

The components of the different germination media 

employed are shown in Table III. The germination media 

wer© prepared in appropriate concentrations/ 

filter-sterilized utilizing 0.45 um filter membranes, and 

kept at 4°C until needed. 

Germination experiments were performed by adding 0.5 

ml of the germination solutions to sterile glass test 

tubes (10 x 75 mm) containing two drops of the 

glutaraldehyde treated spore suspensions and incubating 

these at 32°C for two hours in a water bath. One 

loopful of each preparation was removed aseptically and 

placed onto a glass coverslip as previously described. 

For consistency, spores appearing eitr.er fully or 

partially dark were recorded as non-refractile spores and 

only fully refractile spores were counted as "phase 

bright" or ungerminated spores. 

The untreated controls for the germination experiments 

exposed to the phosphate buffer were also examined and 

recorded as either refractile or non-refractile spores. 

The results were reported as percentage germination after 

subtracting the number of non-refractile spores in the 

stock spore suspension. 
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TABLE III 

SOLUTIONS AND CONCENTRATIONS USED FOR ASSESSMENT OF LOSS OF LIGHT 
REFRACTILITY OF SPORES EXPOSED TO 2.0, 20.0 AND 200.0 mM 

CONCENTRATIONS OF GLUTARALDEHYDE 

Code Component 
Concentration 
(Millimolar) 

A L-alanine (Sigma Chemical Co.) 4.5 

NaL Sodium lactate (Fisher) 9.0 

M Sodium malate (NaOH neutralized malic acid, 9.0 

Sigma) 

G Sodium thioglycollate (Difco) 4.0 

T Tryptose (Difco Laboratories) 1.8 

Ca Calcium chloride (Fisher) 9.0 

B Sodium bicarbonate (Matheson) pH 7.0 55.0 

X Tris/HCl buffer (THAM™, Fisher pH 7.0) 100 .0 

z Potassium phosphate buffer (KH^PO^, 100 .0 

K-HPO.; Mallinkrodt), pH 7.0 
2 4 

b Sodium thiosulfate (Fisher) 0.8 
I 
i 



TABLE IV 

COMBINATION OF DIFFERENT SUBSTANCES WHICH INDUCE AND SUPPORT 
GERMINATION OF SPORES 

60 

Code Medium Composition 

ABLX 

ABCGX 

AB+(NaL)X 

AB+X 

A3+Z 

B+X 

TB+X 

TB+LX 

TAB+LX 

4.5 ml L-alanine; 55 mM NaHC03; 9 mM sodium 
lactate 100 mM Tris/HCl buffer. pH 7.0; 0.8 mM 
sodium thiosulfate 

4.5 mM L-alanine; 55 mM sodium bicarbonate; 9 mM 
L-cysteine; 4 mM sodium thioghycollate; 100 mM 
Tris/HCl buffer. pH 7.0. 0.8 mM sodium thiosulfate 

L-alanine; 55 mM NaHC03; 9 mM sodium lactate; 100 
mM Tris/HCl buffer, pH 7.0; 0.8 mM sodium thiosulfate 

4.5 mM L-alanine; 55 mM sodium bicarbonate; Tris/HCl 
buffer, pH 7.0; 0.8 mM sodium thiosulfate 

4.5 mM L-alanine; 55 mM sodium bicarbonate; 
potassium phosphate buffer, pH 7.0. 

55 mM NaHC03; 100 mM Tris/HCl buffer, pH 7.4, 0.8 

mM sodium thiosulfate 

1.8% Tryptose; 55 mM sodium bicarbonate; 100 mM 

Tris/HCl buffer 

1.8% Tryptose; 55 mM sodium bicarbonate; 9 mM sodium 

lactate; 100 mM Tris buffer 

1.8% Tryptose; 4.5 mM L—alanine; 55 mM sodium 
bicarbonate; 9 mM sodium lactate; 100 mM Tris buffer 
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Gel Electrophoresis Of Proteins From Spores 

Exposed To Glutaraldehyde 

in these experiments, 5 ml o£ heat shocked spores from 

the stock spore suspension were pelleted by centrifugation 

at 4,000 x g. The spore pellet was mixed and incubated 

with 5 ml o£ a 200 milimolar solution of glutaraldehyde 

and also with other selected reagents at different 

concentrations, times and temperatures as shown in 

Table V. After incubation these preparations were 

centrifuged and the decanted supernatant fluid was 

- Q r 

lyopnilized and stored at b c. 

The lyopnilized samples were rehydrated with 100 ul 

deionized water and added to the chromatographic column 

along with fifty ul of a 2:1 (v/v) mi,cure of Coomassie 

Brilliant Blue R-250 tracking dye (Sigma, Cleveland, 

Ohio). The sodium dodecyl sulfate polyacrylamide tube gel 

electrophoresis columns were prepared and run according to 

the method of Laemmli ("). After resolving tne proteins, 

they were stained with- coomassie brilliant blue dye also 

according to Laemmli (5). Molecular weight standards used 

were bovine serum albumen (mw = 66,000), pepsin 

(mw = 35,000), trypsinogen (mw = 24,000), beta 

lactoglobulin (mw = 19,000) and lysozyme (mw = 17,000) all 

obtained from (Pharmacia, Piscataway, New Jersey). 
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Table V 

COMPARISON OF THE EFFECT OF GLUTARALDEHYDE 
AND VARIOUS OTHER SUBSTANCES 

ON THE PROTEINS OF BACILLUS SUBTILIS SPORES 

Substance 

Conditions of 
Incubation Time and Temperature 

1. 0.1 M NaOH 

2. 500 mM DTTA, pH 10 

(adjusted with NaOH) 

3. 50 M DTT, 4M Urea3 

(pH 6.5 Unadjusted) 

4. 0.1 M MCEc and 4 M Urea 

(pH 6.5 unadjusted) 

5. Distilled water, pH 3 

(adjusted with HCl) 

6. 200 mM glutaraldehyde 

0 , 30 min. 

37°, 37 min. 

37°, 2.5 hrs. 

3 7 0 C , 2.5 hrs. 

25 C, 30 min. 

25°C, 30 min. 

A D T T = Dithiothreitol (Sigma chemical Co., St. Louis, Missouri) 

BUrea = Fisher Scientific, Pittsburgh, Pennsylvania 

CMCE = 2-Mercaptoethanol (Sigma chemical Co., St. Louis, Missouri) 
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Molecular weight standards were analyzed by the tube 

gel electrophoresis utilizing 25 ug of protein in each 

case. 

Dipicolinic Acid Assay 

Five ml of a B. subtilis (ATCC 1 9 6 5 9 ) spore suspension 

were was added to each of four 15 x 25 mm test tubes. 

Glutaraldehyde solutions were added to spore suspensions 

to give concentrations of 2 , 2 0 , and 200 mM 

glutaraldehyde. The control consisted of the spore 

suspension in sterile distilled water. The spore 

suspension was autoclaved for fifteen minutes at 1 2 1 ° C . 

This was then cooled and acidified with 0 . 1 ml 1 N acetic 

acid. The solution was allowed to sit at room temperature 

for one hour and then centrifuged at 1500 x g for ten 

minutes. Four ml of the clear supernatant were pipetted 

into a 15 x 25 mm test tube. One ml of a freshly prepared 

reagent solution consisting of one per ce.it ferrous 

ammonium sulfate and one per cent ascorbic acid in 5 M 

acetate buffer at pH 5 . 5 was added to each tube. 

The absorbance of each solution was determined with a 

double beam spectro-photometer at 440 nm as described by 

janssen ( 4 ) . The optical densities were compared to a 

standard curve prepared pure with dipicolinic acid at 

concentrations from 20 to 140 mg/ml as shown in Figure 1 . 
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Figure 1. Dipicolinic acid reference curve for 

determination of dipicolinic acid in spore 

suspensions exposed to various concentrations 

of glutaraldehyde. The points represent the 

average of three determinations and the 

vertical line the range of values. 
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mg/ml 
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Effect of Lvsozyme 

Previous studies have indicated that some anti-

microbial agents remove or alter the permeability of spore 

coats which facilitate germination when lysozyme is added. 

The ability of lysozyme to promote germination of 

B. subtilis spores after treatment with glutaraldehyde was 

investigated. Spores of 3. subtilis were prepared as 

previously described in the section on germination 

procedures of the spore inoculum. One ml of a spore 

suspension containing 1 x 107 was added to 4 ml of 

solutions containing 2, 20, and 200 mM glutaraldehyde. 

The control consisted of adding 1 x 107 spores to 4 ml 

sterile distilled water. After two minutes at room 

temperature, the glutaraldehyde treated and control were 

centrifuged at 1500 x g for 10 minutes. One-tenth 

milliliter of each supernatant was added to tubes 

containing 5 ml tris buffer (100 mM) at pH 7.0 and t n » 

buffer (100 mM) at PH 7.J plus lysozyme (0.1 rag/ml). 

After two-hours incubation at 32°C, the germination 

rates were examined by phase contrast microscopy. 



CHAPTER BIBLIOGRAPHY 

1. Bowes, H. H. and c. w. carter. 1966. The Reaction of 
Glutaraldehyde with proteins and other 
Materials. J. Royal Microscopic Soc. 85.193-2UU. 

? rassier M and A. Ryter. 1971. sur un Mutant de 
Clostridium perfringens Donnant des Spores Sans 
Tuniques a""Germination Lysozyme-Dependante, Ann. 
Inst. Pasteur (Paris) 121;717-732 . 

rrpcz N A Anellis, and M. D. Schneider. 1962 . 
procedure for cleaning of Clostridium botulinum 
Spores. J. Bacterid. 84_:552-558 . 

A lanqsen P W.# A. J. Lund, and L. E. Anderson. 
1958. colorimetric Assay for Dipicolinic Aci in 
Bacterial Spores. J. Bacteriol. 27:26-27. 

i • n v 1Q7D cleavage of structural proteins 
5. Laemmli,^. ^ A s s ; m b l y o £ t h e H e a d 0f Bacteriophage 

T4. Nat. 227:680-685. 

67 



CHAPTER III 

RESULTS 

Enumeration data of two spore stock suspensions 

exposed to 2 . 0 , 2 0 , and 200 mM glutaraldehyde solutions 

are presented in Figure 2 . These results show that the 

two stock suspensions used in this study responsed 

similarly to glutaraldehyde. 

Germination Responses of Spores 

The effect of glutaraldehyde on germination as 

determined by light refractility of subtilis spores was 

evaluated during a two hour period as shown in Figure 3 . 

The percentage of spores which germinated is plotted 

against time. The data clearly show that germination, 

i.e., loss of refractility, was inhibited by 

glutaraldehyde. 

Germination responses of spores treated with 

glutaraldehyde and then exposed to four substances known 

to induce germination in other species of the genus 

Bacillus are presented in Figure 4 . The data shown in 

Figure 4 represent the average of three experiments. 

Treatment of the spores with various concentrations of 

glutaraldehyde reduced the extent of germination in all 

cases. 

63 
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Figure 2. Comparison of the effect of glutaraldehyde on 

the viability of spores from two different 

stock suspensions symbols: A = stock #1;® -

stock #2. Concentrations of glutaraldehyde are 

expressed as 2, 20, and 200 roM but the abscissa 

is drawn on a logarithmic scale. The points 

represent the average of three determinations 

and the vertical bars the range of values. 
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Figure 3. Loss of light retractility of B. substilis 

spores exposed to glutaraldehyde and allowed to 

germinate in Tryptic Soy Broth for the times 

indicated. Retractility was determined by 

phase contrast microscopy: open circle, 0 mM; 

closed circle, 2 mM; open square, 20 mM; closed 

square, 200 mM glutaraldehyde. The points are 

the average of three determinations and 

vertical bars the range of values. 
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Figure 4. Extent of germination of B. subtilis spores 

treated with glutaraldehyde followed by 

incubation (32°) for two hours in different 

germination-inducing solutions. Medium AB+Z 

contained 4.5 mM L-alanine, 55 mM sodium 

bicarbonate, 100 mM potassium phosphate buffer 

pH 7.0. and 0.8 mM sodium thiosulfate, Medium 

TB+Z contained 1.8% tryptose, 55 mM sodium 

bicarbonate, 100 mM potassium phosphate buffer 

pH 7.0. and 0.8 mM sodium thiosulfate. Medium 

ABLX contained 4.5 mM L-alanine, 12 mM sodium 

bicarbonate, 9 mM calcium DL-lactate, 100 mM 

Tris buffer pH 7.0. and 0.8 mM sodium 

thiosulfate, and medium ABCGZ contained 4.5 mM 

L-alanine, 12 mM sodium bicarbonate, 9 mM 

L-cysteine, 4 mM sodium thioglycollate, and 100 

mM potassium phosphate buffer, pH 7.0. and 0.8 

mM sodium thiosulfate. 
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Apparently some of the glutaraldehyde damage done to 

spores of B. subtilis is irreversible and germination 

cannot be induced even after a two hour period of time. 

Of the four media tested, spores immersed in ABLX 

exhibited the highest per cent germination ratio after 

exposure to 200 mM glutaraldehyde. 

Studies were conducted to compare the effect of 55 mM 

sodium bicarbonate and Tris buffer on the germination of 

spores of B. subtilis exposed to glutaraldehyde and then 

placed in a solution containing alanine (4.5 mM), sodium 

bicarbonate (55 mM) and Tris buffer (100 mM). 

The data from these experiments are shown in Figure 

5. The tris buffer enhanced higher spore germination than 

the phosphate buffer in both the TB+X and ABCGX media 

following treatment with 2, 20 and 200 mM glutaraldehyde. 

The influence of lactate on the action of L-alanine 

and tryptose in enhancing the germination of spores 

treated with various concentrations of glutaraldehyde is 

presented in Figure 6. Both L-alanine and tryptose mixed 

with lactate resulted in higher germination frequencies 

for spores treated with 2, 20, and 200 mM glutaraldehyde 

than did L-alanine or tryptose alone. 

The effect of lactate was assessed as both the sodium 

and the calcium salt. This was performed using the 
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Figure 5. The influence of medium buffer systems in 

potassium phosphate, (PHOS), or tris (TRIS) on 

germination of glutaraldehyde treated spores. 

The medium base AB+ contained 4.5 mM L-alanine, 

55 mM sodium bicarbonate, and 0.8 mM sodium 

thiosulfate. The medium base TB+ contained 

1.8% tryptose, 55 mM sodium bicarbonate, and 

0.8 mM sodium thiosulfate. The medium base 

ABCGX contained 4.5 mM L-alanine, 12 mM sodium 

bicarbonate, 9 mM L-cysteine, 4 mM sodium 

thioglycollate, and 0.8 mM sodium thiosulfate. 

The media were formulated with either 100 mM 

potassium phosphate buffer, pH 7.0, or 100 mM 

tris buffer, pH 7.0. 
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Figure 6. The influence of lactate on the action of 

tryptose and L-alanine on the germination of 

glutaraldehyde treated spores. The germination 

medium base BX contained 55 mM sodium 

bicarbonate, 0.8 mM sodium thiosulfate, and 100 

mM Tris buffer, pH 7.0. The medium germination 

B+LX contained 9 mM calcium DL-lactate, in 

addition to the components in B+X base. 

Germination solution with A was 4.5 mM 

L-alanine and germination solution T was 1.8% 

tryptose. 



MEDIUM 

79 

2 
2 
o 
LU 
2 

20 
200 

20 

B t X 

Bt X 

200 

20 
200 

20 
200 

Bt LX 

Bt LX 

% GERMINATION AT 2HRS. 



80 

germination induction solution AB+X which contained 

alanine (4.5 mM), sodium bicarbonate (55 mM), and Tris 

(100 mm). As shown in Figure 7, higher germination 

responses were observed in the solution containing lactate 

in the calcium form than in the sodium form for spores 

treated with various concentrations of glutaraldehyde. 

previous studies have indicated that malic acid 

competes with lactic acid during germination responses of 

Clostridium spores exposed to sublethal concentrations of 

chlorine (3). The data in Figure 8 show little difference 

between malate and lactate in supporting germination 

following glutaraldehyde treatment. The same germination 

solutions without lactate or malate exnibited lower 

germination frequency for the spores exposed to 2, 20, and 

200 mM glutaraldehyde. 

A comparison of germination frequencies in solutions 

containing alanine and lactate plus an excess of alanine 

(100-fold increase) was carried out. As shown in Figure 

9, the presence of lactate in medium ALB+X exhibited a 

lower spore germination response than spores in tne 

alanine solution (AB+X). A 100 fold increase in alanine, 

a concentration of 450 mM (100 fold that previously used), 

showed a higher germination frequency for spores exposed 

to different concentrations of glutaraldehyde. 
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Figure 7. The effect of the calcium and sodium salts of 

lactatic acid on germination of glutaraldehyde 

treated spores. The solution AB+X contained 

4.5 mM L-alanine, 55 mM sodium bicarbonate, 0.8 

mM sodium thiosulfate, 100 mM Tris buffer pH 

7.0 contained either 9 mM sodium DL-lactate 

(Nal) or 9 mM calcium DL-lactate (Cal). 
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Figure 8. comparison of the influence of sodium L-malate 

with that of calcium DL-lactate on L-alanine 

germination stimulation of glutaraldehyde 

treated spores. The solution B+X contained 55 

mM sodium bicarbonate, 0.8 mM sodium 

thiosulfate and 100 mM Tris buffer pH 7.0. and 

4.5 mM L-alanine (A), or 4.5 mM alanine plus 9 

mM calcium DL-lactate (AL) or 4.5 mM L-alanine, 

plus 18 mM sodium L-malate (AM). 
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Figure 9. Comparison of the influence of calcium 

DL-lactate and a 100 fold increase in the 

alanine concentration on the germination of 

glutaraldehyde treated spores. The solution 

designated B+X contained 55 mM sodium 

bicarbonate, 0.8 mM sodium thiosulfate, and 100 

mM Tris buffer pH 7.0., and 4.5 mM L-alanine, 

plus 9 mM calcium DL-lactate (AL) or 450 mM 

L-alanine (100A). 
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The influence of increasing the L-alanine 

concentration-ten fold (45mM) on the germination frequency 

of glutaraldehyde-treated B. subtilis spores suspended in 

four germination inducing solutions is presented in Figure 

10. In the solution containing L-alanine, sodium 

bicarbonate, tryptose and Tris buffer (ATB+X), the extent 

of germination of glutaraldehyde-treated spores was 

greatest at the highest alanine concentrations. Spores 

treated with 2 mM glutaraldehyde exhibited a higher 

germination response than the buffer-treated (control) 

spores. The solution containing tryptose and 45 mM 

L-alanine (10ATB+X) also produced higher germination 

responses in spores treated with 20 and 200 mM 

glutaraldehyde than did the same medium without tryptose. 

In the medium containing L-alanine, tryptose, sodium 

bicarbonate, Tris buffer and lacate (ATB+LX), higher 

germination rates were exhibited than in the same solution 

without tryptose (AB+LX). A ten-fold (45 mM) increase in 

alanine alone did not support a higher germination rate 

than did the solution containing tryptose and 45 mM 

L-alanine (10ATB+LX). 

If to the solution containing tryptose, bicarbonate, 

Tris buffer and lactate (AB+LX) was added, a ten-fold 

increase in the alanine concentration higher germination 
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Figure 10. Influence of ten fold increase in the L-alanine 

concentration on germination of glutaraldehyde 

treated spores. Solution B+X contained 55 mM 

sodium bicarbonate, 0.8 mM sodium thiosulfate, 

and 100 mM Tris buffer, pH 7.0. Solution TB+X 

contained 1.8% tryptose, 55 mM sodium 

bicarbonate, 0.8% sodium thiosulfate, and 100 

mM Tris buffer, pH 7.0. Solution B+LX and 

TB+LX contained 9 mM calcium lactate in 

addition to the components in solution B+X and 

TB+X, respectively. The solutions were 

formulated with 4.5 mM (L-alanine), and 45 mM 

(10A) L-alanine. 
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rates were not noted. The presence of lactate (AB+LX) did 

not result in higher germination rates than in the same 

solution without lactate (ATB+X). 

Electrophoresis 

Proteins were removed from Bacillus subtilis spores 

treated with 500 mM DTT, 50 mM DTT plus 4 M urea, and 0.1M 

MCE plus 4 M urea. A drawing of an electrophoretogram 

obtained from the spore extracts and molecular weight 

standards is presented in Figure 11. In contrast, 

proteins were not found in spore extracts treated with 

either 0.1 M NaOH, or 200 mM glutaraldehyde. 

Germination rates in the presence of lysozyme were not 

significantly different in the spores treated with 

glutaraldehyde than the controls (suspended in buffer). 

These data in Table VI indicate that lysozyme (0.1 mg/ml) 

did not enhance the germination of glutaraldenyde-treated 

spores at the three selected concentrations. 

As shown in Table VII, spores of Bacillus subtil is 

exposed to various concentrations of glutaraldehyde did 

not release dipicolinic acid into the medium in 

significant quantities when these were compared to the 

control spore preprations. The data consistently showed 

that at lower glutaraldehyde concentrations, small 

quantities of dipicolinic acid were released. 
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Figure 11. Drawing of an electrophoretogram of proteins 

obtained from spores of 13. subtilis treated 

with 0.1 M sodium hydroxide (Lane 1); 500 mM 

dithiothreitol, pH 10 (Lane 2); 50 M DTT plus 4 

M urea (Lane 3); 0.1 M mercaptoethanol plus 4 M 

urea (Lane 4); molecular weight standards; 

(Lane 5); and 200 mM glutaraldehyde (Lane 6). 
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TABLE VI 

EFFECT OF LYSOZYME ON GERMINATION OF BACILLUS SUBTILIS 
SPORES AFTER TREATMENT WITH GLUTARALDEHYDE 

Percent Germination 

Concentration (mM) Tris Buffer Tris Buffer + Lysozyme 

0 80 84 

2 7 3 7 0 

20 55 5 2 

2 0 0 38 4 2 
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TABLE VII 

DIPICOLINIC ACID EXTRACTED FROM SPORES OF BACILLUS 
SUBTILIS EXPOSED TO GLUTARALDEHYDE 

Glutaraldehyde (mM) Dipicolinic Acid (mg/ml) 

0 12 

2 3 

20 1 

200 0 
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CHAPTER IV 

DISCUSSION 

Bacillus subtilis (ATCC 19659) spores exposed to 

glutaraldehyde were impared in their ability to germinate 

as measured by loss of refractility. In addition, 

glutaraldehyde concentrations of 2mM, 20mM and 200mM 

resulted in increasing reduction in the number of viable 

spores (Figure 2 and 3). These results agree with those 

previously reported (11, 80, 105, 109). These experiments 

were performed previously to certify the sensitivity of 

the methods. 

In order to identify some of the parameters which 

influence the action of glutaraldehyde on the spores of 3. 

subtilis, a large array of chemicals were tested on the 

system described immediately above. First, the concept of 

injury or reversible, non-lethal damage was explored. It 

was found that the spores of B. subtilis can be damaged. 

That is, changes can be brought about which will 

ultimately result in the death of the spores but which can 

be reversed or repaired so that the spore regains its 
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viability. Thedata in Figure 4 show that only 18% of the 

spores exposed to 200mM of glutaraldehyde at 32°C for 

two minutes survived this treatment when the spores were 

suspended in a solution containing 4.5mM L-alanine, 55mM 

bicarbonate and lOOmM phosphate buffer at a pH of 7.0. On 

the other hand, if the buffer used was Tris instead of 

phosphate buffer and if 9mM of sodium lactate (DL) were 

added, 50% of the spores survived the same treatment. One 

view of these data is that the difference in surviving 

numbers, e.g., 32% of the entire population, represents 

those spores which had been changed (damaged) by the 

glutaraldehyde but not sufficiently so to have killed 

them. The damage caused was repaired or otherwise 

obviated by the presence of sodium lactate in the holding 

medium. This finding is in agreement with others (27, 45, 

135), but it is evident that our findings are much more 

dramatic in terms of differences in survival rates. On 

the other nand, the use of Tris buffer in conjunction with 

glutaraldehyde brings up the question of a possible 

reaction possible between either aldehyde groups of 

glutaraldehyde and the amino group of Tris. All the data 

presented in this work show that the inactivation of 

spores is not inhibited by the presence of Tris. In those 

experiments in which there is an apparent reduction in 
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glutaraldehyde activity, there is always some residual 

killing affect even at low concentrations. This means 

that although some damage was averted, not all the 

glutaraldehyde was neutralized. When all possible cases 

were considered, it seems unlikely that Tris played 

anything but the minor role of a buffer in decreasing the 

activity of glutaraldehyde. Glutaraldehyde treatments 

were also carried out in the absence of Tris and a 

significant measure of reversal of damage was obtained 

under the parameters of our studies. The use of Tris in 

glutaraldehyde treatment was pioneered by Borick (11). 

The fact that spores treated with 200mM 

glutaraldehyde, which were then allowed to germinate in 

the presence of lactate, showed greater ratios of recovery 

in comparison to the controls (Figure 4) than those 

treated with the lower quantities, points very strongly at 

a competition between glutaradehyde and lactate for the 

same chemical sites on the spore surface. in terms of 

reduction of the effect of glutaraldehyde on germination 

by the subsequent addition of lactate, it seems certain 

that more glutaraldehyde-affected sites on the spore are 

returned to their normal form, and the glutaraldehyde 

dislodged, by the lactate ion. This is not unreasonable 

in the sense that glutaraldehyde crosslinking (14) would 
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alter protein structure by forming bridges (bonds) between 

protein molecules; if these are removed then it is 

reasonable to assume that the protein reverts to its 

original, normal form. There is no evidence in the 

literature available to us that suggests that 

glutaraldehyde may cause protein hydrolysis or other type 

of molecular damage other than that already mentioned. 

When two different salts of lactic acid were compared 

for ability to ameliorate the effect of glutaradehyde, it 

was found that the calcium salt was considerably more 

effective than the sodium salt. Since the differences in 

reactivation by calcium lactate at all (2, 20 and 200 mM) 

levels of glutaraldehyde treatment was of the same order, 

19, 23, and 21% respectively, it is suggested that the 

same reactivation mechanism was involved. Also, the 

mechanism followed first-order reaction kinetics and 

calcium ions took part in the reaction. Since both sodium 

and calcium salts were effective, but the latter 

considerably more so, it can be said that this (repair) 

reaction requires the metallic ions and that the divalent 

ion was the more effective one. We do not know what 

reaction may be involved in the mechanism by which spores 

injured by glutaraldehyde may be brought back to germinate 

in the same manner as if they had not been damaged, but we 
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can say from the data presented here that the reactions 

which cause this repair involve L-alanine, lactate and 

sodium or calcium ions. It also appears that Tris buffer 

plays a role in the process, but its effect other than as 

pH buffers cannot be ascertained by the data obtained from 

our experiments. 

In order to better understand the role of L-alanine in 

the reactions which cause glutaraldehyde-damaged spores to 

regain their ability to germinate as if they had not been 

exposed to the aldehyde, the spores were placed in 

solutions containing large amounts of L-alanine. The 

rationale being that the glutaraldehyde-spore reaction 

complex may be labile in the presence of high 

concentrations of L-alanine. Although the stoichiometry 

and kinetics of glutaraldehyde L-alanine reactions is well 

known, we did not assume that the same would hold when 

glutaraldehyde reacted with B. subtilis spores, but we did 

expect that pressure might be exerted on the 

glutaraldehyde-spore complex by free L-alanine. The 

results of experiments designed to test this hypothesis 

(Figure 9) show that the hypothesis was correct. (40%) 

Glutaraldehyde damage was reversed by a ten-fold (45mM) 

increase in L-alanine over that used in the experiments 

described in Figure 4. The data in Figure 9 and 10 show 
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that the damage to glutaraldehyde-treated spores which 

could be reversed by calcium lactate could also be 

reversed by 45mM L-alanine. This is clearly shown in the 

experiments described in Figure 10. The graphs labelled 

B+X and TB+X show the effect of various concentrations of 

glutaraldehyde on spore germination and the effect of 45mM 

L-alanine (10A) on this in the absence of lactate. The 

graphs labelled B+LX and TB+LX show no effect of 

enhancement when lactate was added to the germination 

solution. 

Since the effect of calcium lactate on 

glutaraldehyde-damaged spores could be duplicated by high 

concentrations of L-alanine, it was deemed necessary to 

establish whether or not there was any distinction between 

the amino acid effect and the organic acid effect. This 

was done by testing an organic acid of similar molecular 

dimensions but different acidic properties. Malic acid 

was chosen and the experiments depicted in Figure 3 show 

that the presence of two carboxylic functional groups did 

not effectively affect the reactivity. That is, the 

sodium salt of malic acid had approximately the same 

effect as the calcium salt of lactic acid on the 

germination of spores which had been treated with varying 

doses of glutaraldehyde. 



102 

The data in Figure 11 show that proteins were not 

released from spores which had been treated with 200mM 

glutaraldehyde. When chemical agents known to affect the 

germination of B. subtilis spores such as dithiothreitol, 

mercaptoethanol and urea were added, proteins were readily 

detectable in the suspending medium (Figure 1). These 

data indicate that the mechanism of action of 

glutaraldehyde is different from that of other substances 

which inhibit germination. Dithiothreitol, 

mercaptoethanol and urea attach to sulfhydryl bonds of 

proteins causing disruptions in the secondary structure of 

protein molecules. under the conditions of our 

experiments, each denaturant affected different protein 

species since different protein molecules were released 

into the medium. The data in Figure 11 show no similarity 

in electrophoretic patterns of released proteins after 

treatment. On the other hand, treatment with 

glutaraldehyde must have affected the spores in different 

ways than did the other reagent since it effected no 

release of detectable proteins into the medium. Sodium 

hydroxide treatment was used as a control in order to show 

that the release of proteins from spores is not easily 

accomplished. The reactions represented in Figure 11 are 

specific and cannot be regarded as a massive chemical 
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attack on protein structures. From these data, it is 

evident to us that glutaraldehyde has a closing, or, 

cross-linking rection on the spore proteins. Also, unlike 

other chemicals tested, it does not affect germination by 

causing protein dissolution. 

It must be assumed that germination involves protein 

degradation and other reactions which make the spore 

permeable to water, nutrients and other constitueuts of 

the medium. From the data described above, it is evident 

that glutaraldehyde may prevent these "opening" reactions 

and in that manner foil germination. To test this 

possibility, the effect of lysozyme on 

glutaraldehyde-treated spores was studied. The effect of 

lysozyme on normal spores was described by Hughes and 

Thurman (61). Spores were treated with the usual three 

concentrations of glutaraldehyde and then with lysozyme. 

It was predicted that if cross linking of spore coat 

proteins had occurred and if these proteins were important 

in keeping the spore from germinating, then there should 

be no difference in germination of glutaraldehyde-treated 

spores after exposure to lysozyme. On the other hand, if 

peptidoglycan is more important or if lysozyme fails to 

penetrate to reach the spore peptidoglycan, then the 

lysozyme would have no effect. The data in Table VI show 
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that the latter was the proper view; however the two 

possiblities considered could not be resolved by this 

experiment. In order to do this an experiment was 

designed to test the ability of chemical substances to 

pass through the spore coat. This was accomplished by 

comparing the amount of dipicolinic acid which could be 

extracted from spores after treatment with 

glutaraldehyde. The data in Table VII show that heat can 

be used to extract dipicolinic acid from B. subtilis 

spores and that glutaraldehyde treatment prevents this, 

in our experiments, even treatment with a small amount of 

glutaraldehyde (2mM) caused a reduction in DPA release, 

and 200mM of the aldehyde inhibited completely the 

extraction of dipicolinic acid. This point is used to 

resolve the question previously posed. On the basis of 

these data, it seems certain that glutaraldehyde so alters 

the spore coat proteins that even small molecules such as 

dipicolinic acid cannot transverse the spore coat 

structures . 

in summary, and with a view to satisfying the 

questions proposed in the planning of this reaserch, the 

results of these experiments can be expressed in the 

following conclusions. 

First, it was clearly demonstrated that the damage 
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done to the spores of B. subtilis by glutaraldehyde could 

also be reversed. That is, the spores could be injured. 

This idea is consistent with the statement that lethal 

effects are not reversible but that only the changes which 

lead to injury are reversible. It was further shown that 

different chemicals could reverse different degrees of 

injury by treatment with glutaraldehyde. Of these, sodium 

malate and high concentrations of L-alanine showed the 

highest activity. 

Second, the data presented agree with previous reports 

regarding the effects of glutaraldehyde on proteins. Our 

findings which are consistent with the idea that 

glutaraldehyde causes crosslinking, extend present 

knowledge in that it is now clear that spores become 

"sealed" and will not permit the passage of chemical 

substances into the spore (lysozyme) or out of the spore 

(dipicolinic acid). The data presented also indicate that 

L-alanine can reverse the effect of glutaraldehyde, 

probably by competition with the spore constituents for 

the active groups of glutaraldehyde. This implies 

disruption of preformed bonds. 

Third, the data also show that the effect of 

glutaraldehyde is to bind the spore coat so securely (by 

crosslinking) that the normal reactions leading to 
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germination are not permitted. It has long been established 

that germination is preceeded by hydration and dipicolinic 

acid excretion. Since both of these reactions are inhibited 

by glutaraldehyde, it seemed reasonable to assume that 

germination would be suppressed. While the point was not 

proved unambiguously , it is reasonable to assume that spore 

death is a result of germination suppression since all 

treatments which enhance or force germination also diminished 

the effect of glutaraldehyde. 

While the results of this work do not serve to reveal 

the entire process of glutaraldehyude action on germination, 

they do contribute some knowledge in the three areas noted 

above and can serve as a starting point for future research on 

this important logic. 
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