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ABSTRACT

Historically, microbicidal activity of chemical microbicides has been assessed

using subjective, semi-quantitative test protocols, with little linkage of efficacy real-world

scenarios for decontamination and existing methods utilize an assortment of surrogates

to stand in for the target organisms of interest. The quantitative carrier test (QCT)

methods, recently developed to address the weaknesses in the current protocols,

involve two distinct tiers designed to provide varying levels of rigor to challenge the test

formulation.

ln this study a QCT-1 prescreen and a thorough application of QCT-2

methodology compared the activity of five liquid microbicides against spores of Bacillus

spcecies, including B. anthracis, with contact times ranging from 1 to 20 minutes under

ambient conditions.

A thorough examination of test data revealed that the spores of B. licheniformis

(ATCC 14580) and B. subtilis (ATCC 6051) were generally more resistant to the five

chemicals tested. lt is, therefore, recommended that the spores of one or both of these

two organisms be considered as suitable surrogates to evaluate liquid chemical

sporicides for their activity against the spores of B. anthracis.



1.0 INTRODUCTION

1.1 Description of Bacillus anffiracis

1.1.1 Microbiology

Bacillus anthracis, the etiologic agent of anthrax, is a spore-forming zoonotic pathogen

(122). The genus Bacillus currently contains 140 different species; B. anthracisfalls

within the "B. cereus cluster" along with very closely related B. cereus and B.

thuringiens,s (130). lndeed, these three species cannot be distinguished by 163 rRNA

(ribosomal ribonucleic acid) sequencing, suggesting that they are pathovars of a single

species. B. anthracis can, however, be distinguished from the other two by phenotypic

testing (17, 130).

B. anthracis is a large (1-8 ¡¡m long and 1-1.1¡tm wide), square-ended, non-

motile, aerobic, Gram-positive rod, which forms centrally located spores under ideal

conditions (118,122,130, 167). A distinguishing feature from its close relatives is its

ability to form a capsule composed of poly-D-glutamic acid, which can be visualized by

McFadyean stain (130). Under the microscope the vegetative cells of B. anthracis

appear as'Jointed-bamboo-rods" and on blood agar, the organism forms non-haemolytic

and "curled haid'(Medusa's head) colonies (72,130).

The vegetative cells of B. anthracrs do not survive well outside the host and

under conditions of nutrient exhaustion turn into spores of <5 ¡rm in size (72, 130, 167).

While the spores of bacteria can remain viable for 20-40 million years under certain

conditions (33), the spores of B. anthracls could be found viable in soil decades after the

deliberate contamination of Gruinard lsland in the 1940's (97).

Among the other noteworthy properties of bacterial spores are the high

resistance to heat, desiccation, and chemical agents as well as ionizing radiation (49,72,

166). Bacterial spores in general have evolved to persist in harsh, arid and ambient
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environments (71 ,72, 93, 130, 167). Mature spores are metabolically inactive but can

respond to nutrient-rich environments by rapid germination and outgrowth back to a

vegetative state (72, 93, 130, 167). oxygen is required for sporulation but not for

germination. Host signals can induce B. anthracis germinant sensors initiating vegetative

metabolic processes, including production of potent virulence factors (93, 130).

1.1.2 Historical Significance

Anthrax is an ancient scourge and is believed to have caused the 'plague of boils

and sores' during the Jewish captivity in Egypt (24). The disease is very well described

in Greek texts as it has been suggested that the famous plague of Athens (430427 ac)

was an epidemic of inhalational anthrax (130). lndeed the modern day "Anthrax" derives

from the ancient Greek word "anthracites" (130) or possibly from "anthrakis" meaning

"coal" which describes the black lesions normally associated with the cutaneous form of

the disease (72). During the 19th century, the study of anthrax led to several important

developments in medicine. lt was the prototype for Robert Koch's postulates on

establishing the etiology of an infection and Louis Pasteur created the first live

attenuated bacterial vaccine by generating a capsule-deficient strain of the organism by

growing it at cultures at 42oC Q$. ln 1905, Metchnikoff deployed anthrax bacilli to show

in transparent tissue models, that his newly discovered large blood cells exited the

circulatory system, migrated toward the bacilli and subsequently ingested the virulent

organisms - thus discovering and documenting the role of macrophages in host defence

for the first time (24).

Fabric and textile factories, which represented major industries in Europe in the

19th and early 20th centuries, became sites for many occupationally-acquired cutaneous

anthrax infections from the handling of hides and wool contaminated with anthrax spores

(106). Soon, "wool sorter's disease" was linked to the newly discovered agent - anthrax -



thanks to the work of Koch and Pasteur (106). Chemical treatment of wool and hides

before handling and other work-safety practices including the use of extractor fans for

ventilation, and use of guidelines for general cleanliness substantially reduced mortality

rates from the disease by the mid 20th century (106).

1.1.3 Epidemiology

The persistence of the spores in harsh conditions and their ability to quickly

germinate and infect both animals and humans are behind the outbreaks of anthrax (49,

51 ,72, 130, 167). The distribution of B. anthracis is worldwide and all animals are

susceptible to varying degrees (167). Naturally occurring anthrax in humans is a disease

acquired from contact with anthrax-infected animals or animal products (72). Large

epizootics have occurred in recent history with, particularly in herbivores (cows, sheep)

after ingesting spores from contaminated soils (72, 123). ln 1945, an anthrax epizootic

killed upwards of 1 million sheep in lran (72).

Spread of the anthrax infection from animal to animal occurs through effusion

and bleeding by terminally infected animals through nose, bladder and mouth, further

contaminating soils and water sources for other animals (167). Vaccination of targeted

species has drastically reduced animal mortality from anthrax (72, 130, 167).

ln humans, the majority of cases are due to agricultural or industrial exposure,

particularly those in direct contact with animals and animal products such as hides, wool

and contaminated meat products (155, 167). There is no person-to-person transmission

of B. anthracis infections (45). The three main routes of anthrax infection are

gastrointestinal, cutaneous and inhalational. ln North America no cases of naturally

occurring inhalational anthrax have been reported since 1976 when a home craftsman

died after working with yarn imported from Pakistan (72, 130). ln most cases, treatment

is ineffective once the symptoms of inhalational anthrax begin (72).



1.1.4 Glinical Manifestations and Pathology of Anthrax

1.1.4.1 Virulence Factors

The major virulence factors of B. anthracrs are encoded on two virulence

plasmids, pX01 and pX02 (24,49, 130, 167). The latter is the plasmid which encodes

for the poly glutamate capsule while pXO1 encodes for the tripartite anthrax toxin

composed of lethalfactor (LF), edema factor (EF) and protective antigen (PA) (24,49,

130, 167). The presence of both capsule and toxin plasmids is required for virulence of

(167, 196). Expression of the virulence is regulated by host-specific factors such as

elevated temperature (>37oC), carbon dioxide concentration (>5%) and by the presence

of serum components (49).

The main function of the capsule is to protect the vegetative cell against

phagocytosis and other bactericidal components of the host serum (24,130). The

plasmid for capsule synthesis is 93.5 kb in length and it encodes the three genes capC,

capB, and capA. (24,49,130, 167).

The anthrax toxin is carried on the 184 kb pX01 plasmid and is also required for

full virulence in B. anthracis (24). As mentioned previously, the anthrax toxin is a three-

component toxin, which produces two separate binary toxins (49). Figure 1

demonstrates the activity of the anthrax toxin components and its effects on cellular

functions. ln binary toxin, also called "AB toxins" the main toxin subunit "A" (active) is

bound to the "8" (or binding) portion for delivery to the host cell and once delivered, the

A portion is responsible for the biochemical activity (24). Unique to anthrax is that the

two active subunits, lethal and edema factor, share the same "8" subunit, called

Protective Antigen (2Ð;it is so named for its ability to provide experimental protective

immunity against B. anthracis (167). PA is an 83kd protein that binds to target cell

receptors called Anthrax Toxin Receptors (ATR) on host cells where a small portion is

proteolytically cleaved (by a furin class protease) and is pañly endocytosed (24,130).
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The cleavage of PA-83 to PA-63 allows it to aggregate together into a hepatamer (7

PA's) and to act as a membrane channel for delivery of either LF or EF inside the hfst

cell (49, 88, 167). Once LF and EF bind to protective antigen (PA) they become known

as Lethal Toxin and Edema Toxin (24,49,13Q).

Lethal Factor (LF) (or once bound to PA) - Lethal Toxin is a zinc metalloprotease

that cleaves the N-terminal region of mitogen-activated protein kinase (MAPK) kinases

(MAPKK) (49). These kinases play important roles in several cellular events such as

proliferation, inflammation and cell survival (49). MAPKs interact with MAPKKs via their

N-termini regions, which are cleaved by LethalToxin and interaction with MAPK is

inhibited. This results in a blockade of downstream signaling events, leading to

potentially apoptosis, prevention of cellular proliferation, and blockage of pro-

inflammatory cytokine production pathways (107). Lethalfactor can also cause a hyper-

inflammatory condition in macrophages, activating oxidative burst pathways leading to

induction of pro-inflammatory cytokines, including TNF-alpha and lL-18 which cause

shock and death of the host (49). While this appears to be contradictory, anthrax bacilli

utilize macrophage infection for propagation and systemic spread (107). lnitial infection

and manipulation of early signaling pathways allows time for B. anthracis to replicate

within the cell and only when necessary to spread, induce cell death and its release

allowing for infection of new and different cells (24,49). During initial stages of infection

1L-18 and other inflammatory mediators are 'stock-piled' within the macrophages and

once Lethal toxin reaches threshold level, lysis of macrophages bursting throughout the

body can release large amounts of lL-18 causing dramatic 'sudden death' in systemic

anthrax (24). LF when injected with PA into test animals æuses hypotension, shock, and

death, with death occurring in as little as 38 minutes (24).



Figure l: An overview of anthrax toxin entry and the role of Protective Antigen into host

cells during the pathogenesis of Bacillus anthracis adapted from Starnbach & Collier,

2003 (177). PA = Protective Antigen, LF = Lethal Factor, Ep = (O)edema Factor
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EF - or Edema Toxin (EdTx) was the first component of the anthrax toxin shown

to have enzymatic activity (24). EF is an adenylate cyclase whose activity is absolutely

depended upon the presence of calmodulin, which in turn is highly depended upon

calcium levels QQ.Tne role of EF is to induce massive edema in host cells by

converting adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP)

(24,130, 167). lncreasing intracellular levels of cAMP lead to massive edema through

the upset of water homeostasis especially seen in cutaneous anthrax (49, 170). Edema

toxin also plays a role in inhibiting neutrophilfunction and also can inhibit phagocytosis

and oxidative burst pathways of PMNs (polymorphonuclear leukocytes) allowing for

development and spread of infection unhindered by host immune responses (49,170,

196). EF's role appears to be that of an enhancer of the toxin lethality of lethal toxin (72).

1.1.4.2 Gutaneous Anthrax

The cutaneous form accounts for g5o/o of anthrax infections in the U.S. (a9) w¡th

-2000 cases occurring worldwide per year (72). Most involve exposure of head, neck,

and extremities and infection is initiated when B. anthracis spores are introduced into the

skin through cuts and lesions (49, 167). A much rarer occurrence is entry through biting

insects such as flies (167). Spores germinate within hours of entry into the host and

initiate toxin production (167). The primary skin lesion is usually non-descript, painless

and a pruritic papule appears three to five days after introduction of the endospores (a9).

After germination and toxin production, local edema begins and a ring of vesicles

develops occurring in as little as 24 hours (130). Edema surrounding the eschar follows

with general malaise, fever and local lymphatic swelling occurring (167). Ulceration of

the central papule which then dries, forming the typical black eschar, which dries,

loosens and falls off is exhibited in a span of 1-2 weeks with little to no residual scarring

(49, 130, 167). The eschar and edema is normally more extensive on the head and neck
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reg¡on than on extremities (49). Cutaneous lesions normally heal regardless of treatment.

However, if the disease becomes systemic, lymphangitis an lymphadenopathy are the

first symptoms. lf left untreated, mortality rate reaches 20% due to septicemia (49).

1 .1 .4.3 Gastroi ntestinal Anthrax

Gastrointestinal (Gl) infection follows consumption of undercooked meat and

subsequent germination of the spores in the upper or lower gastrointestinal tract (49,72,

130, 167). Ulcers in the mouth and throat area, with regional lymphatic invasion,

characterize the oropharyngeal form and edema while the abdominal infection usually

consists of ulcers and eschars on the wall of the ileum, colon, stomach, and duodenum

(130, 167). Symptoms include nausea, vomiting, anorexia and fever with disease

progression leading to more severe abdominal pain and bloody diarrhea follows leading

to eventual septicemia and death (49, 130). Like cutaneous anthrax, Gl anthrax infection

usually presents with symptoms five days after ingestion of contaminated meat, which

may lead to difficult early diagnosis and æn cause high mortality (167). These symptoms

result from severe and widespread necrosis of the initial eschar, and also from increased

edema in the intestinal region. Mediastinal widening, normally a hallmark of inhalational

anthrax, may also occur in Gl anthrax (49). lf diagnosis can be established early on in

infection, the patient can be successfully treated and prognosis for survival is high.

Morbidity is due to blood loss, fluid and electrolyte imbalances and subsequent shock

(49) with death normally resulting from intestinal perforation and anthrax toxemia (49). lf

the patient survives, symptoms will diminish within 10 to 14 days post-infection (49).

1.1.4.4 lnhalational anthrax

Natural inhalation anthrax is rare, usually occurring from inhaling endospores

from contaminated animal hides and products (a9). Alveolar macrophages digest and
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destroy some of the spores, but survivors are transported via the lymphatic system to the

mediastinal lymph nodes where germination of spores occurs although delays from

dormancy can take upwards of 60 days to occur (72,130). Once germination occurs,

clinical symptoms follow rapidly with toxin producing bacilli causing hemorrhage,

necrosis and edema (72).lnhalation anthrax is classically described as a two-stage

illness beginning with flu-like symptoms: mild fever, fatigue, malaise and non-productive

cough (49,130). ln the prodromal stage, symptoms begin 2to 5 days after exposure and

last for 48 hours (130). The prodromal phase suddenly ends with the development of

acute illness including fever and cyanosis, and it is at this stage where massive

lymphatic system infection/inflammation occurs causing the expansion of the

mediastinum (49, 130, 167). At this stage, chest radiography is taken and reveals the

widened mediastinum and sometimes will exhibit pleural effusion (130). Without

treatment progression is rapid with the pulse becoming rapid and faint, dyspnea and

cyanosis worsen and in the final stages, disorientation is quickly followed by coma and

death (130). ln extrapolation from animal models the LD5e (dose to kill 50% of subjects)

in humans for inhalational anthrax is estimated to be 2500 to 55000 B. anthracis spores

(72). Mortality rates for untreated inhalational anthrax can reach 100o/o (130).

1.1.4.5 Meningitis Anthrax

lnvolvement of the meninges and brain in anthrax is a rare complication with the

organism gaining entry through the skin and invading the central nervous system by

lymphatic routes (49). Meningeal anthrax, which usually results in bloody and striking

subarachnoid hemorrhaging (167), is almost always fatal, with death occurring one to six

days after onset of illness despite rigorous antibiotic therapy (49). Figure 2 demonstrates

the conventional routes of anthrax infection in the human host as described in the

previous sections.
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Figure 2: Schematic overview of the clinical manifestations of anthrax infection caused

by the active pathogenesis of Bacillus anthracis adapted from Dixon et. al, 1999 (49).

Pathogenesis is directly related to entry of the spore from of the organism into host

leading to germination into vegetative bacilli.
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1.1.5 Treatment and Prevention

Penicillin is the treatment of choice for cutaneous anthrax and only rarely has

penicillin resistance been found in naturally-occurring strains of B. anthracrs (130). The

organism is normally resistant to cephalosporins, trimethoprim and sulfonamides with

occasional notable resistance to tetracycline (12, 16, 122, 130). lnitial recommendations

for treatment of inhalational anthrax have taken into account the growing concern for

antibiotic resistance patterns and possible requirement for treating large numbers of the

infected in the event of a bioterrorist attack (130). With increasing evidence that the

Ames strain of B. anthracrs becoming resistant to É-lactams, treatment of systemic

anthrax infection no longer utilizes penicillin or amoxicillin solely and now includes the

use of ciprofloxacin (500 mg twice daily), doxycycline (100 mg twice daily) and penicillin

or amoxicillin (500 mg 3 times daily) is recommended (12, 49, 130). Chloramphenicol,

erythromycin, tetracycline or ciprofloxacin can be administered in place of penicillin in

patients suspected of being allergic (49). Despite early and vigorous application of

antibiotics, successful recovery of patients in cases of inhalational, meningeal and Gl

anthrax remains poor (49). Because of the slow course of infection in some instances, a

60-day period of prophylaxis is recommended based on delayed germination of inhaled

spores (49,130). Control of the disease in animals by vaccination originally used the

heat-attenuated strain developed by Pasteur in 1881 , which formed capsules but could

not produce toxins (56,72,130, 167). The more successfulversion in use since the

1930's is based on the Sterne strain, which is a toxin producing but non-encapsulated

(attenuated) version of the organism (49, 130, 167). However, this vaccine has been

limited due to safety issues such as necrosis at the site of inoculation and some rare

occurrences of fatality (167).
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Human vaccination now targets protective antigen and the U.S. anthrax vaccine

called AVA (for 'anthrax vaccine adsorbed') has been in use since the 1970s (130, 167).

The vaccine is made from an alhydrogyl-adsorbed, cell-free filtrate of non-encapsulated,

attenuated strain of B. anthracis (56, 72,130). The vaccine is given in a 6-dose series

over 18 months and is administered to people considered in at-risk occupations (72,

130). Despite minor side effects efficacy of the vaccine in animal models given as a pre-

exposure dosage was 100% protective against aerosol challenge I and 38 weeks and

88% protective at 100 weeks post vaccination (72,130). Current vaccine supplies are

limited in the U.S. and production capacity remains modest at best (72, 130, 167) and

some issues still remain about reactions to vaccination. New and safer subunit

vaccination research has begun to offer better efficacy, and focuses on recombinant

protective antigen as the active ingredient. ldeally such vaccines would be given orally or

intranasal and be protective after a single dose (72, 130, 167). Currently, a vaccine of

PA combined with adjuvants derived from the cell wall of Bacille-Calmette-Guerin (BCG)

tubercle stimulating response to PA is in clinical trials (167).

1.1.6 Biological Weapon and Bioterrorist Agent

ln more recent times, anthrax again was thrust into the forefront of biological

weaponization with the post-September, 2001 terrorist attack on United States postal

facilities and civilian buildings (72,130) with 11 cutaneous and 11 inhalational cases with

five fatalities (72,75,171). Before 2001, modern inhalational cases of anthrax had been

limited to the accidental release of anthrax spores in Sverdlovsk of the former Soviet

Union (72), which resulted in 96 cases of anthrax infection causing 68 fatalities (72,130).

Anthrax has been considered a potential biological weapon for the past 60 years

with national research programs focusing on anthrax weaponization beginning in more

than 80 years ago (12,130). Anthrax became a key focus of bioweapons testing and
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development by the mid 20th century (16, 51, 130) in part due to the identification of a

lack of treatment for human æses of anthrax (106). The following include many of the

advantages of using B. anthracis (spores) as a bioweapon and bioterrorist agent.

B. anthracis can be obtained from environmental sources in regions where it is

endemic, either from soil or from infected animals. ln the past it was obtained legally

from laboratory supply companies and culture collection centers, the sale of which only

recently was prohibited (13). The 2001 anthrax attacks on the U.S. post 9/1 1 involved

the use of the Ames strain of B. anthracis initially isolated from a dead cow and

deposited in an U.S. army laboratory, which was acquired by the perpetrator (13).

Most microbes are unsuitable for weaponization because they cannot remain

stable in the environment long enough to be dispersed (123). However, B. anthracis

spores have unsurpassed stability and can be modified in such a way as to make

dispersal and decontamination more difficult (13).

United Nations' experts determined that the cost to inflict mass casualties over a

square kilometer was $600, $800 and $1200 U.S. for chemical, biological, and

conventional weapons but would cost only 1 dollar to manufacture a bioweapon such as

B. anthracis (84). The knowledge and materials needed to make anthrax spores is not

only accessible, but similar to procedures used in fermentation processes to make wine

and beer, which could potentially conceal any bioweapons production programs (84).

ln the 1940's the British conducted limited experiments, testing the release of B.

anthracis spores on Gruinard lsland, Scotland, as part of the bioweapons development

programs (97, 117, 167). Testing with anthrax spores conclusively demonstrated the

potential release and dissemination of aerosolized spores over a large area (72,97, 117,

130). The accidental release of anthrax in Sverdlovsk proved to demonstrate what had

been found three decades earlier, that is, spores, when aerosolized, can disseminate

over a wide area, covering a distance of nearly 50 kilometers away from the point of
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release (130). Dissemination downwind of target produces maximum spread of an

invisible, silent, odorless, tasteless and easily dispersed agent without detection.

Coupled with a long incubation period of B. anthracis, perpetrators could escape after

covertly attacking before any hint of bioterrist or bioweapons use is assumed. lt is for

these reasons why B. anthracis remains at the top of a list of 7 agents to cause the

highest number of infections and fatalities when used as a bioweapon (18, 135).

1.1.7 Spore Gharacteristics

The spore is a complex entity (figure 3) consisting of several different layers

some of which impart greater resistance to the spore state compared to vegetative cells

(36, 52, 53, 82, 136) ln a typical spore structure the germ cell (or core) and the cell wall

are surrounded by the cortex which is itself surrounded by inner and (denser) outer

spore coats, and in some cases an exosporium is present (136). The exosporium is a

prominently loose-fitting, balloon-like layer synthesized by the mother cell and is the

structure most likely to be in contact with host cells (93). The exosporium isn't thought to

be important to infection as spores lacking this structure remain equally virulent (36, 93).

The core or protoplast is localized region of RNA, deoxyribonucleic acid (DNA),

and dipicolinic acid as well as calcium, phosphorous, manganese, and potassium (136).

The cortex consists of largely peptidoglycan (136) and its overall composition is similar

between many Bacillus species (15). The inner layer of the cortex eventually develops

into the cell wall of the emergent cell during germination (136). lnner and outer forespore

membranes surround the forespore during germination and will eventually form the

cytoplasmic membrane of outgrowing spore cells (136).

The spore coats make up the bulk of the spore complex and consist of mainly

protein with small amounts of complex carbohydrates and lipid (136). The outer spore

coat contains the alkali resistant protein fraction and alkali-soluble fractions are found in
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the inner spore coats, which consist of mainly acidic polypeptides. The multi-layered

spore coat was first discovered in Bacillus cereus (82). ln many species (including B.

anthracis) these coats contain a complex mixture of approxim ately 24 proteins, which

form into two to three morphologically distinct layers (82). But the spore coat is more

than just a functional suit of armor, providing access for germinants to germination

proteins, which are located in the inner forespore membrane (82). Outgrowth from spore

state requires the breakdown of spore cortex and it is theorized that the cortex digestion

enzyme is located in the spore coat membrane (82).
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Figure 3: TEM of negatively stained (2% uranyl acetate) B. anthracis endospores,

including an intact spore (A), free exosporium (B), and naked spore (C). Magnifications,

x92,000 (A and C) and x13,500 (B). (122).
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1.2 Sporicidal Aqents

Several regions prone to sporicide action exist in the spore with its various

morphologically different layers. At the same time these layers also are barriers that limit

sporicide penetration and activity (136). Few antibacterial agents are actively sporicidal

and most chemical agents, despite their powerful bactericidal properties, can only inhibit

spore germination or outgrowth and are thus referred to as "sporistatic" (136). Agents

that are considered actively sporicidal include aldehydes, peroxygens, halogens, and

some other vapor phase agents (136). The second point of clarification is the term

disinfection versus that of sterilization. Disinfection is the process of eliminating all

microorganisms except for high number of bacterial spores (8, 150). Sterilization is the

action of completely eradicating all microorganisms, including bacterial spores, from an

object or place (8, 153).

1.2.1 Ghlorine Gontaining Agents (Ghlorine Dioxide & Sodium Hypochlorite)

Chlorine (liquid and gas) is the most widely used halogen-based disinfectant (148,

150). When used as sodium hypochlorite, its activity is attributed to the level of free

available chlorine (FAC) and potency is based on a measure of the oxidizing capacity of

free elemental chlorin e (142, 148).

Exposure of the spores to sodium hypochlorite results in the leakage of dipicolinic

acid suggesting increases in spore permeability at increased temperature (136).

However, the spore coat functions as a barrier preventing entry of chlorine into the spore

where it appears the cortex becomes an important site for reaction by FAC (136, 198). lt

has been noted, however, that spores exposed to chlorine containing solutions suffered

from poor germination ability and that surviving spores treated with hypochlorite suffered

no obvious DNA damage (197). Recent experimentation has provided evidence that

DNA damage did not occur to spores as analysis of outgrown spore DNA did not reveal
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any s¡gnificant mutation levels (197). lt has been theorized that protection of spore DNA

by the organism is also attributed to a group of proteins called small acid-soluble

proteíns (SASP) of alpha and beta types, which are saturated in spore DNA (197). Spore

killíng, therefore, does not occur via DNA damage with FAC (197). Some plausible

theories do exist as to the possible mechanism of spore killing. These include damage to

nutrient and germinant receptors and cortex lytic enzymes being so irreversible that

spores become rendered incapable of germinating and evidence does suggest that outer

spore layers undergo significant damage with hypochlorites (197). Evidence, however,

also suggests that damage occurs to the inner membrane possibly by degrading and

oxidizing fatty acids or membrane proteins or both (197). Nevertheless,it is

acknowledged that this area of study still remains quite unexplored to date (197).

Guidelines for measuring sporicidal activity of hypochlorite include many different

factors and as such, chlorine becomes a rather unpredictable agent to use. Exposure

time, availability of chlorine and enhancement of solutions with agents such as alcohol

and mixed oxidants all play pivotal roles in efficient spore-killing action (29, 40, 47, 170).

Other issues such as stability are of great concern, as free available chlorine is highly

reactive with organic matter, breaking down rapidly in the presence of light and oxygen

and will also rapidly break down in diluted solutions (148, 188). Lastly, pH should be

buffered to around 7.6 to maximize sporicidal activity (1 18, 129, 136, 142, 153) as

evidence has shown that increases in pH above 7.0 require greater concentrations of

FAC to maintain sporicidal capacity (29).

Chlorine dioxide has been demonstrated to be efficient in killing of foodborne

pathogens (23). The oxidizing power of chlorine dioxide is better than twice that of

chlorine and is less affected by pH levels but is still affected by contact with organic

matter (23). Like hypochlorite, chlorine dioxide does not kill spores by DNA damage and

the mechanism still remains unclear (197). Unlike hypochlorite, chlorine dioxide-killed
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spores are capable of initiating spore germination processes as spore cortex hydrolysis

has been noted to occur (since it is part of spore outgrowth to degrade the cortex) but

could not initiate spore metabolism and in this regard spore-killing in chlorine dioxide

resembles hydrogen peroxide-based spore-killing (197). This would suggest that a major

mechanism in spore killing action by chlorine dioxide is through major damage to the

spore's inner membrane resulting in spore permeability changes in outgrown

(germinating) spore plasma membranes (197). An alternative theory includes the

probability that chlorine dioxide killed-spores are able to initiate metabolism as well

before dying (197). Lastly, there is also a suggestion that one of the enzymes

responsible for the degradation of spore cortex becomes inactivated by chlorine dioxide

preventing complete outgrowth from occurring (197). Again, more research in this area

needs to be completed before these theories can be accepted or rejected.

Disadvantages of using chlorine dioxide, and hypochlorite include irritation to

mucous membranes, potential to interact with some chemicals, which in turn can create

toxic products (and potentially chlorine dioxide) and a decreased efficacy when these

agents come into contact with an organic load (150). Also, both agents are fairly toxic to

humans at the levels required to inactivate spores and must therefore be properly and

adequately neutralized before human activity and use of equipment can resume (150). A

major advantage of chlorine dioxide treatment is its ability to breakdown into non-

reactive, non-toxic by-products in the presence of light (photoreactivity).

1.2.2 Hydrogen Peroxide

Growing vegetative bacteria can be killed by hydrogen peroxide by inducing DNA

damage but spore killing does not occur in the same manner (2, 104). Hydrogen

peroxide is another powerful oxidizing agent that acts through the formation of hydroxyl

radicals (OH-), which oxidize enzymes and proteins (a2).lt has been found that
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peroxide treated spores maintain their permeability barrier and therefore, inner

membrane damage is not likely to occur (142). Studies tend to agree that inner

membrane damage and outer membrane damage is limited and not essential for spore

killing, in that outer spore layers have been observed to be dissolved but not cause initial

spore killing (104). The time required to dissolve these proteins and other internal

enzymes is much slower than the spore killing action itself (104).

Spore membranes have extremely low levels of polyunsaturated fatty acids, a

normal target of hydrogen peroxide and killed spores can still initiate germination

observed by the release of dipicolinic acid (DPA) and degrading their spore cortex (104).

However, while germination can still take place, these germinating spores contain major

metabolic defects as evidenced by the lack of accumulation of high energy compounds

(104). Theories abound here concerning mode of action, including the destruction of key

metabolic enzymes limiting the germinant spore from producing high energy compounds

(104). However this theory has supportive contrary evidence that demonstrates that

several other enzymes remain functional internally in spores that would still allow for

sufficient metabolite production (104). Another theory for lack of metabolism in killed

spores is that the core water content is not sufficient enough for enzyme action due to

cortex lysis blockage (104). A lower than normal core water content in germinant

hydrogen peroxide killed spores suggests that the core of these cells doesn't expand

properly during germination causing a decrease in core wet densiÇ required for sufficient

metabolic activity (1 04).

One theory on the spore cortex issue is that cortex degradation occurs normally

in hydrogen peroxide killed spores but has damaged components necessary for spore

core expansion (104). These components could include the peptidoglycan of the germ

cell wall (which expands to encompass the larger spore core resulting from cortex

degradation), a protein needed for remodeling of germ cell wall allowing for expansion or
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some other unknown protein (104). Like in the previous examples of chlorine based

compounds, no knowledge on an exact mechanism has been elucidated to date.

New products based on hydrogen peroxide formulation have been developed

and have been coined "Accelerated Hydrogen Peroxide" (AHP) based on their increased

killing kinetics (136). Most decontamination now occurs using vaporized forms for

gaseous fumigation and assessment of decontamination on indoor surfaces has been

reported (83, 132).

Many factors affect sporicidal capability of hydrogen peroxide including

concentration (with 10% being sporicidal), temperature (higher temperature increases

sporicidal action) and stability (inactivation and breakdown of chemical in the presence

of metals) but decomposition can be reduced with proper storage (136).

Some disadvantages found for hydrogen peroxide are that it is relatively easy to

inactivate, in higher dosages it can be highly toxic to humans and exposure to post

treated rooms must be properly neutralized and residual decontaminant removed (132,

136,142). Another problem is that in porous surfaces such as wood and carpet, full

penetration of hydrogen peroxide gaseous agent is not achieved but this can be

remediated with suitable concentration of liquid sporicide agent (132).

1.2.3 Formaldehyde and other Aldehydes

Formaldehyde is considered to be an extremely effective disinfectant against

both vegetative and spore states of bacteria by functioning as a DNA damaging agent

(42,187). Formaldehyde can be used in both liquid and gaseous states and work

optimally at temperatures 40oC and above (136). Historically, formaldehyde was used as

early as the late 1880s to disinfect biologicalsafety cabinets and is still used to

reprocess hemodialyzers. Fumigation (gaseous) formaldehyde treatment was used to

treat textile mill contamination of B. anthracrs spores (72). Most famously, liquid
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formaldehyde was utilized in the decontamination process on Gruinard lsland to remove

B. anthracis contamination left after biological weapons testing (96, 97, 107). However,

the possible carcinogenic potential of formaldehyde has limited its use in modern day

decontamination although neutralization with ammonium bicarbonate reduces this risk

(65,72). As witnessed on Gruinard lsland, the ecological effects of formaldehyde-based

killing oÍ B. anthracrs spores were widespread and devastating (97, 107).

Glutaraldehyde (GTA), another aldehyde, is now widely used in hospitals,

particularly for in-patient decontamination of flexible endoscopes (164). GTA activity is

based on its cross-linking ability and as such is also used extensively in the field of

electron microscopy as a fixative agent (142).lt has been found that GTA does not

damage bacterial spore DNA but eliminates the ability of the spore to germinate (142).

While being superior in its sporicidal ability compared to formaldehyde, there are still

human health consequences from exposure, as it is known to be an irritant to the eyes

and nasal passages (148). Other drawbacks of GTA are that it requires activation (by

alkalinating agents to pH 7.5 to 8) and in stability, breaking down over a short period of

time once activation has been initiated (136, 148). ln the field of surface decontamination

in the event of bioremediation, a final drawback is the long contact time required for

spore inactivation (136,142,148). Recent studies have found that greater than 60

minutes of contact time are required to reduce Bacillus spores by 4 logro (from 100% to

0.01% of original spores survive after contact time) ata2o/o solution of GTA at ambient

temperatures (171).

Other aldehydes are on the market and are alterations on the same GTA theme

each claiming better activity and to work with, however issues of inadequate

neutralization and those of chemical additives may be a contributory factor to erroneous

conclusions about the state of activity on poorly neutralized aldehydes (136,142, 148).
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1.2.4 Other Notables

There is an endless list of commercial products claiming sporicidal capability but

the veracity of the claims of many such formulations remains to be verified (65). Some

agents appear to cause sporicidal activity by DNA damage and include nitrous acid,

ethylmethanesulphonate and methylmethansulphonate (42), while others act as

oxidizing agents disrupting inner and outer membranes of the spore or by interfering with

the germination processes and other factors required for outgrowth to spores including

oxone, ozone, and peroxynitrite (42, 43, 48, 62,73, 198).

Some chemicals, such as an aqueous mixture of dissolved oxygen, ascorbic acid

and copper ions have been found to have modest killing capacity, which can be

enhanced with additions such as surfactants and sodium chloride (44). The use of this

agent has yet to be fully determined but it proposes improvements over other oxidative

agents by penetrating deeper into the spore, allowing delivery of dissolved oxygen into

the core to cause significant DNA damage by conversion of oxygen to oxygen radicals

(44).

lodide and iodine containing agents are also considered effective sporicidal

agents and their activity (like chlorine containing agents) depends on the concentration

of free iodine (136). Studies have shown that these iodine containing agents are superior

in their sporicidal capability compared with hypochlorite solutions being more stable over

a longer period of time and maintaining sporicidal ability in the presence of organic

material such as serum and having better activity at lower temperatures (80, 81).

However, there are some drawbacks to the use of iodine containing agents and

including pH dependence and a potential toxicity to humans (136).

Peracetic acid (PAA) is a bactericidal and sporicidal agent which, when used at

manufacturer-recommended concentration is toxicologically safe, as it breaks down into

acetic acid, hydrogen peroxide and water over time (136). lts activity is only slightly
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reduced in the presence of organic material and appears to be more potent than

hydrogen peroxide (136). Advantages of PAA are that it can be used with hard water

(HW) without significant loss of activity, unlike some chlorine containing agents with can

start to react with the higher carbonate levels in the water. lt can be utilized over a wide

temperature spectrum (0 -40"C) and is effective over a wider spectrum of pH than

hypochlorite (89). While promising, the mechanism of activity has yet to be elucidated

although given its chemical properties is assumed to act by free radical oxidation of

enzymes and protein thiol groups (142). Finally, PAA (aqueous and vapor) has the

capability of reducing spores of B. subfilis on carrier discs by 5 log reduction level in a

contact time of as little as 10 minutes (171). Given the data gathered to this point, PAA

seems to be a very promising chemical agent to pursue decontamination of areas

following bioterrorist activities or accidental release of biological agents such as B.

anthracis spores, where time and toxicity to humans are the limiting factors

1.2.5 Gruinard lsland and U.S. Decontamination attempts

Decontamination of Gruinard lsland began in 1979 and ended in 1987

after being declared decontaminated with a total cost never fully determined but required

more than 280 tons of formaldehyde and 2000 tons of seawater (72). The United States

Hart Senate building reopened in 2002 after months of decontamination with a final

estimated cost of 23 million U.S. dollars (72). The Brentwood and Trenton Centres' total

bill was around 200 million U.S. dollars for complete remediation (34). As demonstrated

in the wake of the 2001 anthrax attacks, decontamination of buildings and parts of public

use are technically difficult to complete (72). lssues such as pre-decon sampling play an

integral role in determining the level of contamination and the methods (chemicals) to be

used in remediation (155). As well, biofilm formation and issues of chemical penetration

arise in cases where organisms have clumped together, making decontamination and
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elimination of these agents more difficult (126). Decontamination and restoration projects

are cost-benefit issues, and it is important to determine what the acceptable exposure

end point will be (58). Additional work needs to be done to better understand what the

infectious dose levels associated with biological agents are (58). Decontamination

methods are based on the chemical modification of an agent with optimum technology

being a single decontamination system that could be used against any agent and is non-

toxic, non-corrosive, and easily deployed (123). Decontamination must be completed on

a scenario-dependent case as each situation each dealing with different biological

agents, surfaces, environmental conditions and extent of contamination (123). Each

situation needs to be dealt with collectively in the field, with consideration for worker and

public exposures, especially persons at higher risk, such as the immunocompromised

and children (123). To date, available decontamination reagents cannot penetrate

effectively if an agent is distributed in relatively inaccessible areas such as ductwork and

therefore additional research is needed to develop more nontoxic and environmentally

acceptable gases or aerosols or liquids that can decontaminate large buildings and

reduce the very large inventory of equipment, chemicals and infrastructure required for

large decontamination efforts (58).
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'1.3 Methods of Evaluatinq Sporicide Efficacv

Chemical microbicides play a crucial role in infection control in many settings and

reliance on them is increasing even further with revival of interest in environmental

control to combat opportunistic pathogens (159). Proper disinfection is only possible by

selecting a suitable product, applying it properly and in a manner that will promote its

effective action (22).lf an ineffective product is used for disinfection and

decontamination, proper and regular application alone cannot balance for the inability of

the product to inactivate or kill the microbial challenge (175). As no laboratory-based

evaluation of a chemical can ever be designed to exactly recreate the varied challenges

it may encounter in the field, properly designed test protocols can only assess the

formulations potential activity in the field (175). This is why, when testing a formulation's

potential in the field, that a standard test protocol, which includes all elements that would

provide the material under test with a challenge realistically sufficient to minimize the

chances of its failure in its actual use (175). Properly designed tests can indicate product

potency and thereby the potential for field effectiveness (174).

For 70 years testing in the United States of disinfectants provided some

assurance that products meeting federal requirements were capable of achieving a

certain level of antimicrobial activity when used as directed (144). ln 1982, the

Environmental Protection Agency (EPA) closed the facilities responsible for conducting

assurance testing of hospital disinfectants, which ensured that these chemicals met label

claims as discussed further below (144). The past three to four years have seen

considerable activity in the development and standardization of methods for evaluating

the microbicidal effectiveness of chemicals (159). Regulatory agencies are being

approached with a greater variety of formulations for review and registration and there is

now increased pressure to harmonize microbicide test methodology between various

jurisdictions to accommodate regional and international trade agreement (159). This has
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prompted regulatory agenc¡es to approach standards setting organizations to set new

methods and to revise those which are outdated (159).

There are two basic test types for assessing disinfectant activity, suspension and

carrier tests (174). The microbicidal activity of chemicals against viruses and other

microorganisms is normally assessed by suspension or carrier tests (175). Testing

against microorganisms have been carried out with organisms such as fungi, vegetative

bacteria and spores and viruses, and using various methods being developed from the

basic carrier and suspension prototypes (159). Chemical microbicides will often be

named and labeled by the type of organisms against which the manufacturers are

claiming efficacy, and are labeled "virucides", "sporicides", "bactericides", and

"fungicides" (174). Suspension testing against microorganisms is the simplest and

easiest to perform, involving contact of microorganism with a fixed volume of disinfectant

for a specified time (174). Under real conditions, microorganisms are rarely found in

suspension and (particularly with spore formers) are almost always found contaminating

surfaces where they have become dried (174).

The second test was created out of a requirement for formulating more realistic

scenarios that a disinfectanUsporicide would encounter. This test utilizes a suspension of

microorganism dried onto the surface of a carrier material, which presents a more

realistic application of disinfectant (174). However, while this test is more realistic, it is

also more complex to perform and presents a greater challenge to the disinfectant (174).

It is therefore assumed that while the suspension test is usually useful as a prescreen for

potency, any chemical that does not pass the suspension test will invariably fail the

carrier test application (174).
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1.3.1 AOAC Methods

The Association of Official Analytical Chemists (AOAC), an American-based

organization, originally designed the "Use-Dilution Test" (UDT) which utilized stainless

steel penicylinders and using surface disinfection (5). UDT was officially accepted as a

standardized test in the U.S. for disinfectant activity and was in use from 1953 until 1982

(5, 9). However, issues of variability arose with increasingly inconsistent results being

reported from 1977-1982, with the highest degree of variability in the test design being

identified as stemming from the carrier used (5, 9, 10). Electron microscopy revealed

that scratches, pitting and grooves from the carrier provided microenvironments allowing

bacteria to become protected to disinfectant exposure (5). Out of this original test

method came the new and improved hard surface carrier test, which uses almost

identical steps but with only the carrier being substituted (63, 64).

AOAC Hard Surface Carrier Test (HSCT) is a presence/absence assay (also

called qualitative test) for determining the extent to which chemical disinfectants kill

bacteria (6a). ln the HSCT (Figure 4), a disinfectant is applied to bacteria dried onto a

glass penicylinder carrier (63). The HSCT is used for testing the efficacy of chemical

agents and, while a laboratory procedure, is designed to be a realistic and reproducible

test of surface disinfection (64). Another offshoot of the AOAC HSCT is the AOAC

sporicidal test, using similar methodology, but the carrier involved is a porcelain material,

inert enough to prevent inactivation of disinfectant during testing procedures (101, 102).

Each test carrier is inoculated with bacteria and the carrier is dried, leaving

bacteria embedded in a dry film of broth and the disinfectant is applied by placing the

inoculated carrier in the test solution for the appropriate contact time (63, 64). After full

contact time has been reached, the carrier is removed and placed in a test tube of

neutralizer and growth medium, where the neutralizer functions to halt any residual

antimicrobial activity (63). The whole tube, carrier and all, is incubated and observed for
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turbidity, the premise being that the tube will become turbid (positive) if one or more

bacteria remain alive (active) after disinfection while a non-turbid (negative) result will be

observed only if all bacteria/microorganisms are inactivated by the chemical (64). ln the

AOAC method, the disinfectant is deemed efficacious if few (maximum of 3) carriers out

of 60 tested remained positive after full disinfection (64). Check (control) carriers,

involved in the AOAC method, measure microbial titres on carriers that are inoculated

and then enumerated by sonication and standard plate count procedures (64).
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Figure 4: Graphic Representation of the AOAC Hard Surface Carrier Test as adapted

from Hamilton et. al. 1995. General procedure is shown below with variations between

Control treatments (no disinfectant) in panel A and testing of disinfectant treatments in

panel B.
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The AOAC lnternational's carrier methods for testing microbicides employ

relatively large numbers of replicates and assess product performance by total kill of

challenge organisms (175). The application method of organism onto the carrier,

including the design and inoculation procedure used, makes accurate determination of

starting titers inoculated onto carriers difficult. This results in an inability to determine the

actual numbers of organisms killed, and inherently there is no quantification by this

method (175). Altering the HSCT of the AOAC (by starting with a known bioburden of the

inoculum in which the carrier is submersed in) will only make the current AOAC method

"semi-quantitative" at best (1 75).

Difficulty in assessing the microbicide's activity due to an absence of concrete

quantification, the methods developed by the AOAC demonstrate burdensome and often

times impossible reproducibility (9, 10,144,159-162,174,175). Working with numerous

replicates (and their manipulations) can result in false positives as a result of aerosol

introduction and other contamination (175).

Another area of contention in AOAC carrier test is the use of penicylinders, the

standard carrier used in the test. The shape of the carrier can lead to imperfect contact

between chemical and organism, which in turn can lead to false negatives (175). The

use of a dipping mechanism to submerge carriers in test formulation and assess the

activity incorporates the potential "wash off' of viable organism as the carrier is

transferred to recovery media for detection of culture viability (post-disinfection). Viable

organisms washed off and remaining in disinfectant solution, can lead to an

exaggeration of the formula's potency only assessed by the presence or absence of

viability in the recovery media tube and not taking into account the disinfectant solution

itself (175).

Lastly, AOAC methods evaluate chemical agents against a single organism only.

ln field decontamination, unknown mixtures of pathogens might be present, including



32

background microflora. Thus testing microbicide efficacy should include activity against

all classes of organisms using similar (identical) test methods and conditions (175).

1.3.2 Quantitative Carrier Test (QGT)

A good microbicide test must be simple, quantitative, reproducible and stringent

in its design and its procedure clearly described to generate meaningful and reliable data

(157). A fully quantitative carrier test (QCT) system was created to address the identified

flaws in the AOAC methodologies (161-163). ln the QCT methods (Figure 5) particular

attention was given to avoid wash-off and elimination of contamination by micro-aerosols

generated during the routine handling of microorganisms by utilizing a closed system

(162, 163). The first tier of QCT (OCT-1) can be used to test for sporicidal,

mycobactericidal, fungicidal, and bactericidal activities (161). The method uses flat-

bottomed, glass vials as carriers while the second tier (QCT-2) is more stringent and

uses discs of brushed stainless steel as the carrier (162,163). Both the tiers are now

accepted standards of ASTM lnternational (1 1, 161 , 162, 174).

Test carriers are inoculated with the target organism and dried onto the carrier

surface (2\.Tne carriers are then treated with test disinfectant for the desired contact

time (100). Disinfectants requiring dilution to prepare a use-dilution are diluted in water

with a hardness of 400 parts per million calcium carbonate (159). At the end of contact

time, the disinfectant is neutralized and the test organism eluted from the carriers (159).

Control carriers are processed in the exact same manner except that they receive sterile

saline (SS) or another liquid known to be free of microbicidal activity (159).

The eluates from test and control carriers are separately passed through a 0.2

um pore size filter membrane and the membrane is then placed onto recovery agat

media (159).
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Figure 5: General Schematic of QCT Tier 1 and 2 Carriers and methodology as adapted

from Springthorpe & Sattar, 2005 (176). For all testing, the same general strategy may

be applied with differences in dessication (drying) time to carriers and the use of serial

dilutions. ln the case of samples where there is little expected survival of organisms,

which may be countable using a single original test, sample (100 sample) then serial

dilutions may be skipped outright.
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The recovery media should be suitable for the recovery of the biological agent in

question and ensure that growth of any surviving biological agent (159). The colonies on

the paper filters (on recovery media) are then counted and logls reductions in the viability

of the test organism can be calculated through comparison between test carriers and

control (no chemical) carriers (159, 161 ,162).

The method has been designed to:

a) determine the exact number of viable units of the test organisms placed on

each carrier and those remaining viable after the drying of the inoculum.

b) avoid wash-off of any cells of the test organism

c) allow complete recovery of the inoculum from the carrier surface

d) arrest the test product activity by dilution immediately at the end of contact

time

e) capture all test organisms after exposure to test products

f) remove any residual germicidal activity by a thorough rinsing of the filter for

alltests

g) eliminate any false-positive results due to generation of microaerosols in the

carriers

h) give a precise determination of logls reduction in viable cells of the test

organism after exposure to test product (159)

ln each QCT, 5-10 test carriers and 3 control carriers are used, although the

number of test carriers can vary to as minimal as three replicates but the number of

control carriers must remain no less than 3 to have results remain statistically accurate

(159, 162, 175). Specifically for the term "sporicide" under the QCT method, a minimum

of 6 lo916 reduction in the viability titer of bacterial spores using the proper test protocol

should be sufficient to declare a product as effective (157).
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1.3.3 Factors Affecting Efficacy of Microbicides

There is rarely any discussion on what factors influence the microbicidal activity

of a disinfectant and their consideration in the design of a suitable test for mícrobicidal

activity (175). The following is such a discussion.

Disinfectant Formulation: lt is quite possible for products with the same listed

ingredients to perform quite differently in a test due to so-called inert ingredients (175)

Concentration of disinfectant is part of the labeling requirements but the concentrations

at which the products are used is manufacturer determined, but the target organism is

rarely known or may not be welldescribed (175).

Target Organisms (Surrogaúe); The organisms used for testing disinfectants in general

are selected to be representative surrogates, for significant human pathogens and are

normally grown under relatively ideal conditions in nutrient-rich, semi-solid media

whereas usual target organisms may be 'stress survivors' (161 , 175). lt may be limited to

the number of microorganisms that can be listed on a product label to those required by

legislation; long lists of organisms on a product label are confusing and onerous to

interpret (161, 175).

Contact Time: While contact time is manufacturer specified, it is a matter of practicality

and can be controlled by market forces. Contact times and conditions of use specified on

disinfectant labels may be impractical as part of the disinfection practices (such as

flooding of a surface) is only realistic under certain conditions. The general consensus is

environmental surface disinfection should not be longer than 10 minutes although much

shorter contact times are desirable since they reduce the spread, further contamination

and risk of human exposure to biological agents (157, 161, 175).

Temperature; Current hard surface carrier tests specify that the temperature of 20oC be

used, which is adequate for room temperature products. However, disinfectants should

also be able to cope with lower temperatures (41 ,175).
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Product Diluent: ln some settings, distilled water is not readily available and the use of

tap water may be required in some instances in the field, and because of the variability in

local (regional) water hardness levels, adverse effects on the chemical requiring dilution

may occur (161, 175). The EPA has recommended the use of 400ppm (parts per million)

of calcium carbonate as the level of water hardness whereby if the product fails

requirements at 400ppm but can function at 100 or 200 ppm then these claims must be

addressed on the disinfectant labels (175).

Soil Load: This factor will vary greatly in the environment depending upon the level of

human activity and use of surfaces, but traditionally 5-10% serum level has been used

with the assumption that precleaning will remove most of the surface soiling (175).

However, in the field, it is quite possible that greater than normal soiling levels occur and

that pre-cleaning might not be a possibility which can reduce the activity of disinfectants

(which normally are non-specific in their activity) and might exhibit optimal penetration

ability (161, 175). ln QCT-2, the soil load is a mixture of tryptone, bovine serum albumin,

and bovine mucin (175).

Precleaning; Precleaning (removal of organic soil materials prior to decontamination

procedures) can enhance the effectiveness of the subsequent decontamination step and

is usually practiced in the more critical applications of disinfection, but can omitted due to

time and personal pressures, ignorance, and because some agents claim to be one-step

cleaner-d isinfectants ( 1 75).

Súorage and Shelf-Life of Disinfectants; The length and conditions of storage of a

given product can affect its microbicidal potential. Agents known to have finite lifespan

should be tested to determine the rate of lost efficacy and disinfectant decay and proper

labeling of disinfectant activity expiration must be required for the users benefit (41, 175).

pH: Many disinfectants have an optimum pH for efficacy, which is not always the same

pH at which they are stored and are more stable (175). However, some agents (like
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glutaraldehyde) require activation immediately prior to use by adjusting pH to appropriate

level. This must be taken into account in the instructions for use and pH must be

routinely measured and recorded as part of the testing protocol to ensure constant active

pH range (41,175).

Relative Humidity: Relative humidity (RH) can have a beneficial or detrimental effect on

microbial survival depending on the microorganism and the ambient RH (175). lf the

contamination is already dried onto the surface, a relatively high RH can help rehydrate

the surface contamination and can facilitate the penetration of the disinfectant which

may alter the actual performance of the chemical (may show the chemical being more

efficacious when in fact it is the ambient surroundings augmenting the ability of the

disinfectant to work) and must be taken into consideration during testing of the germicide

(175). Through this project, RH was not tracked or recorded and will not be discussed

further.

The entire field of microbicidal testing of chemical disinfectants is currently

undergoing major changes and it will be important to sustain this level of activity until all

the improvements of standardized testing are in place (157). lf germicidal tests with

flawed design have raised concerns about efficacy claims of disinfectants routinely used

in infection control then improvements must be made for the current situations. The EPA

and the FDA in the U.S and other independent laboratories continue to develop and

improve test methods to address the flaws in standardization and test methods

described previously (174). While initiatives for harmonizing the review and registration

of chemical microbicides between various jurisdictions are potentially beneficial, neither

weaker and flawed nor overly stringent test methods must be adopted simply to speed

up the process of harmonization (157). Standards setting organizations could play a key

role by ensuring that the standard methods adopted by them are scientifically sound,
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representative of field conditions and acceptable on a regional, if not international basis

(157).

Regulatory agencies and standard setting agencies are reluctant to set

performance standards because of possible effects on the marketplace (174). lt is

indeed to the end-user's dismay that the plethora of tests as well as the large number of

products on the market and manufacturer's claims ultimately all work as confusing and

confounding variables (174).lf proper performance standards are set then the tests can

be designed to address those standards and to properly examine the statistical

performance of tested products (174). Lastly, the focus needs to be placed on those

methods, which are reproducible and simulate field use of the products better (157).
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1 .4 Surrogates for Decontamination

Historically, organisms have been tested for several sterilization processes in

order to determine whether the general concepts regarding lethality of these processes

can be universally applied (110). Microbial indicators or "surrogates" of pathogens are

therefore considered to be appropriate for routine monitoring and could be used to

evaluate the efficacy of disinfection (125). The introduction of surrogate viruses has

provided important information on the behavior of certain important human pathogenic

viruses in the past (178). However, since viruses are quite different from bacteria,

inactivation results based on bacteriological studies cannot be applied to viruses (169).

Bacillus endospores are highly resistant to a variety of environmental stresses, such as

toxic chemical agents, desiccation, high and low pressure, and high doses of ionizing or

UV (ultraviolet) radiation (108, 131). ln the area of UV radiation, the most reliable method

for testing the efficacy of UV disinfection is biodosimetry, the use of a test organism to

measure the biologically effective doses of UV (113). Thermal resistance, likewise, has

utilized surrogates (representative species) for the inactivation and model killing of

Bacillus spores and studies have been conducted to demonstrate where the biological

agent B. anthracis falls within a range of "surrogate" organisms (109).

For the purposes of chemical sterilization and B. anthracis spores, various

studies have been conducted to determine representative effects of many gaseous and

liquid chemical agents using many potential surrogate organisms' spores (6,23,66, 114).

1.4.1 lndicators for Sterilization Practices

As has been stated in previously (3), 'sterilization' is the act or process, physical

or chemical, that destroys allforms of life, especially microorganisms. The term is

absolute, as nothing can be "partially" sterilized which can æuse difficulties to confirm

this process (3). An ideal method to monitor such a process is through the use of highly
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resistant bacterial spores introduced experimentally into a sterilization process (3). Such

biological indicators (Bl) have gained widespread acceptance to validate autoclave

cycles and to monitor the uniformity of processing conditions (92). Bl consist of an

inoculated carrier contained within its primary pack ready for use, and providing a

defined resistance to the specified sterilization process (8). Bl, defined by AAMI

(Association for the Advancement of Medical lnstrumentation) as a "calibrated population

of bacterial spores (of high resistance to the mode of sterilization being monitored) on or

in a carrier, in a package which maintains the integrity of the inactivated carrier and is of

convenience to the ultimate user, which serves to demonstrate whether sterilization

conditions were met" (85).

The need for sterilization indicators is great when it is considered that some

processes currently have no identified Bl, such as in the case of the formerly used low

temperature steam and formaldehyde sterilization process (LTSF) (195). The generally

accepted concept of the Bl organisms is that they should conform to specific

requirements for ease of use and for the sake of consistency in testing. The ideal

indicator should be aerobic, readily identified and characterized, and possesses higher

resistance to inactivation by the sterilization process than the most resistant organism

likely to contaminate the products being sterilized (195). Exposure to the sterilizing

condition should result in reproducible and preferably linear semi-logarithmic survivor

curves, and the production/recovery of the organism should be simple and capable of

standardization with the ability to be handled without special containment facilities (195).

One last factor to consider is that often, Bl demonstrate "overkill" capability of

sterilization processes in that the spores present in the Bl have far greater resistances to

chemical and physical sterilization than the bioburden found on clean medical devices

and in much larger numbers as well (85).
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1.4.2 Potential Surrogates for Sterilization Practices

1.4.2.1 Geobacillus stearothermophilus

Upon examination of this surrogate's genus name, it may be surprising to think

that it would be an ideal surrogate for Bacillus anthracis decontamination. However, the

genus Bacillus is a large and diverse collection of aerobic and facultative anaerobic,

endospore-forming bacteria and contains thermophilic and psychrophillic, acidophilic and

alkalophilic, bacteria that utilize a wide range of carbon sources for hetertrophic use

(112). The genus Geobacillus was founded in 2001 to accommodate organisms validly

described in the 1920's such as G. s,tearothermophilusand closely related similar

species found in the genus Bacillus. Geobacillus have average growing temperatures in

the range of 60-65oC (25) and have as little as 20% DNA homology to the type species

of the genus Bacillus (112).G. stearothermophilus is a common contaminant of dairy

products, particularly milk powder (59). The reasoning behind this is quite naturally due

to its ability to survive the pasteurization temperature, and so cause milk spoilage (59).

The spores of G. stearothermophilus are among the most heat-resistant spores

of aerobic microorganisms, and it is this fact that makes them ideal as a Bl to evaluate

the effectiveness of sterilization processes (189). lnterestingly, some other common

locations where G. stearothermophilus can be recovered include compost heaps as well

as geothermally heated oil reservoirs with temperatures of 50-60oC or higher in which

liquid hydrocarbons are the prevailing organic matter (59). Various studies have

indicated that successful and consistent results can be obtained testing heat, steam and

pressure sterilization practices when using G. stearothermophilus as a Bl (66, 189, 195),

but this cannot be extrapolated to chemical sterilization practices.

Of note, only vaporized hydrogen peroxide (VHP) has accepted G.

stearothermophilus as a standard Bl or surrogate for sterilization determination (86, 169).

ln some testing of room decontamination with VHP it was found that G.
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stearothermophilus spores were the organism most resistant to the process (S6). ln yet

another test, a study was conducted to detect any variability in the resistance of G.

stearothermophilus spores to various materials and to incorporate the results into the

design, cycle development and the final qualification of decontamination chambers (169).

The findings of the study determined that reproducible, but different resistances, to VHP

decontamination on different carrier materials were possible (169). The most commonly

used B. anthracis surrogates for spore decontamination testing include B. subf/rs and G.

stearothermophilus, but it is the latter that is the most resistant against hydrogen

peroxide disinfection (85, 132).

1.4.2.2 Bacillus subtilis and B. atrophaeus

B. atrophaeus and B.suófl/rs are virtually identical phenotypically except for the

production of a pigment on media containing an organic nitrogen source (31). Older

literature nomenclature refers to the coloration of an organism, e.g. B. subfilrs var niger

from the black pigment produced (108). Pigmentation variation between these two

species of Bacillus (black and red pigmented B. atrophaeus, grey and white pigmented B.

subfl/rs) has been suggested to play a role in the variable resistance to differing types of

UV radiation (108). Many isolates belonging to this species were classified as B.subtilis

var. niger and even earlier records classified them as B. globigii(31). Further

examinations segregated 8. suÖf¡/rs and B. subf/rs var. niger into distinct but adjacent

taxa (111). However, utilizing better tests and methods concurrent with technological

advances, the genetic and phenotypic differences of the lumped grouping of strains

described variously in older literature as B. subfilis, B. subf/is var. niger, or B. globigii

was used to definitively separate strains into 2 species, that of B. subfÍb and B.

atrophaeus (60).
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Reference strains from recognized culture collections now known as B.

atrophaeus, have been used in industry as sterilization control organisms but specifically

within the biodefense research and testing community, where some strains were utilized

often as nonpathogenic surrogates for B. anthracis (31). These isolates are still

commonly referred to by their historical designation of B. globigÍ or BG (31). This

designation presents problems as publications describing the use of this agent refer to it

as B. subf/rs or BG rather than the current designation of B. atrophaeus, which only

causes further confusion in nomenclature particularly when attempting to standardize

test procedures. Older studies have utilized reference strains later assigned to the

species B. atrophaeus (or its former designation B. subtilis var. niger) as replacement for

B. anthracis or to gather information to be later compared to B. anthracis in chemical,

heat and ionizing radiation and as biological indicators for sterilization practices (31, 60).

ln chemical disinfection, a recent study to determine the efficacy of hand hygiene agents

in the removal of Bacillus spores utilized B. atrophaeus as a surrogate for B. anthracis

(190). lt has been noted in some studies that B. atrophaeus spores have been reported

to be slightly more resistant to sporicides than B. anthracis spores, making B.

atrophaeus a suitable surrogate for B. anthracis (190). The use of the older, incorrect

naming of B. atrophaeus in scientific literature requires the reader to specifically look up

the reference strain used and determine whether the tests used the correct

nomenclature (8. atrophaeus) or the older, outdated name (8. globigiior B. subtilis var.

niger).lt must be understood that from this point onward, the use of the term B. subfilis

will apply to those strains belonging specifically to B. subfilrs sensu stricto and does not

include those associated with former designations, B. globigii or B. subtilis var. niger,

now called B. atrophaeus.

Like B. licheniformrs, B. subfírs strains are employed commercially for a variety of

commercial applications because of their ability to produce extracellular proteases and
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amylases (35). Strains of B. subfilrs have been used in a variety of applications, including

that of sterilization control (60). Non-mucoid colonial variants of B. subfilrs have

appeared from original, mucoid-type colonies at a relatively low frequency (35). These

new variants differ not only in colony forming phenotype but also in their volume and

level of enzymatic productions and susceptibilities to antimicrobial agents (35). Wild

isolates closely related to B. suófr/rs are phenotypically similar, yet fall into several

distinct groups based on gene coding regions and sexual isolation (111). Recent studies

continue to discover new subspecies within the B.subfilrs cluster while constant

rearrangement of the species with further genetic analysis attempt to clarify the

taxonomic relationship of the B. subtilis sub-groups (11 1).

Strains of this species produce spores of specific resistance to heat, ethylene

oxide and other chemicals and have therefore been proposed for testing the

effectiveness of such methods for sterilization (85). B. subtilis strains have also been

used as a biological standard in a mix of organisms in determining the antimicrobial

effects of sodium hypochlorite and chlorhexidine in recent studies (55). ln water

sterilization practices using chlorine dioxide, B. subtilis spores were used, in a bench-

scale study, as Bl evaluating the resistance to disinfection for protozoan parasites such

as Cryptosporidium (37, 38, 125). ln other studies, UV resistance of B. anthracrs was

gauged by validation using B. subtilis spores as a surrogate due to their high degree of

UV resistance, reproducible inactivation response and ease of use (1 13). Exhaustive

testing of B. subfilrs strain ATCC 6633 has resulted in this strain serving as the current

European standard for 254-nm UV disinfection of drinking water (113). Application of

AOAC efficacy testing of disinfectants requires the use of B. subfilrs ATCC 19659 spores

for qualitative sporicidal testing to determine a successful decontamination strategy

development to eliminate B. anthracis from contaminated buildings and its contents
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(hence studies using B. subf/rs are geared toward comparison with B. anthracis spore

removal- as a surrogate) (184).

1 .4.2.3 Baci I I u s I icheniform is

B. licheniformis is a Gram-positive, spore-forming bacterium widely distributed in

the environment (128). Unlike the predominantly aerobic bacilli in the genus, B.

licheniformrs is a facultative anaerobe, which may allow it to grow in additional ecological

niches (128).

Along with B. subfilrs and B. atrophaeus, B. licheniformis and B. pumilus

comprise the subfilrs group associated with a range of clinical conditions, food spoilage

such as ropy bread, and incidents of food-borne gastroenteritis (154). B. licheniformis

has also been associated with septicemia, peritonitis and food poisoning in humans, as

well as with bovine toxemia and abortions (154). B. Iicheniformrs is an industrially

important organism, used in the production and manufacturing of enzymes, antibiotics

and chemicals and is also an important ecological organism responsible for nutrient

cycling (128). Some of the more important products associated with B. licheniformis

include alpha amylase, penicilinase, pentosanase and several pectinolytic enzymes

(128).

Comparison of genomes through lists of essential genes demonstrated that B.

subf/rs was the closest relative of B. licheniformis, having orthologs of all essential

genes in that species (128). ln pairwise BLAST comparison ,660/0 of predicted B.

licheniformrs genes have orthologs in B. subtilis indicating that these two species are

phylogenetically and evolutionarily closely related (128). With such similar genome

sequences, both B. subtilis and B. licheniformrs represent potentially useful instruments

for comparative and evolutionary studies among species within the suóflrs-licheniformis

group, and may offer new information regarding the evolution and ecology of these
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closely related species (128).lt therefore follows that if B. subtilis strains and B.

atrophaeus strains have been identified for use as surrogates in disinfection studies,

then with such similar genetic relatedness, B. licheniformrs could be considered for

surrogate use in decontamination studies. ln one recent test, B. licheniformrs was

identified as a potential Bl for sterilization processes involving aldehyde treatments (164).

Very little literature on testing with B. licheniformrs currently exists to provide evidence to

suggest that B. licheniformrs would be a suitable for anthrax; in parallel with B. subfilrs

complex species.

1.4.2.4 Taxa closely related to B. anthracis

Genetically , B. anthracis is a member of the B. cereus group, which also includes

B. thuringiensrs and B. mycoides (109). DNA studies have fuñher shown that B.

anthracis, B. cereus, B. mycoides, B. thuringiensls and B. weihenstephanensis all have

AT-rich genomes and high degree of homology (77).163 rRNA analysis oI Bacillus

strains within this group in the early 1990's led to proposals that B. cereus group

members be classified as a single species but this ntions was not accepted (109). Direct

comparisons of the sensitivity of spores of B. anthracrs and spores of other Bacillus

species to sanitizers used to decontaminate food-content surfaces and foods have not

been described (23). Thermal resistance of B. anthracis spores has been estimated

using members of the group as surrogates, and it was found after testing with actual

virulent anthrax spores that B. anthracis was not especially resistant to heat killing (109).

This experiment showed B. cereus, B. thuringiensls (as well as B. subtilis) as acceptable

surrogates for heat sterilization as they had higher survival rates than the target

organism (109).

lf for no other reason than genetic relatedness, the species making up the B.

cereus cluster can potentially be used to gauge the effects of liquid sporicidal activity to
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see if they react similarly to B. anthracrs. ln some studies, B. thuringiensrs was utilized

because of its non-pathogenicity (to humans) and because it is a member in the same

genetic group as the virulent B. anthracis (66).

lnformation on the sporicidal activity of chemical treatments using B. cereus, B.

thuringiensrs and other Baciltus species as potential surrogates for B. anthraciswould

provide insights to the relative sensitivity ol B. anthracis would provide insights to the

relative sensitivity of B. anthracrs spores to the same treatments (23). ln another test, B.

cereus and B. thuringiensls were used as initial test agents in preliminary rounds before

working towards B. anthracis chlorine dioxide testing with resulting data providing

insights into how B. anthracis spores and vegetative cells would respond to this chemical

(23). Again, little documented testing has been completed with B. cereus cluster

members in direct comparison with actual B. anthracis strains, but genetic relatedness

provides support for their use as a surrogate since the homology between members of

the same phylogenetic grouping would be expected to be similar.



48

Figure 6: Selected Bacillus species (approximately 25% of species shown) & closely

related genera 165 rRNA sequences Phylogenetic Neighbour Joining Tree with 1000

bootstraps (obtained from Genbank and in house sequencing). Sequence homology and

genetic relatedness delineated from sequence alignment using ClustalX and Mega3.0

sequence and tree construction software. Replicates = sequences from Çpe strains. Bar

represents % substitution.
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1.4.3 Simulation and Factors for Accuracy of Testing Strategy

When conducting decontamination trials as well as determining the efficacy of

disinfectants, consistency and reproducibility must always be maintained to obtain

comparable results and information (no variability to cause unexplained variance in data)

(109). Bacterialspores for use as Bl's should be prepared on chemically defined media

(195). ln heat resistance comparisons, spore heat resistance properties are influenced

by strain, sporulation conditions and medium used (109). Treatment with different

chemicals to measure their efficacy currently utilize various biological spore agents, each

having variations on sporulation media, inoculating amount, and other environmental

conditions (66, 85, 110,132, 169). ln some recent studies, substrates for production of

spores are inoculated by automated systems that control the volume being deposited as

well as the volume of inoculum being placed on carriers (110). lt is indeed imperative

that for reproducibility and comparability, growth, inoculation and

disinfectanVdecontamination test conditions must remain the same to prevent the

introduction of growth parameter variability.

ln room decontamination and simulation oÍ B. anthracis elimination

standardization is also of great importance for the sake of comparability with other

similar experimentation or for comparison to different decontamination strategies (86). ln

a recent study on the decontamination strategy of two buildings contaminated with B.

anthracis, use of a controlled environment with a variety of contaminated materials

provided data to ensure that effective sampling, analysis and decontamination methods

could be employed in domestic and workplace settings (32). Likewise, attention must

also be paid to the locations and repetitiveness of placement of Bls (and surrogate

organisms) during the decontamination processes of buildings and rooms (6). lndeed,

sampling and testing plans must include representative sampling of all areas, in order to
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give information about entire building/room decontamination (6). As we have seen with

disinfectanVchemical efficacy testing, decontamination strategy and method

efficaciousness must be conducted in such a way as to maintain reproducibility and

allow for comparison between methods utilizing other different chemicals, other

organisms, or other decontamination equipment (be it a study on the organism, a

specific chemical of interest, or a study on the effectiveness on a new piece of

machinery).
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1.5 Thesis Obiectives: Use of the second tier of the quantitative carrier test (QCT-2)

to identifv a suitable surroqate for Bacillus anffrracis in testinq the sporicidal

activitv of liquid chemicals bv comparinq the susceptibilities of the spores of

several species of the qenus BacÍllus to selected microbicides.

ln the case of B. anthracis, the selection of (a) surrogate microorganism(s) for

regulatory testing is in some cases determined by the need for disinfection in a clinical

setting and may not have taken into account the need for decontamination in

environmentaland industrial settings (176). As summarized by Spotts-Whitney et. al.

(2003) results can be confusing and difficult to interpret for a target organism due to the

multiplicity and lack of standardized results (Table 1)(171). Multiple organisms have

been utilized in recent studies including various strains of the Bacillus spores used as

the "ideal" surrogate for B. anthracrs decontamination. Testing with spores versus

hydrogen peroxide fumigant, Meszaros et. al. demonstrated that spores of G.

stearothermophilus were indeed the most resistant to sterilizing levels of that chemical

(105) while even more recently, Andersen et. al. utilized spores of Bacillus atrophaeus

(ATCC g372)in their experiments on contaminated medical equipment and ambulances

to achieve successful sterilization, using VHP despite claíms that G. stearothermophilus

spores were higher in resistance (6).

Another example of finding surrogates for target organism in the field, spores of B.

cereus were treated in two separate experiments using a form of the QCT carrier test,

but whose growth conditions varied as in one test the spores were grown out for 10 days

at 37oC (54) and the other grown for 3 days at 30oC (87). ln both cases, surfaces tests

were employed but the study lacked standardization, in that the carrier materials differed,

with stainless steel and PE discs used for one experiment (54), and with stainless steel

as well as on surfaces of apples in the other, in order to establish potential food surface

decontamination with a common pathogenic food contaminant (87). ln a second
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example, spores of Paenibacillus alvei(a causative agent of foul brood disease in

honeybees) were utilized for decontamination using various chemical sporicides (50,

115). Again, issues of comparability of results is well nigh impossible because of

variabilities involved including differences in the surfaces used; wood (50) and porcelain

penicylinders (1 15) while neither included a neutralization step post decontamination

which can cause misleading results as to the true nature of the successfulness of the

chemical treatments, as has been mentioned previously (50, 115). These results and the

lack of reproducibility make comparison difficult when it comes to examination of

sporicidal efficacy over a large number of potential surrogate organisms. Therefore, our

first objective was to determine if a large panel of genetically related Bacillus species

could be grown and tested under reproducible conditions using the QCT-2, which

employs strict limitations in terms of growth, carrier material, disinfectant application,

neutralization and subsequent recovery post decontamination and if so, determine which

of those organisms displayed higher resistance to the test disinfectant. Decontamination

of potential bioterrorist agents (8. anthracls) requires immediate decontamination to

minimize the spread of disease, time is of issue, and it would be a priority to prevent

further spread of organism in a contaminated area. Examination of sporicidal capability

of a disinfectant against Bacil/us species equal to or more resistant than B. anthracis,

using time interval sampling to examine the kinetics of kill of selected sporicidal agents

was conducted to demonstrate the hardiness and survivability of selected spore agents.

Our subobjective was to test the same chemical agents (as used on lower risk

agents in initial panel screen) against fully virulent, as well as avirulent strains of B.

anthracis and determine if the same protocol could be used to test against the target

organism. ln the literature, few tests have actually been conducted against B. anthracis,

and in those æses only used avirulent or genetically altered strains that have lost their

virulence plasmids (29, 39, 139). These, as well as tests using the aforementioned
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surrogate organisms have been used to determine the potential performance of

chemical sporicides against B. anthracis contamination in the event of a bioterrorist

event or accidental release. Therefore, our third subobjective is to compare the results of

the avirulent and virulent B. anthracrs to the "surrogate" organism survivability and

performance to the chemical sporicide challenge at similar time points to determine

whether the selective and traditionally used "surrogate" organisms have actually been

correctly selected as replacement (stand ins) for analysis and measurement of current

and potential decontamination strategies and materials.

Also, mentioned previously, several different Bacillus organisms have been

identified as ideal for decontamination strategies (105) or for different situations

pertaining to target organism decontamination - B. cereus in food industry and P. alveiin

beekeeping industry (50, 115), our fourth and final subobjective was to identify the

hardiest spore former from the Bacillus panel originally tested and taken to time interval

testing. To do this required the detailed analysis of data generated after various timed

interuals from avirulent and virulent B. anthracis spores compared with the surrogate

organisms and find which strain of Bacillus had consistently and significantly (by

statistical analysis) outperformed the other surrogates and was less, or at minimum,

equally susceptible to liquid chemical decontamination of B. anthracis spores.

Additionally, literature has demonstrated a lack of visible detection or

demonstration of chemically treated spores under transmission electron microscopy

(TEM). ln some æses the mechanisms of killing of Bacillus spores have only been, at

best, theorized (94, 95, 197, 198, 199). ln our attempt to complete these previously

mentioned objectives, we attempted to demonstrate, through the use of deep-freeze

substitution and thin sectioning TEM, the effect that these liquid sporicidal chemicals had

on the various layers of the spore structure and morphology of our identified potential

surrogate organisms after completed disinfection contact time. TEM potentially might
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demonstrate spore differences between chemical treatments as well as between other

surrogates' responses through observatíon of morphological variations in spore layering,

arrangement and condition after chemical sporicide exposure.

Table 1: Variable experimental results obtained for chemical sporicide efficacy on

the inactivation of Bacillus species (171)

Ghemical

Calcium
hypochlorite

Goncentration lnoculum Size

20 ppm available;
Cl2, pH 8.0, 20oC

25ppm available; Clz,
pH 6.0,20oC

3 x 10'- 4 x 10" spores of

distilled HrO

Bacillus suöú/ls in 5.0 mL
sterile distilled H2O 4'ö mln's

2.0 x 107 spores/mL of B. ô F -:- -
metiens in 10 mL of sterile z'þ mln's

Efficiency of
K¡I¡

99% killed

0.061 (log of
average o/o

survivors) 99%
killed

Free Available
Ghlorine

2.4-2.3 mglL
available;C12, pH

7.2,220C

1.1 x 105 spore suspension
of B. anthracis

>99.99% killed (1

spore/mL
survived)

t hour

Sodium
hypochlorite

(Naocl)

0.05%, pH 7.0,20"C

0.05%, pH 11.0,
200c

Spore suspension of B.
subf/ls globigii,

representing 1.6 -2.2 x 10e

CFU/mL

99.99% killed

3o min's 
5o% spores

survived

Hydrogen
peroxide

(Hzoz)

25.8o/o,24oC

25.8o/o,76oC

0.88 mmol/L, pH 5.0

0.88 mmol/L, pH 4.3

8. subfiTrs globigii spore
suspension (no

^ concentration)
10o cFU/mL B. subf/is

spore suspension
10mL B. subfrTrs spore

suspension coated onto
stainless steel carriers

1b min.s O.OO1o/o survived

. <0.0001%
<1 mtn

survived

3 hours 
1oo% kiiled

6 hours 
1oo% kired

0.13 mol/1, pH 5.0, 10þ cFU/mL B. suþfil,s
6.5, 8.0 <30 mins 100% killed

(cftcoooH) 
0.39 mot/L, Ph 4.0,

7.0, 9.0 stainless steel carriers
4% in water

FormardehYde 

iis il:iil:i ssr ãH

199ry1','

?19'g{','

t.30% RH 102 - 3 x 108 8. gtobigii 22 min.s 1 log10 reduction
, 50% RH NCTC 10073 dried on disks 31 min.s at 23.5oC -25oC

Peracetic acid
1OmL B. subf/ls spore
suspension coated on 24 hours 100% killed

,98% RH
16 min.s
9 min.s

Gfiglj:lYo" 2o/oinwater, pH 8.0 108/mL spores B. anthracis 15 min.s
10'inactivation

(G5H8O2) - '" "' ""'"" v" "'" ' " " "- "t"-' -- -' -"' tu.,ot
Sodium 5o/o,27.9oC - -. ¿ne^^^-^^,-, n 1.5 hours 99.9% killed

hydroxide
7 x lOsspores/mL B.

subfiTrs
99.9% killed.10C

400

(NaOH) 5%, 21.1"C 3.6 hours 99.9% killed
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2. MATERIALS AND METHODS

2.l Bacterial Strains and Gulture Gonditions

Bacillus species tested were chosen from the culture collection held at the

National Microbiology Laboratory (NML), Public Health Agency of Canada (PHAC),

Winnipeg, MB. Following a literature review of clinically and environmentally important

Bacillus species, a panel of organisms (Table 2), well dispersed among the phylogenetic

163 rRNA tree of the Bacílus family (Figure 6) were selected to be grown into spore

suspensions for subsequent testing with the microbicides. The list also included an

assortment of both avirulent (Risk Group 1 and 2) and virulent (Risk Group 3) strains of

Bacillus. Most avirulent Bacillus strains (RG-1 and 2) in this study were acquired from

the American Type Culture Collection (ATCC) (Manassas, Vl) and housed in the culture

collection of the Special Bacteriology section under the custodianship of Ms. Kathy

Bernard at the National Microbiology Laboratory, Public Health Agency of Canada as

lyophilized cultures. Dr. L. Nakamura of the USDA (Peoria, ll) provided some strains as

gifts to the NML. Mr. Greg Tiffin of the Animal Disease Research lnstitute (ADRI)

(Lethbridge, AB) provided 5 of 6 strains of B. anthracrs as a gift to the NML. B. anthracis

strains were obtained from containment level 3 (CL-3) collection and transferred as

cultures already grown on 5% sheep blood agar. B. anthracis cultures on blood agar

were noted for their lack of hemolysis (in comparison to B. cereus). B. anthracis cultures

had already been previously tested for presence of virulence plasmids pX01 and pX02

using commercial or Laboratory Response Network (LRN) PCR detection kits. Multilocus

variable number tandem repeat analysis can reveal genetic relationships between

strains of B. anthracls (78). Figure 7 shows the results of MLVA analysis conducted by L.

Bryden at PHAC, from which our strains were selected. Of particular note, 8. anthracis

ATCC 14578 (the type strain) appeared to have lost its virulence. Finally, B. anthracis
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Sterne strain 34F2 was obtained from Dr. Jody Berry as a non-encapsulated live culture

Anthrax Spore Vaccine isolate (Colorado Serum Co., Denver, CO) for use in livestock.

Strain called Bacillus CDC #G9241 was received as a gift from Dr. Alex Hoffmaster

(CDC, Atlanta) and is described as a Bacillus cereus isolate which has acquired the

pX01 plasmid (68, 69, 108). As strain G9241was associated with disease suggestive of

inhalational anthrax (68, 69) the Safety and Environment Services (SES) group of the

CSCHAH recommended that all work with this strain be done in CL-3 and be treated in

the same fashion as virulent strains of B. anthracrs. Likewise, both virulent and avirulent

strains of B. anthracrs were worked on in CL-3 as a containment procedure

recommended by SES. NML identifier number 03-0191 is a strain of B. anthracrs that

was recovered from the spleen of a cow that had died of the disease. Despite being

shown in Figure 7 that some strains of B. anthracrs were avirulent based on what

appears to be missing pX01 or pX02, the actual virulency of the culture collection strains

was originally determined by LRN PCR detection kits mentioned previously. PCR

virulence plasmid detection results for LRN study conducted at the NML and presented

at a Canadian Association for Clinical Microbiology and lnfectious Diseases (CACMID)

was performed by S. Soule, formerly of the Special Bacteriology section, in 2005 and

can be found in the Appendix (Table 1 Appendix, Virulence Plasmid PCR Detection

Results).
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Table 2: Strains initially identified for testing. All strains from PHAC, Winnipeg, MB, had

previous and extensive characterization (phenotypic and genotypic) and identification

prior to use in this study (data not shown).

0rganism Reference Number Source

3acittus cereus' ATCC 14579 Reference Collection

3aciltus lichen iformist ATCC 14580 Reference Collection

3acittus megateriumt ATCC 14581 Reference Collection

Sacittus pumilust ATCC 07061 Reference Collection

3acittus sphaericust ATCC 14577 Reference Collection

) ae n i b acitt u s ( Baci tl us) poty myxat ATCC 00842 Reference Collection

V i rg ib acit I u s p a ntothe nti cu sl ATCC 14576 3ift from L. Nakamura

3acittus mycoidest ATCC 06462 Reference Collection

Sacittus subfiÍsl ATCC 6051 Reference Collection

3acillus subf/is (Ehrenberg) Cohn) ATCC 19659 \TCC

Paenibacillus (Bacillus) alvei ATCC 06344 Reference Collection

Baciltus badiust ATCC 14574 Reference Collection

Bacittus atrophaeust (8. subtitis var. niger) ATCC 49337 ;oil, CO

Bacillus atrophaeus ATCC 51 189 qTcc

Bacillus atrophaeus ATCC 9372 qTcc

Bac i I I us th u ri ng ie ns is ATCC 13367 CCUG (Sweden) Reference Collection

3 revi b a cit t u s ( Ba ci t t u s) brev ist ATCC 08246 Reference Collection

3acillus anthracis * (caprine) ADRI Lethbridge No. 2001-50 /Vhiterock BC

3acillus anthracis* (bovine) ADRI Lethbridge No.961 0 lroquois ON

3acillus anthracis* (bison) ADRI Lethbridge No.93-1 89C !WT

3 acill us a nth racis* (bovine) ADRI Lethbridge No. 91-383C :latbush AB

Sacillus anthracis*" (Pasteur strain) ATCC 4229 University of Manitoba

Sacillus anthracis"* ATCC 6602 ADRI Lethbridge

Sacillus anthracis* ADRI Lethbridge No.9604 \DRl Lethbridge

3acillus anth racis" (bovine) ADRI Lethbridge No.9807 ADRI Lethbridge

Sacittus anthracisr"* ATCC 14578 University of Manitoba

Sacillus anthracis* NML 03-0191 Oow Spleen

Sacillus anthracis Sferne** (vaccine) 34F2 Denver, CO

Sacillus cDC#Gg241 CDC, Atlanta, GA
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Figure 7: MLVA conducted on samples demonstrating relatedness of strains of Baciltus

anthracis contained within Public Health Agency of Canada. With permission from Louis

Bryden (unpublished). Of particular note are the genetic regions detecting the presence

or absence of pX01 and pX02 (virulence determinants - red circle). Strains of were

selected based on the genetic results seen in MLVA data to test against representative

strains from different "clades."
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Lyophilized cultures were initially inoculated into 10 mL nutrient broth (NB) tubes (Difco

Laboratories, Detroit, Ml) and incubated for approximately 24 hours at 36t1oC. Following

resuscitation, a loop-ful of culture was then inoculated onto trypticase soy agar (TSA)

plates (Difco Laboratories, Detroit, Ml) and incubated overnight at 36+1oC or until good

growth was noted. From here, cultures were streaked one more time for purity and

incubated under the same conditions as previously mentioned. All non-B. anthracis

stocks were maintained on TSA and passaged weekly, changing to storage via spore

cultures once they had been produced (as described below, 2.3).

Bacillus atrophaeus (ATCC 51189), Bacillus atrophaeus (ATCC 9372) and

Bacillus subfíls (ATCC 19659) were obtained from ATCC and examined using

biochemical testing, 165 rRNA sequencing and CFA analysis to provide definitive

identification and characterization, ensuring correct delivery ol Bacitlusorganism (data

not shown). The 165 rRNA sequence from B. atrophaeus ATCC 51189 was deposited

into Genbank (accession #EF188847). Also deposited was a milled powder spore

isolate nearly identical to ATCC 51189 (DQ848125). The sequence tor B. atrophaeus

(EF188847) had 99.2% identity with the type strain of B subf/rs (ATCC 6051).

2.2 Preparation of Sporulation Media

ln preparation for spore culture creation, 10 mL of Columbia Broth (Difco

Laboratories, Detroit, Ml) was diluted with g0 mL of sterile deionized (18.2mO) HzO to

make 1/10 dilution of broth. Aseptically, 1 mL of 1OmM MnSO¿.4HzO solution was then

added into 99 mL of the 1/10 diluted broth to enhance sporulation.

2.3 Preparation of Risk Group (RG)-1 and RG-2 Spore Gultures

Bacillus cultures, maintained on TSA were inoculated into sporulation media

under near identical conditions. Prior to inoculation into sporulation media, cultures were
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passaged onto TSA and incubated overnight at 37oC (approximately 16 hours). The next

day, a loop-ful of culture was placed into a 250 mL Erlenmeyer flask containing the

sporulation medium (1/10 Columbia Broth with MnSO¿) and the bacterial colony gently

swirled for a minute to break apart clumped cells. The inoculated cultures were

subsequently incubated at 36t1oC in air (at atmosphere) for approximately 72 hours on

an orbital shaker at 150 revolutions per minute (RPM).

2.4 Spore Harvesting from Sporulation Media

2.4.1 RG-1 and RG-2 Organisms

Once 72 hours of incubation had been completed, the sporulated cultures were

then placed into 50 mL Falcon tubes and centrifuged for 20 minutes at 3600 RPM (3000

xg) to pellet cellular material. Supernatant was removed and the spore pellet was

washed with approximately 20 mL of sterile, distilled, deionized water and the tube

vortexed to re-suspend pellet. The spore suspension was centrifuged at 3600 RPM for

15 minutes to pellet spores. Washing of the spore pellet was repeated twice more before

the pellet was suspended in 1 0 mL of DDW (using the 1/10 volume of the original culture

medium). The suspended and washed spores were then placed into an 80oC water bath

tor 20 minutes to ensure killing of any vegetative forms still present after washing. Spore

preparations were then enumerated by serially diluting a 100 uL sample into 900 uL of

sterile distilled HzO in 1 .5 mL Eppendorf tubes and plated 100 uL of 10-5, 106, 10-7, and

10€ dilutions. This procedure generated 108 spores/mL in every spore culture (Table 3).

Once enumeration was completed, a sample of all spore suspension was heat

fixed to a microscope slide and stained for five minutes with 5% Malachite Green stain,

washed with sterile water, counter stained with Safranin and washed once more before

being examined under bright field microscopy to check for presence of spores in original

suspension (Figure 8). After spore staining, bacterial spore cultures were stored at 4oC
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for duration of the project or until spore sample was used up and new spore sample for

that particular strain was remade.

Table 3: Spore Concentrations of Risk Group 1 and 2 Bacillus spore stock suspensions

made for subsequent QCT Procedures. Titre determination carried out using CFU counts

from plating serial dilutions of a sample of spore culture onto TSA agar and incubating

plates for up to 48 hours at 37oC.

2.4.2. Bacillus anthracis samples

The procedure for creation of B. anthracrs spore suspensions for future testing

followed a similar general protocol except that allwork was completed in CL-3 in N2200

at the NML. Because spores of B. anthracis can cause serious harm to human health,

appropriate personal protective equipment (PPE) was donned and spore cultures were

Organism Reference Number
lnitial Spore Gulture

Goncentration
(spores/ml)

Bacillus cereusr ATCC 14579 1.10 x 108

B a ci t t u s I i ch e n ifo rm i sr ATCC 14580 2.04 x 1OB

Bacitlus megateriuml ATCC 14581 1.80 x 108

Bacittus sphaericusr ATCC 14577 1 .90 x 10s

V i rg i b a ci I t u s p a ntoth e nti c u sr ATCC 14576 1.10x108
Bacillus subfi/isr ATCC 6051 5.95 x 108

Bacillus subfilrs ATCC 19659 1 .70 x 108

Bacittus badiu{ ATCC 14574 8.5 x 108

Bacíllus atrophaeus' lB. subtilis
var. níqer)

ATCC 49337 1 .00 x 108

Bacillus atrophaeus ATCC 51 1 89 3.15 x 10ö

Bacillus atrophaeus ATCC 9372 7.95 x 1OB

Bacil I u s th u ri n gie nsis ATCC 13367 1.25 x 108

Brevibacitt us (Bacittus) brevisr ATCC 08246 1 .10 x 108

T = Type Strain
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conta¡ned within Class lll chamber (glove box) and transported cultures using 1A

transport containers to centrifugation procedure. Cells were centrifuged at 3600 RPM

(Beckman Coulter KR4 centrifuge, VWR, Mississauga, ON). Once spores were ready for

heat kill at 80oC, cultures were transferred to 1.5 mL Eppendorf tubes and placed in

Eppendorf Thermomixer (VWR, Mississauga, ON) and heated for similar times as used

with RG 1-2 organisms and enumerated via the same serial dilution, spread plate

method decribed in 2.4.1. Some cultures of B. anthracrs were found to produce

insufficient spore titres (Table 4) for use in QCT-2 protocols. These samples, after further

repeated attempts to raise titres to acceptable minimum limit (108 spores/mL) using

identical sporulation procedures failed to produce an acceptable titre and were rejected

(see Table 4) for use in this project. The type strain of B. anthracis (ATCC 14578) that is

normally virulent (containing both pX01 and pX02) was noted to be an avirulent strain

according to previous genetic plasmid analysis conducted on these samples (Figure 7

and Appendix l). lt was therefore decided (also due to its poor spore titre production) to

exclude it from further consideration.

The Sterne strain oÍ B. anthracis was grown under slightly different conditions, in

part, to check if differences in growth conditions resulted in any noticeable effects on

microbicide resistance of the spores. To this extent, B. anthracis Sterne was grown by

adding 5 mL of overnight culture to 100 mL of 1/10 Columbia Broth with MnSO4 at

similar incubation conditions except that the spore culture was grown out for 96 hours (4

days) before harvesting spores was completed using similar harvesting procedures and

a spore culture of 108 spores/mL was achieved.
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2.5 Preparation of lnocula for Quantitative Garrier Testing

2.5.1 QCT-1

Testing with QCT-1 involved inoculating a 10 uL volume of spore suspension

from original spore suspension onto the bottom of flat bottomed glass vials with septate

caps (Galaxy Glass, Ml) using a positive displacement pipettor. Care was taken to

ensure that the tip containing inoculum did not touch the sides of the glass vial and the

suspension, once deposited, did not spread out and touch the sides of the vial. Any vial

that was suspected of having had contact with the side of the glass walls was rejected

for testing. Samples were then placed inside a glass desiccating unit containing Dri-erite

(Hammond Drierite Company, Xenia, OH) and left for a minimum of two hours, but

usually, overnight, to ensure that the inoculum dried well on the carrier. After drying, the

carriers were sealed with their regular caps and stored till needed.

2.5.2 QGT-2 and Soil Load Preparation

For QCT-2, a soil load was required to be incorporated into the spore suspension

before being inoculated onto the carriers. The tripartite soil load was prepared as follows

according to the protocolfrom the Centre for Research on Environmental Microbiology in

Ottawa, Ontario (175): 0.59 of tryptone was added to 10 mL of Phosphate Buffer (pH

7.2),0.59 of bovine serum albumin (BSA) added into 10 mL of phosphate buffer (pH7.2)

and 0.049 Mucin-type 1 from bovine submaxillary glands (Sigma) was added to 10 mL of

phosphate buffer (pH 7.2). Each solution was prepared separately and sterilized by

filtration through 0.22um membrane filters (Pall Life Sciences, Ann Arbor, Ml) and stored

in 50 mL Falcon tubes at -20oC for longer term storage.



67

Table 4: Spore Concentrations of Risk Group 3 Bacillus spore stock suspensions made

for subsequent QCT Sporicidal evaluation procedures and reasons for strain rejection of

those samples not tested against sporicidal efficacy. Titre determination carried out

using CFU counts from plating serial dilutions of a sample of spore culture onto TSA

agar and incubating plates for up to 48 hours at 37oC in air incubator.

*Spores of Bacillus anthracis Sterne were made by inoculating 9 mL overnight TSB

culture into 100 mL of 1/10 Columbia Broth and incubated for 4 days (96 hours) with

90RPM orbital shaking. This protocol differs from the other B. anthracis spore cultures

listed, which were grown under conditions described by Springthorpe and Sattar (223).

'Bacillus CDC# G9241 is not defined as Bacillus anthracis and so was identified by its

CDC specimen number and was described previously (67, 68)

Bacillus organism
identifier

Starting titre
(spores/ml) Used? Reason for Exclusion

B. anthracis ATCC 4229 2.1 X 108 Yes

B. anthracis ATCC 6602 4.77 xl07 No Insufficient spore titre

B. anthracís ATCC 14578 N/A No Insufficient spore titre

B. anthracis Sterne* 2.19 x 108 Yes

B. anthrac,s ADRI9610 2.917 x 108 Yes

B. anthrøcís ADRI9807 1.3 x 107 No Insufficient spore titre

B. anthrac¿s 2001-50 8.5 x 108 Yes

B. anthrac¿s 03-191 2.45 x T08 Yes

B. anthracis 93-189c 3.9 x 108 Yes

B. anthracis ADRI9604 2.5 xl07 No Insufficient spore titre

Bacillus CDC# G924f 2.025 x T08 Yes

B. ønthrøcís 91-383c N/A No
Poor sporulation in

Columbia Broth
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From this point, soil load was then be created with the spore inoculum in 500 uL aliquots

by adding 25 uL of BSA, 100 uL mucin, 35 uL tryptone and 340 uL of spore suspension

into cryogenic freezing vials and stored at -20oC (175). For QCT-2, the carrier utilized

was a brushed stainless steeldisk (AlSl stainless steel, Muzeen & Blythe Ltd., 187

Sutherland Ave., Winnipeg, MB), which was inoculated with 10 uL of spore/soil load

mixture and dried in a similar manner to QCT-1 protocol. With the inoculum mixture dried

on disks, carriers were placed in 15 mL flat-bottomed Teflon vials (Cole Parmer, Vernon

Hills, lL) were ready for testing.

2.6 SporicidalTesting of RG-1 and RG-2 Spores

ln general, all experiments involving testing of spore-contaminated carriers (glass

and brushed stainless steel) followed general protocol of the QCT-1 and QCT-2 (Figures

9 and 10) (176) The major exception of this test protocol from QCT protocol is that in

these experiments, threaded stir bars were not utilized, and were instead replaced with

100 uL pipette tips to scrape off soil load/spore mixtures still adhering to carrier after

disinfectant application to ensure recovery of spore inoculum from the glass carriers.

2.6.1 QCT-1 lnitial Screening ol Bacillus Panel versus Bleach

A pre-screen was conducted on spore samples to determine which organisms

from the selected panel of Bacillus tested would be carried forward for further and more

extensive testing with the other liquid chemical sporicides. An active bleach solution was

made by adding 1 mL of commercial household bleach (5.25o/o sodium hypochlorite) to 9

mL of 400ppm HW to make an active 1:10 dilution (5000ppm FAC) solution (pH 9.6

measured prior to carrier testing). One mL of this solution, containing - 5,000 ppm FAC,

was placed on each spore-inoculated carrer. The experiments conducted on any given

species used 7 test replicates with 3 control carriers; this equaled one trial in later tests.
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Figure 9: Flowchart of procedural steps for sporicidal testing of Bacillus spores using

QCT-1 as designed by Springthorpe & Sattar (176). Figure reproduced with permission

from Dr. Syed Sattar. When sporicidal chemicals required dilution, HW with 400 ppm

calcium carbonate was used unless othen¡vise specified by the manufacturer.
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Figure 10: Flowchart of the steps for sporicidal testing of Bacillus spores using QCT-2

as designed by Springthorpe & Sattar (176). Reproduced with permission from Dr. Syed

Sattar. When sporicidal chemicals required dilution,400 ppm calcium carbonate HW was

used unless otherwise specified by the manufacturer.
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were also applied to determine the approximate original spore load per carrier by adding

an equivalent amount of 0.85% sterile saline (prepared in house). Tests and controls

were exposed for 20 minutes at which time g mL of neutralizer (1% sodium thiosulfate

with in sterile saline 0.1% TweenSO) was added to stop the microbicidal action. The

inside bottom surface of the carriers was then scraped with a pipette tip for 30 seconds

until no further inoculum was visible and then the vial, with its contents, was vortexed for

45 seconds. Once vortexed the controls and tests were appropriately 1:10 serial diluted

in 9 mL tubes containing 0.85% saline and appropriate dilutions were kept for filtration.

For control carriers 104, 10-5 and 10s dilutions were kept, while for bleach

solution at20, minutes contact time 100 and 10-1 d¡lutions were kept. Serialdilutions

were each individually filtered through a 150 mL magnetic funnel (Pall Life Science- Ann

Arbor, Ml) containing a 47mm diameter membrane filter (0.22um pore size- Pall Life

Science, Ann Arbor, Ml) to capture surviving spores using a filtration system consisting

of a vacuum manifold, a 1.8L Erlenmeyer trap flask and a vacuum pump as shown in

Figure 5. The dilution tube was then rinsed with 30 mL of 0.85% saline, after which the

sides of the magnetic filter funnel, were rinsed with 40 mL of saline before the membrane

filter was removed and carefully placed on the recovery medium, using sterile forceps.

After making sure that there was complete contact between the membrane filter and the

agar (no bubbles or wrinkles) plates were incubated for a maximum of 5 days at 37oC,

and checked each day for growth and enumeration of surviving spores. Spores surviving

microbicidal treatment showed up as CFU on the membrane fTlters. CFU counts for

controls and for tests were then entered into an Excel spreadsheet. Sporicidal activity

was determined by comparing CFU counts on test plates with CFU counts obtained from

control carriers. The loglsof survivors from test carriers were subtracted from the logls of

spores on control carriers which gave the final lo916 reduction values of spores on each

carrier. From the mean values of seven test carriers logls reductions could be
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determined for each organism on the Bacillus panel of 1 :10 diluted bleach solution.

Whenever a new bottle of sterile saline was used, a sterility check plate was tested by

running saline through a separate membrane filter and plating it on the same recovery

medium (negative control).

2.6.2 Determining the effects of sterile saline and neutralizer on spores

Controls were run to ensure that the microbicide neutralization procedure itself

was harmless to the viability of the spores. This was carried out by treating spore-

contaminated carriers with either saline or saline separately containing 1% sodium

thiosulfate with 0.1% Tween-8O, Letheen Broth with 1 % sodium thiosulfate, and 5%

sodium bisulfite. The CFU recovered from treated carriers were similar to those from the

saline controls indicating no sporicidal activity or interference with growth detection.

2.6.3 Loss of FAG in 1:10 diluted Bleach Solution over Time

It was noted that loss of FAC from 1:10 diluted bleach solution kept for re-use

over extended periods of time may have played a role in the variable sporicidal activity in

our original pre-screen. To this extent, a solution of 1:10 diluted bleach was created and

stored in several different containers and in different locations in the laboratory for a

period of one month. Each day, a 1 mL sample was drawn from the 1:10 diluted bleach

sample and diluted down to 1:1000, 1:5000 and 1:10000 to measure the FAC and total

chlorine concentrations in the original 1 :10 bleach solution sample using the HACH

colorimetric chlorine detection kit (ClearTech lndustries lnc., Winnipeg, MB) and used

according to procedure described by manufacturer. After one month, the bleach

solutions were discarded and the FAC and total chlorine concentrations graphed using

the Excel program.



75

2.6.4 QCT-2 Testing Of Bleach Solution: Comparison to QGT-1

As part of the initial pre-screen process and to confirm the higher stringency

conditions of QCT-2 versus QCT-1, the same panel of Bacillus organisms was this time

tested against freshly made 1 :10 bleach solution against spores mixed with the

previously mentioned soil load using the QCT-2 protocols described in Springthorpe & 
,

Sattar (176). For QCT-2 50 uL of test formulation, 1:10 diluted bleach solution (5000

ppm FAC) was added to dried inoculum on brushed stainless steel carriers (previously

placed inside 25 mL Teflon vial) and left for 2O-minute contact at room temperature. At

the end of the contact time, 9.95 mL of saline with neutralizer was added to each vial.

Steel disc surface with residual organic/spore material present were then scratched with

pipette tips to loosen adhering inoculum and then were vortexed for 45 seconds to

ensure spore recovery for filtration. Serial dilution, filtration, membrane placement on

recovery media, incubation and enumeration of survivors and determination of logls

reduction of viable spores followed identical methods used in QCT-1.

2.6.5 Timed lnterval Exposure QCT-2 (Kinetics of Kill Determination)

Since QCT-2 proved to be a more stringent microbicide test protocol, it was used

for all subsequent testing here. After the initial panel screen it was determined that the

spores of four RG-1(2) Bacillus species would be carried forward based on their

performance as being more resistant to testing in the panel screen to bleach solution

(please see 'Results'). These four species were Bacillus atrophaeus (ATCC 51189),

Bacillus atrophaeus (ATCC 49337r), Bacillus subf/rs (ATCC 6051r) and Bacillus

ticheniformis (ATCC 14580r). The three surrogates listed as type strains will hereforafter

be denoted strictly with their ATCC identifier (no "T") as type strain will be

inferred.Testing was completed in similar manner as described previously for QCT-2
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except that several contact times were tested. For each disinfectant, time points were

constructed to best exemplify the kill curye profile demonstrating the kinetics of kill.

The five chemicals used in subsequent experimentation were 1:10 diluted bleach

(Chlorox Company, Oakland, CA) (sodium hypochlorite) solution (5000 ppm FAC),

Accelerated Hydrogen Peroxide (2 chemicals, 5-10% AHP-Johnson Diversey andTo/o

AHP-Virox Oakville, ON), 2.6% glutaraldehyde (Metricide) (Metrex, Orange, CA) 1000

ppm chlorine dioxide generating dissolvable tablets (ChlorDiSys, Lebanon, NJ), and

0.3% diluted Peracetic acid (PAA) (FMC, Philadelphia, PA) used at their recommended

concentrations for maximum sporicide capability.

2.6.5.1 5000ppm FAC Surrogate Testing

Surrogate Bacillus testing utilized contact times of 1, 3, 5, 10 and 20 minutes,

and three control carriers. Each time point used two replicates per experiment and at the

end of contact time exposure the carrier was neutralized and processed as previously

described. Experiments were replicated twice with three separate experiments per

disinfectant per surrogate spore species. Results were enumerated in similar fashion

(CFU counts and comparison to spore control carriers) and plotted into Excel

spreadsheet and graphed using an average of 6 individual results for each time point.

2.6.5.2 Accelerated Hydrogen Peroxide

Two different AHP products were tested under QCT conditions. For Johnson

Diversey's Accelerated Hydrogen Peroxide disinfectant experimental testing determined

that time points of 5, 10, 15, 17 and 20 minutes would demonstrate the best kill curye

profile (data not shown). Carriers were exposed to AHP product for these contact times

and neutralized using Letheen Broth with 1% sodium thiosulfate and three control

carriers exposed to sterile saline. As previously described, two replicate carriers per time
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point were used for each surrogate tested and the entire experimentation scheme was

repeated for a total of three times per surrogate. Results were recorded in excel

spreadsheet and graphed using an average of 6 individual results per surrogate.

Virox AHP samples (Virox, Oakville, ON) were tested against the four surrogate

organisms' spores using procedures as previously described. Contact times of 5,10,12

and 20 minutes were utilized and three controls were included in each experiment. Data

was recorded in Excel and graphed with an average of 6 individual results per surrogate.

2.6.5.3 Glutaraldehyde (Metricide)

An activated 2.6% glutaraldehyde solution (Metricide) was tested against the

spores of the four surrogate organisms as previously described. Contact times tested

were 20, 40, 60, 80 and 90 minutes neutralized with 5% sodium bisulfite in sterile saline.

2.6.5.4 Liquid Ghlorine Dioxide

Liquid chlorine dioxide (1000 ppm) was generated by dissolving 1 Exterm

(ChlorDiSys lnc., MA) chlorine dioxide-generating tablet into 360 mL of 400 ppm HW in a

plastic squirt bottle. Chlorine dioxide was used immediately upon complete dissolution of

tablet. Contact times of 1 , 5, 10, 15 and 20 minutes were utilized. The neutralizer was

1% sodium thiosulfate and 0.1o/o Tween-80 in saline.

2.6.5.5 Peracetic Acid (PAA)

Studies by Sagripanti et. al. showed 0.2-0.3o/o (wiv) concentration of PAA could

achieve 5 log reduction of B. atrophaeus ATCC 9372 spores (153). ln vitro killing by

0.26% w/v PAA resulted in > 6 log reduction of spores of Bacillus suófl/is in experiments

conducted by Thamlikitkul et. al (183). ln this study, 0.3% peracetic acid was chosen as

the concentration of use by adding 100 uL of the acid (containing 7o/o hydrogen peroxide
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as a stabil¡zer) to 4.9 mL of 400 ppm HW in a polypropylene tube. Contact times 1, 5, 10,

15 and 20 minutes were utilized. The neutralizer was 1% sodium thiosulfate in 0.1o/o

Tween-80 and in saline.

2.7 Statistical Analysis of QCT-2 Surrogate Testing

Results of the five chosen microbicides for each of the four potential Bacillus

surrogates were then examined using Prism4 (GraphPad Software lnc., San Diego, CA)

for statistical analysis of mean logls reductions for the contact times of 5, 10 and 20

minutes. Statistical analysis of glutaraldehyde log16 reductions was only compared

between the surrogates at 20 minutes contact time. Analysis was carried out using one-

way ANOVA (analysis of variance) for each individual time point between the surrogates.

ANOVA testing was also carried out at 20 minute contact time between the microbicides

using each Bacillus surrogate (comparison of microbicide at one contact time). When

doing ANOVA analysis in Prism4 software, the Tukey's post-test option was selected

from a list of post-test operations to further identify statistically significant data sets.

2.8 Timed lnterval QGT-2 oi Bacillus anthracis samples

After the initial comparative testing with RG-1 (2) Bacillus spores, glutaraldehyde

was removed from further experimentation, thus leaving the four microbicides to be

tested against the spores of virulent and avirulent Bacillus anthracis strains. Since the

ultimate goal of the project was to compare Bacillus anthracis spore survival to

disinfectant testing to the spores of surrogate organisms, similar time points of

comparison were used as tested with RG-1(2) spores. Time points of 1 minute, 5

minutes, 10 minutes and 20 minutes microbicide exposure were utilized for each

sporicide. Seven strains of virulent and avirulent Bacillus were tested against the

sporicides in identical fashion to the methods described previously for sporicide testing
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with QCT-2 protocol to maintain integrity of methods to allow for comparison of surrogate

to target spore results. Experiments were conducted a total of three times for each

sporicide over the four sporicides tested for each Bacillus anthracis sample tested to

yield a total of six independent results for each time point in each disinfectant trial.

Results recorded in Excel spreadsheet and plotted as a mean lo916 reduction of 6 trials

and displayed Bacillus licheniformis as an avirulent RG-1(2) comparison organism

against virulent and avirulent strains of RG-3 Bacillus spores.

2.9 Statistical Analysis of RG-3 Bacillus spores

Results of the four disinfectants tested against RG-3 Bacillus spores were then

taken to Prism4 statistical software for analysis of mean logls reductions at contact times

of 1, 5, 10 and 20 minutes for FAC, AHP, chlorine dioxide and peracetic acid. Analyses

were carried out using one-way ANOVA (analysis of variance) for each individual contact

time between the RG-3 spore results. StatisticalANOVA comparison was conducted at

10 and 20 minute contact time for each microbicide over the four surrogates and the

seven target organisms (comparison over the entire panel of surrogate and B. anthracis

samples) against each of the four sporicidal agents to determine significant differences

between surrogate and B. anthracis response to sporicidal treatments and identify which

surrogates outperform or survive equivalently to B. anthracis spores.

2.1 0 Electron Microscopy

2.10.1 Surrogate Bacillus Cross-sectional TEM

A 100 uL sample of spore cultures of Bacillus atrophaeus ATCC 51189, Bacillus

licheniform,s ATCC 14580 and Bacillus megaterium ATCC 14581was spun down to

pellet spores and dead vegetative bacteria. Samples were then handed to the EM

department at the Public Health Agency of Canada, Winnipeg for cross sectional
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Transmission Electron Microscopy (TEM). Spores were treated with chemical, frozen

and thin sectioned before being negative stained with uranyl acetate. lmages were

captured digitally (Figure 1 1) and spore layers identified from reference in Figure 3.

2.10.2 Freeze Substitution Thin Sectioned TEM of sporicide-treated spores

2.10.2.1Recovery of treated spores

lnitially QCT-2 was designed for chemical exposure to spores for EM work but

problems in recovering sufficient sample (10u1 of spores on steel disc carriers proved to

be too small to obtain working sample for EM. A 100u1 volume of spores of Bacillus

atrophaeus ATCC 51189, Bacillus atrophaeus ATCC 49337, Bacillus licheniformis ATCC

14580 and Bacillus subfilrs ATCC 6051 were inoculated onto the bottom of glass vial

QCT-1 carriers. Five glass vials were inoculated with each organism for each chemical

sporicide tested (5 carriers Íor B. licheniformis spores challenged with bleach, 5 for for

AHP, 5 for liquid chlorine dioxide and 5 for PAA repeated for the other three surrogates).

Carriers were placed in vacuum desiccation for 24 hours to dry spore inoculum onto

carriers. The carriers were then exposed to 1 mL each of AHP, PAA, FAC, and liquid

chlorine dioxide at full contact time (20 minutes) before being neutralized. Experiments

conducted to determine the minimum volume of neutralizer required to ensure sporicidal

neutralization found the minimum volume without significant decline in spore numbers on

carriers was found to be approximately 2 mL of neutralizer (data not shown). 2 mL of

each appropriate neutralizer was added to the disinfectant exposed spores to stop the

sporicidal reaction after 20 minutes of contact time. Using a pipette tip, the glass bottom

of the carrier was scraped to loosen the dried inoculum and maximize spore recovery

and subsequently vortexed (Fisher Scientific Vortex Genie2, NJ). Vortexed samples

were then placed in 1 .5 mL eppendorf tubes and centrifuged at 16,000 RPM for 10

minutes to completely pellet spores and debris.
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Figure l1: Electron Micrographs (14,500x magnification) of thin-sectioned spores of

Bacillus megaterium ATCC 14581 (A), Bacillus licheniform,s ATCC 14580 (B), and

Bacillus atrophaeus ATCC 49337 (C). Spores were examined from original spore

suspensions created for QCT sporicide examination. Micrographs show distinct layers

including the core (c) (darkened central area), the spore coat (sc) (outer edge of the

spore structure) and the spore cortex (Cx) (clear area between spore coat and spore

core)
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Spores were then concentrated for each surrogate for each class of disinfectant exposed

by carefully removing supernatant fluid from pellet and resuspending pellets in 50ul of

ddH20, adding the pellets together. Concentrated spore samples were then spun at

16,000 RPM for another 10 minutes and to pellet cells, washed with 100u1 of ddHz0 and

the process repeated twice to clean spore pellets and remove residual neutralized

sporicidal agents to prevent blocking of future chemical applications for EM work. Control

samples were also prepared by spinning 100u1 of original prepared spore cultures at

16000 RPM to pellet spores. All spore samples (control and treated) were then spun

once more to pellet material and responded one final time in 20ul of ddHz0 and handed

over to the EM department at the PHAC, Winnipeg for preparation into thin sections for

TEM.

2.10.2.2 Validation of spore presence Post Disinfectant Treatment

Surrogate Bacillus spores (listed previously) treated with AHP, FAC, PAA, and

liquid chlorine dioxide independently were each assessed post sporicide exposure using

TEM to determine if any spores were present after harvesting and cleaning of samples

was completed according to written protocolof EM department at NML, Winnipeg. A

volume of 2ul spore suspension was drawn for each sample (4 B. licheniformis samples

- one for each disinfectant and similar for the other 3 surrogates) and placed onto a glow

discharged copper grid (FMS, Hatfield, PA) and allowed to settle for 60 seconds. Half of

the sample was removed and the remaining sample on grid was washed with 1x PBS

buffer (Gibco, Carlsbad, CA), with the process of washing the sample being repeated for

a total of 3 times. After washing, 3ul of fixative (1o/o paratormaldehyde: 2%

glutaraldehyde, Mirivac, Canton de Gore, QC) was mixed wellwith sample on grid and

incubated at room temperature for 2 minutes. Grids were then washed 3 times with

water, removing each wash before proceeding to the next, and the final wash being
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wicked off by a piece of Whatman filter paper. lmmediately after the final wash 3ul of

methylamine tungstate (MT) negative stain was added to the copper grid and left for 30

seconds of contact before stain was wicked off and grids were allowed to air dry for 1

minute. Following staining, copper grids with negative stained samples were taken to

TEM for observational microscopy to ensure that sufficient levels of spores were present

after sporicidal treatment and recovery from glass vial carriers. Once satisfied that

sufficient numbers of spores were present in spore suspension after being treated with

the chemical sporicides (figure 12), surrogate spore samples were then carried forward

for preparation of freeze substitution and thin sectioning for cross-sectional TEM.
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Figure 12: TEM (3500x magnification) of uranyl acetate stained spores of Bacillus

licheniformrs after being exposed to full time (20 minute) 5000ppm FAC and recovered

from glass vial (QCT-1) surface carrier. Spores appear as darkly stained ellipses (arrows)

while fragmented vegetative bacilli appear as "ghost-like" rods (asterisks).
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2.10.2.3 Freeze Substitution and Thin Sectioning of Surrogate

Spores

It was at this time that a concern of insufficient amounts of spores was raised by

members of the EM department. A few samples were carried further and after

determining that insuffìcient sample would prevent successfulthin sectioning and

subsequent microscopic (EM) observation, it was decided that this portion of the project

would no longer be continued further due to the requirements of the procedure to handle

much larger volumes of organic sample to ensure adequate recovery after freeze

substitution procedures and thin sectioning.
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3.0 RESULTS

3.1 Determining the success of the quantitative carrier test on panel Bacillus

3.1.1 Neutralizer Efficacy and Effect on Gontrol Garriers

ln testing the microbicidal activity of chemicals it is very important to ensure that

such activity is effectively arrested immediately at the end of the contact time. To this

effect, the neutralization step must be validated and it also be determined that the

neutralizer itself has no deleterious effects of the viability of the test organism or its

ability to grow in the recovery medium. As can be seen from the results shown in Table 5,

all neutralizers employed in this study could successfully arrest the action of the

respective microbicides tested.

3.1.2 QCT-í vs. QGT-2 using 5,000 ppm FAC

Previous experimentation and reporting by Springthorpe & Sattar (175) found that

QCT-1 results in a less stringent test while QCT-2 simulates a more realistic and tougher

challenge to decontamination agents. To ensure that QCT-2 would indeed provide a

stronger challenge, we compared the QCT-1 and QCT-2 protocols on spore suspensions

produced from the panel of RG-1(2) Bacillus, all potential surrogates for B. anthracis as

discussed in Section 2.6.1 and 2.6.4 using a 1:10 dilution of commercial bleach (5.25o/o

sodium hypochlorite) at a 10-minute contact time at room temperature.

Statistical analysis of the means between QCT-1 and QCT-2 using Student's t-

test (one-tailed testing p<0.05) demonstrated a higher average logls reduction value of

viable spores on the Bacillus panelwith QCT-1 than QCT-2 test protocol (Figure 13).

Also observed was the fact that, using QCT-1 protocol at 1O-minute contact time, the

viability titre of more Bacillus spcies was reduced to undetectable levels than with QCT-2.

As shown in Figure 14, certain organisms proved more resistant than the others. These

organisms could also grow more readily to higher titres. Such organisms included
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Table 5: Efficacy of the neutralizer to stop sporicidal activity.

GTA = glutaraldehyde; AHP = accelerated hydrogen peroxide

pfu\ = peracetic acid; SS = Sterile Saline (0.85% NaCl)

Bacillus
spores tested

Sporicide
Tested Neutralizing Agent

logl¡ GFU Recovered

Control
Carrier

Neutralizer
+ Sporicide

Neutralizer
Alone

B.licheniformis
ATCC 14580

5000 ppm
FAC

1% Sodium Thiosulfate &
0.1% Tween-8O in SS

6.75 6.71 6.80

Br. brevis
ATCC 8246

5000 ppm
FAC

1% Sodium Thiosulfate &
0,1% Tween-8O in SS

6.01 5.96 5.99

B. atrophaeus
ATCC 51189

5000 ppm
FAC

1% Sodium Thiosulfate &
0.1% Tween-8O in SS

6.90 6.98 6.86

B. thuringiensis
ATCC 13367

5000 ppm
FAC

1% Sodium Thiosulfate &
0.1% Tween-8O in SS

6.01 6.04 5.91

B. subf/rs
ATCC 6051

5000 ppm
FAC

1% Sodium Thiosulfate &
0.1% Tween-80 in SS

6.60 6.50 6.53

B. atrophaeus
ATCC 51189

7o/" AHP
Letheen Broth w 1%
Sodium Thiosulfate

6.71 6.71 6.96

B.licheniformis
ATCC 14580

7To AHP
Letheen Broth w 1%
Sodium Thiosulfate

7.05 6.98 7.03

B. subtilis
ATCC 6051

7o/o AHP
Letheen Broth w 1%
Sodium Thiosulfate

6.69 6.59 6.65

B. anthracis
ADR| 9610 7o/o AHP

Letheen Broth w 1%
Sodium Thiosulfate

6.49 6.52 6.56

B. subfi/rs
ATCC 6051

2.60/o GTA 57o Sodium Bisulfite &
0.1% Tween-80 in SS

6.14 6.08 6.10

B.licheniformis
ATCC 14580

2.60/0 GTA 5% Sodium Bisulfite &
0.1% Tween-8O in SS

6.72 6.63 6.79

B.licheniformis
ATCC 14580

2.60lo GTA 5% Sodium Bisulfite &
0.1% Tween-80 in SS

6.92 6.58 6.89

B. atrophaeus
ATCC 51 189

2.60/o GTA 5% Sodium Bisulfite &
0.1% Tween-8O in SS

6.78 6.72 6.81

B. atrophaeus
ATCC 49337

2.60/" GTA 5% Sodium Bisulfite &
0.1% Tween-8O in SS

6.78 6.66 6.61

B. subfilrs
ATCC 6051

0.3% PAA
1% Sodium Thiosulfate &

0.1% Tween-80 in SS
6.43 6.41 o.óo

B. subtilis
ATCC 6051

0.3% PAA
1% Sodium Thiosulfate &

0.1% Tween-8O in SS
6.43 6.41 6.36

B.licheniformis
ATCC 14580

0.3% PAA
1% Sodium Thiosulfate &

0.1% Tween-80 in SS
6.84 6.80 6.82

B. atrophaeus
ATCC 51189

0.3% PAA
1% Sodium Thiosulfate &

0.1% Tween-8O in SS
6.63 6.63 6.65

Bacillus CDC
G9241

1000 ppm
Lio. ClO2

1% Sodium Thiosulfate &
0.1% Tween-8O in SS

6.08 6.21 6.23

B. atrophaeus
ATCC 51 189

1000 ppm
Liq. ClO2

1% Sodium Thiosulfate &
0.1% Tween-80 in SS

6.68 6.66 6.73

B. suöfi/ls
ATCC 6051

1000 ppm
Lio. ClO2

1% Sodium Thiosulfate &
0.1% Tween-80 in SS

6.25 b.óo 6.32
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B. licheniformis, B. atrophaeus (ATCC 49337), and B. atrophaeus (ATCC 51189).

Whereas both strains of B. subfilrs showed nearly equal resistance to the microbicide

under these test conditions, strain ATCC 6051 was selected as the fourth surrogate

because it gave higher starting titres as compared to B. suöf/rs (ATCC 19659).

From the results compiled in Figure 14, afew select organisms'spores were

identified as appearing more resistant to FAC decontamination than others on the list.

These organisms demonstrated an ability to be grown to greater than 106 spores/mL

unlike some others in the panel Bacillus such as Brevibacillus órevrs and Bacillus

sphaericus in QCT-1 and Bacillus cereus and Bacillus thuringiensrs in QCT-2. The four

organisms that showed consistently the highest levels of spore titre (well above 6 logs)

and had markedly lower logle reduction to QCT-1 and QCT-2 FAC challenge were

selected for further study, including B. licheniformis, B. atrophaeus ATCC 49337, and B.

atrophaeus ATCC 51189. Bacillus subtilis ATCC 6051 (being the type strain and) had a

larger starting titre was chosen over B. subfilrs 19659 despite both having near

equivalent survivability to FAC, was selected as the fourth surrogate.
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Figure 14: Demonstration of the logls reduction capability of 5000 ppm FAC at 10-

minute contact time using QCT-1 and QCT-2 stringency. Control bars indicate starting

titres of untreated spore-inoculated carriers and are not a measure of log reduction.
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3.1.3 Ghlorine Degradation Experiments

Storage of diluted commercial bleach solutions were made, stored, and

measured to determine the extent and kinetics of chlorine breakdown using HACH DPD

(N, N-diethyl-p-phenylenediamine) detection for free available and total chlorine

concentration in mg/l over a one month time period in a brown glass, clear plastic and

opaque polypropylene container. For 1:10 díluted bleach it was determined (Figure 15)

that the level of free chlorine used in subsequent experiments from a fresh container of

bleach was around 4000-5000ppm. Normal 1:10 diluted bleach concentration is

expected to be 0.525-0.6% or 5250-6000ppm. Destruction of free available chlorine was

rapid, and the general trend showed that within the timeline of two weeks (14 days) a

1 :10 diluted solution of bleach with 400ppm HW stored in plastic (polypropylene), sealed

container, at room temperature, stored out away from direct light, lost 1/3 of its free

available chlorine concentration compared to original, fresh (>1 day old bleach) solution.

At the end of one month storage nearly lz to zts of the original free available chlorine

remained in solution in all the different bottles.

Total chlorine concentration (recorded using the same DPD detection k¡Ð

appeared, after an initial significant drop in total chlorine concentration, to be more

constant from 7 days up until 2 weeks of age when it slowly declined to approximately

112 of the original level by week 3 (21 days). Both curves indicate a decline in chlorine

concentration despite safe storage in sealed, non-reactive containers. lt was decided

after this determination, that chemical sporicides that required dilution would be diluted

and used immediately prior to use in QCT-2 testing but could be used (based on figure

15) for no longer than 2-3 days before the concentration of FAC would drop below

5000ppm.
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Figure 15: Diluted (1:10) bleach (5.25o/o sodium hypochlorite) free available chlorine

(FAC) destruction profile and total chlorine determined by measurements using HACH

DPD colorimetric kits. The solutions stores separately in a brown glass bottle (blue line),

a clear polypropylene container (red line) and a clear glass container (black line).





97

3.2 Determination of Surrogate Bacillus organisms

3.2.1 Time Trial Experiments

3.2.1.1FAC (f :10 Diluted 5.25% Hypochlorite Bleach Solution)

Testing conducted with surrogate Bacillus spores using a 1:10 dilution of 5.25o/o

sodium hypochlorite solution with contact times of 1, 3, 5, 10 and 20 minutes yielded the

curves shown in Figure 16. lndividual trials (a total of 6 per surrogate) were averaged

into a mean and standard deviations for each mean time point logls reduction of viable

spores for each surrogate Bacillus was displayed in Excel spreadsheet (Figure 17). From

Figures 16 and 17, it was shown that each surrogate surpassed a 6 logle reduction of

viable spores with the surrogate Bacillus atrophaeus (ATCC 49337) spores having the

highest log16 reduction value. Figure 16 demonstrates the spore killing/inactivation

kinetics of FAC on the surrogate spores. ln all surrogate spores, a lag period was

observed between 0- and 5-minute contact times, where virtually no spore inactivation

occurred, with B. licheniformls spores requiring a longer time to reach the logarithmic kill

area of the sporicidal curve. Figure 17 shows that at 20 minutes of contact, the entire

spore population inoculated on steel discs was inactivated by FAC (no error bars) and

the lo916 reduction value could only be shown as maximum sporicidal efficacy. The

organism slowest to reach a 6 lo916 reduction of viable spore population appeared to be

B. licheniformrs arbitrarily set as the minimum threshold value for a sporicidal claim

(1e1).
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Statistical analysis of the mean log16 reductions of the four surrogates was

conducted using one-way ANOVA (p<0.05) to identify and significant differences

between them (Figure 18). At 20 minutes of contact there were three significantly distinct

groupings while at 10 minutes of contact there appeared to be only one grouping (none

of the surrogate spores differed significantly from the other spore species' mean lo916

reduction). At the shorter contact times, B. Iicheniformrs and B. subf/rs 6051 were noted

to have significantly lower logls reductions in viable spores than either of the two B.

atrophaeus strains. At the contact time of 1 minute B. licheniformrs showed the highest

degree of spore resistance as compared to the other species tested.
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Figure 18: Statistical determination of significant differences between the surrogate

Bacillus spores treated with 5000ppm FAC at 1, 5, 10 and 20 minutes contact time. Bars

represent mean (average) lo916 reduction of viable spores while error bars are standard

error of the means. Statistically significant groups were determined by one-way ANOVA

(analysis of variance) at each contact time for the mean logls reductions of the surrogate

spores. Significantly different mean log16 reduction values were assigned different letter

groupings using Tukey's multiple comparison post-test analysis. Those means which

were statistically identical in logls reduction value contained identical letter assignments.

Red dashed lines represent minimum acceptable level of reduction to have validated

claim of chemical sporicide. t = Type Strain
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3.2.1.2 Accelerated Hydrogen Peroxide

Two formulations based on AHP were tested. One was supplied by Johnson-

Diversey (Racine, Wl) and the other by Virox (Oakville, ON). Both formulations yielded

similar results (Figure 19). The second (a7o/o AHP) formulation was tested against the

four surrogates. Appropriate contact times, determined through experimentation trial and

error found that timed intervals of 20 minutes, 15 minutes, 12 minutes, 10 minutes and 5

minute contact time yielded time curves found in Figure 20. lndividual trials (a total of 6

per surrogate) were averaged into a mean and standard deviations for each mean time

point logls reduction of viable spores for each surrogate Bacillus was displayed in Excel

spreadsheet graphical format (Figure 21). From figures 20 and 21, it was shown that

each surrogate surpassed 6 logs reduction of viable spores (killing capacity of AHP was

sufficient enough to reduce a 99.9999% of an original starting titre of 106) with the

surrogate Bacillus atrophaeus ATCC 49337 spores being the highest reduced value at

6.8 logs. Figure 20 demonstrates the spore killing/inactivation kinetics of the 7% AHP

product on the surrogate spores. ln all surrogate spores a delay period was observed up

to 5 minutes for B. atrophaeus (ATCC 49337 and 51189) and 10 minutes contact time

for B. licheniformis, where little spore killing/inactivation was achieved (less that 1 logro

reduction). At full contact time B. subfi/rs ATCC 6051 spores had the lowest logle

reduction value, but had been completely killed (no recoverable spores were obtained

during the recovery phase on TSA plates). B. licheniformrs appeared to require the

longest time to reach 6 logls reduction of viable spores at approximately 18 minutes

contact time. Figure 21 shows that at 20 minute contact time, the entire spore population

for each surrogate except B. licheniformrs (estimated from the control carriers)

inoculated on steel discs was killed/inactivated by AHP (no error bars) meaning the

sporicidal capability can only be expressed as a minimum logle reduction value.
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Figure 19: Graphical demonstration of the comparison of the differences between the

surrogate Bacillus spores treated with Virox Accelerated Hydrogen Peroxide and

Johnson-Diversey AHP at 5, 10, and 20 minutes contact times. Data for each contact

time was accumulated by combining surrogate logle reductions into one category for

each AHP chemical. Bars represent mean lo916 reduction of viable spores while error

bars are standard errors of the means.
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AHP appeared to have a slower initial kill response to contact with spore laden carriers

as approximately 1 log of spores were reduced at 5 minute contact time.

One-way ANOVA statistical analysis was carried out for each contact time to

determine significantly distinct logls reduction values in surrogate spores (Figure 22). B.

subÛ/rs appeared as the significantly lower surrogate at 20 minute contact time (p<0.05)

belonging to its own grouping assigned by Tukey's Multiple Comparison Testing despite

having total logle reduction of viable spores in the carriers inoculated. A significant

difference was also found in the 10 minute contact time (half disinfection contact time)

where B. licheniformis spores had a significantly lower log16 reduction value associated

with AHP efficacy compared to the rest of the surrogates. The same was observed at 5

minutes contact time where B. licheniformis formed its own statistical group apart from

the other surrogate spores which appeared to have higher logls reduction values at the

same contact time.
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3.2.1.3 Liquid Ghlorine Dioxide

Commercially available chlorine dioxide-releasing tablets containing 1000 ppm

chlorine dioxide (measured with chlorine dioxide test strip indicators) were tested against

the spores of the four surrog ate Bacillus. Contact times of 1 , 5, 10 and 20 minutes

yielded spore inactivation curves given in Figure 23. lndividual lo916 reduction values (a

total of 6 per surrogate) were averaged into a mean and standard deviations for each

contact time for each surrogate Bacillus as shown in figure 24. Ot immediate notice was

that none of the surrogate spores surpassed a mean lo916 reduction value of 6 logs

viable spores at full contact time (20 minutes). The organism closest to reach 6- lo916

reduction was the surrogate Bacillus atrophaeus ATCC 51189 (5.8) while B.

licheniformrs was only reduced to approximately half of its original starting titre at longest

contact time. Unlike FAC and AHP, there was no observable lag phase in the activity.

Within 1 minute, spore load had been reduced from 3.71 logs (8. atrophaeus ATCC

51 189) to 1.78 logs (8. licheniformrs). Also, unlike the previously mentioned chemicals,

chlorine dioxide showed a linear increase in sporicidal activity with time until

approximately 15 minutes, when (more noticeably in B. licheniformis) a plateau stage

was reached, past which, minute amounts of spore killing took place.

One-way ANOVA statistical analysis wás carried out for each contact time to

determine significantly distinct log16 reduction values in surrogate spores (Figure 25). For

each time point B. licheniformrs spores appeared as the distinctly and significantly lower

surrogate (p<0.05) belonging to its own grouping assigned by Tukey's Multiple

Comparison Testing. Similarly, B. atrophaeus ATCC 51189 spores formed the

significantly highest lo916 reduction grouping (along with B. atrophaeus ATCC 49337 at

20 minutes and with both 49337 and B. subtilis at 10, 5 and 1 minute contact times) to

chlorine dioxide treatment.
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One-way ANOVA statistical analysis was carried out for each contact time to

determine significantly distinct logle reduction values in surrogate spores (Figure 25). For

each time point B. licheniformrs spores appeared as the distinctly and significantly least

susceptible surrogate (p<0.05) belonging to its own grouping assigned by Tukey's

Multiple Comparison Testing. Similarly, B. atrophaeus ATCC 51189 spores formed the

significantly highest logls reduction grouping (along with B. atrophaeusATCC 49337 at

20 minutes and with both ATCC 49337 and B. subtilis ATCC 6051 at 10, 5 and 1 minute

contact times) to chlorine dioxide treatment.
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3.2.1.4 Peracetic Acid (PAA)

403% solution of (PAA) peracetic acid was tested for sporicidal efficacy- a

concentration noted as being sporicidal by Sagripanti et. al. (153). Appropriate contact

times determined through experimentation found that timed intervals of 20 minutes, 10

minutes, 5 minutes, 3 minutes and 1 minute contact time yielded time curves for each

surrogate Bacillus (Figure 26). lndividual trials (a total of 6 per surrogate), averaged into

a mean and standard deviations for each time point logls reduction of viable spores for

each surrogate Bacillus was displayed in Excel spreadsheet graphical format shown in

figure 27. From these two figures, it could be seen that each surrogate surpassed 6 logs

reduction of viable spores (killing capacity of AHP was sufficient enough to reduce a

99.9999% of an original starting titre of 106¡ at full contact time (20 minutes). While six

logls reduction of viable spores was achieved using the PAA solution, none of the

surrogates reached complete decontamination, though a couple individualtrials showed

complete reduction of spore inoculum on carriers treated at full contact time.

The organism displaying the mean highest logle reduction value was B.

atrophaeus ATCC 49337 at 20 minute contact time (6.70), and was also the first to reach

mean 6-log1e reduction as at 10 minutes mean 6-log1s reduction was achieved and at 5

minutes contact with PAA, mean 6- logls reduction was almost met (5.93). As inferred

from figure 26 and 27, much like liquid chlorine dioxide, there appeared to be little delay

in spore killing capacity as significant lo916 reduction was noticeable at 1 minute contact

time, where spores of B. atrophaeus ATCC 49337 had already been reduced over mean

4 logs. Also, much like chlorine dioxide, PAA reached a marked plateau between 5 and

10 minutes contact time, where little spore killing action took place.
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At the end of full contact time (20 minutes), it was noted that B. subfilrs spores had the

lowest mean logls reduction value (6.18). At earlier contact times (10, 5 and 1 minute) it

appeared as though B. licheniformts spores had the lowest mean logls reduction values

(5.54, 4.70 and 3.26 logs respectively).

One-way ANOVA statistical analysis was carried out for each contact time to

determine significantly distinct mean log16 reduction values between surrogate spores

(Figure 28) and assigning Tukey's multiple comparison post test to examine each pairing

of surrogates for significant differences. For full chemical exposure (20 minute contact

time) two distinct groupings were observed, B. atrophaeus ATCC 49337 spores forming

a distinct group from the other surrogate Bacillus. At middle contact times (5 and 10

minutes) there was only one statistical grouping of spores (all surrogates equal), while at

the lowest contact time (1 minute) to PAA, spores of B. licheniformis were statistically

noted to have the lowest mean logls reduction as the two B. atrophaeus strains were

associated together with B. subfilrs being assigned to both statistical groupings.
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3.2.1.5 Glutaraldehyde (2.6%)

A commercial formulation of activated (alkaline) 2.6% glutaraldehyde was initially

challenged with surrogate spores to determine sporicidal efficacy under shorter contact

times than those normally used with aldehydes. The concentration of active

glutaraldehyde in formulation was tested each day, using commercial aldehyde tests

strips, up until the 21 day activation period had ended, at which point a new bottle was

prepared by adding the alkaline activator solution and used. lnitial experiments

conducted found that normal contact times used in previous tests produced little

noticeable reduction of viable spores. The contact times were then extended 20, 40, 60,

80 and 90 minutes and inactivation curves are presented in Figure 29. lndividual trials (a

total of 3 per surrogate), averaged into a mean logle reduction value and standard

deviation for each time point for each surrogate Bacillus was displayed in Excel

spreadsheet graphical format shown in figure 30.

As anticipated,2.60/o glutaraldehyde was far slower in its sporicidal action than the other

microbicides tested. Demonstrated by Figure 30, it should be noted that the spores of B.

atrophaeus ATCC 51189 were completely reduced in t hour contact with the

glutaraldehyde formulation, while at 90 minutes, spores of B. licheniformis appeared to

be the most difficult to inactivate with a mean logls reduction of viable spores well below

the 6-log1e value viewed as the minimum level required to achieve sporicidal claim (191).

lndividual trials (a total of 3 per surrogate), averaged into a mean logls reduction value

and standard deviation for each time point for each surrogate Bacillus was displayed in

Excel spreadsheet graphical format shown in figure 30. Of obvious note, compared to

the other chemical sporicides tested, 2.6% Glutaraldehyde was shown to be a far slower

decontaminating agent, requiring longer than the maximum allotted time given for the

other sporicidal agents (20 minutes) to reach mean 6-lo916 reduction in viable spores in

only B. atrophaeus ATCC 51 189. Three out of the four surrogates tested at 20 minute
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contact time show a mean lo916 reduction value of less than or approximately equal to 1

log viable spores. Demonstrated by figure 30, it should be noted that the spores of B.

atrophaeus ATCC 51 189 were completely reduced in t hour contact with glutaraldehyde

formulation, while at full contact time tested in our experimentation (g0 minutes) spores

of B. licheniformis appeared to be the most difficult to kill/inactivate with a mean lo916

reduction of viable spores well below the 6-log1e reduction value viewed as the minimum

level required to achieve sporicidal claim (191).

Figure 30 indicates that the organism displaying the consistently lowest logls

reduction in viable spores was Bacíllus licheniformrs, having the lowest logls reduction

value at each time point. Conversely, the organism displaying the highest mean logls

reduction at each contact time point appeared to be Bacittus atrophaeus ATCC 51 1Bg.

It was decided, based on the results shown in Figure 29 and 30, that testing of

liquid 2.6% Glutaraldehyde decontamination would not be used against Bacfl/us

anthracis samples as the contact time times required to reach mean 6-log1s reduction of

viable spores would take too long to be practical for decontamination of environmental

surfaces (see discussion).
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3.2.2 Gomparing sporicide efficacy against surrogate Bacillus spores

The efficacy of each liquid chemical sporicide (AHP, PAA, FAC, and liquid

chlorine dioxide) was examined at 10- and 2O-minute contact times. Taking all

surrogates together (24 total individual results from 4 surrogates with 6 individual results

per surrogate) at 20 minutes and analyzed using one-way ANOVA (at a minimum

significance level of p<0.05) with Tukey's multiple comparison post tests, it was

observed that two statistically significant groupings appeared as seen in Figure 31. The

first statistical grouping included FAC, AHP, and PAA while the second, liquid chlorine

dioxide, was noted to be of statistically lower mean logle reduction of viable spores.

Three of the four liquid chemical sporicides were able to reduce the titer of viable spores

placed on the carriers by greater than a mean 6 logs and having nearly identical mean

lo916 reduction values (6.637, 6.605, 6.403). Liquid chlorine dioxide did not reach mean

6- logro reduction of viable spores demonstrated by the dashed line in Figure 31.

As such, statistical analysis using 1-way ANOVA was conducted in the same

manner as described above and applying Tukey's posttest analysis as shown in Figure

31 (section B). Three statistically distinct groupings were noted:, the first being FAC and

PAA, which surpassed (statistically similar enough to have) minimum 6-lo91s reduction

even at 10 minute-contact time. The second group, liquid chlorine dioxide, was found to

be below a mean 6-lo916 reduction for viable surrogate Bacillus spores while the third

group, AHP appeared to have the statistically lowest mean logle reduction value at 10

minute contact time (3.618).
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3.3 Testing ol Bacillus anthracis and other RG-3 spores

At the start of the experiments with the RG-3 spores several of the originally

targeted strains ol B. anthracis failed to produce spores of sufficiently high titres under

the procedures described in section 2.3. Demonstrated in Table 4, particular strains of B.

anthracis could not be supported by the 1/10 Columbia broth media (91-383c). What

also was observed was that two of the avirulent (abnormal or virulence plasmid cured) B.

anthracis strains (one half of the comprised avirulent strains of B. anthracrs to be tested)

were among those that could not produce sufficient spore titres to be used in sporicidal

testing despite repeated attempts at producing spore suspensions. B. anthracrs Sterne

spores, produced under slightly different protocols (see section 2.4.2), were compared to

the other B. anthracis spores grown under identical conditions to surrogate spore

preparations to determine the limits of protocol to producing spores of similar response

to chemicaltreatment.

3.3.1 FAC (5000ppm) Testing

Timed interval testing was conducted with RG-3 (virulent and avirulent) B.

anthracis spores using a 1:10 diluted 5.25% hypochlorite solution against comparable

time points to surrogate spore testing of 20 minutes, 10 minutes, 5 minutes and 1 minute

contact time. lndividual trials (a total of 6 per surrogate) were averaged into a mean and

standard deviations for each mean time point logro reduction of viable spores for each

surrogate shown in Table 6. For 5000 ppm FAC at 20 minute contact time, all RG-3

spores were reduced greater than mean 6-log1s with every strain reaching total spore

kill/inactivation (no recoverable spores in experiments) at full contact time with the

exception of virulent strain 03-191. Again, the logls reduction capability of FAC against

these spore agents could only be given as a minimum of mean logro reduction because

of the limit of original spore titre inoculated onto the carriers. Two of the strains, avirulent
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ATCC 4229 and virulent clinical isolate 93-189c also achieved total kill at 10 minute

contact time. Figure 32 also demonstrates that at half sporicidal exposure (10 minute

contact time) spores of almost every RG-3 reached mean 6- lo916 reduction value. Much

like the surrogates at shorter contact time (1 and 5 minutes), there was significantly less

mean reduction of viable spores, falling below the minimum 6-lo91e reduction threshold

and less than 1 log reduction of viable spores in 1 minute of contact with FAC solution.

Table 6: Demonstration of the spore killing capacity of 5000 ppm FAC (1:10 diluted

5.25o/o hypochlorite) solution as a measure of mean logl¡ reduction of RG-3 Bacillus

spores over a 20 minute contact time. Time points were created from an average of 6

individual logle reduction values and curves were generated using Excel spreadsheet

program. Mean logls reduction values were determined by computing log surviving

spores on treated carriers and subtracting from the average log controls (untreated).

B.a = Bacillus anthracis S.D.= Standard deviation

* Greater than symbol signifies total lo916 reduction of viable spores on
carrier (log1s reduction is likely to be greater than value indicated)

Logro Reduction value of viable spores (+/-S.D)

Gontact
Time
(min.)

B. a.
ATCC
4229

B. a.
Sterne

B. a.
03-191

B. a.
ADRI
9610

B. a.
2001-50

B. a.93-
l89c

Bacillus
cDc#
G9241

1

0.16
(0.1506)

0.27
(0.0698)

0.26
(0.0786)

0.62
(0.1458)

0.25
(0.1542\

0.25
(0.1302)

0.08
t0.0485)

5
2.96

rc3444\
2.47

(0.2556)
3.46

(1.753)
3.84

10.5686)
3.88

(0.6594)
4.46

11.3048)
4.00

(0.5623)

l0
>6.45

ß.1227\
6.40

(0.1768)
5.85

(0.6162)
6.11

(0.2090)
6.10

(0.1500)
>6.10

(0.0586)
5.99

(0.1570)

20

*>6.45
(o.1227\

>6.50
10.0505)

6.14
(o.1437\

>6.30
(0.1086)

>6.20
(0.0171)

>6.1 0
10.0586)

>6.09
(0.0162)
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Statistical analysis was conducted to compare spores of virulent and avirulent B.

anthracis strains to determine whether the presence/absence of virulence factors could

play a role in their response to FAC (summarized in Figure 33). Logro reduction values

were pooled (24 independent results) and Student t-tests were conducted to see if there

was any association between virulence and mean log16 reduction value at each contact

time (significance level p<0.05 two-tailed independent t-test). Results indicated a

significant difference between the mean logls reduction values for the avirulent and

virulent spores, with avirulent spores appearing to have the higher mean logls reduction

value. At the shorter contact times, spores of virulent B. anthracis show higher mean

logl¡ reduction values than avirulent spores.

3.3.2 Virox Accelerated Hydrogen Peroxide

Testing was conducted with RG-3 (virulent and avirulent) B. anthracis spores

using a 1 :1 0 diluted 5.25o/o sodium hypochlorite solution against comparable time points

to surrogate spore testing of 1 , 5, 10 and 20 minutes contact time. The results are shown

in Table 7. With Virox AHP at 20 minute contact time, all RG-3 spores were reduced by

greater than 6-lo91o with every strain reaching total inactivation (no recoverable spores)

at full contact time with the exception of virulent CDC strain G9241. Similarly, all RG-3

spores (except G9241) were reduced above mean 6-lo916 reduction value at 20 minute

contact time, while G9241was slightly under the threshold value. Spores of clinically

virulent B. anthracis strain 2001-50 were also found to have total spore reduction (no

recoverable spores from carriers) at 10 minutes contact time while 3 of the other 6

spores (4229, Sterne,93-189) achieved mean 6log1s reduction as well. The results in

Figure 34 demonstrate that spores of avirulent B. anthracis strains are among the

highest (and earliest) spores to be reduced above the acceptable 6 lo916 reduction value

using Accelerated hydrogen peroxide as a sporicidal agent.
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Table 7: Sporicidal capacity of Virox AHP measured in mean logle reduction of RG-3

Bacillus spores at 1 , 5, 10 and 20 minute contact times with calculated standard

deviations (parenthesis).

B.a = Bacillus anthracis S.D= Standard deviation

Statistical analysis suggests that the spores of virulent and avirulent of B.

anthracis strains may respond differently to AHP. Student t-test was applied to each

time point for any association between virulence and mean logls reduction value of

viable spores (significance level p<0.05 two-tailed independent t-test) (see figure 35).

Results of 20 minute contact times indicated a significant difference between the mean

logls reduction values observed between avirulent and virulent spore groupings, witlr

avirulent spores appearing to have the higher mean logls reduction value. While spore

groupings did not significantly differ in their mean logls reduction values (6.229 for

avirulent spores and 5.954 for virulent spores) at 10 minute contact time, the same trend

observed at 20 minute contact time was again observed at the two lower contact times.

At 1 and 5 minute contact times (figure 35) virulent spores appeared to have lower mean

loglereduction values of viable spores compared to their avirulent counterparts.

Logro Reduction value of viable spores (+ÊS.D)

Gontact
Time
(mins)

B. a.
ATCC
4229

B.a.
Sterne

B. a.
03-191

B. a.
ADRI
9610

B. a.
2001-50

B. a.
93-189c

Bacillus
cDc#
G9241

1

0.87
(0.1800)

0.15
(0.0883)

0.34
(0.0884)

0.38
rc.1492\

0.18
(0.1369)

0.25
rc.1137)

0.73
(0.3875)

5
3.90

(1.8503)
0.59

(0.1863)
1.45

(0.4058)
1.15

(0.2085)
1.32

(0.1763)
0.43

(0.1078)
1.13

rc3127\

l0
6.09

(0.4602)
6.37

(0.2122\
5.89

(0.5799)
5.57

(0.337)
>6.18

(0.0577)
6.17

(0.2991)
2.36

(0.5525)

20

*>6.29

(0.0338)
>6.48

(0.0595)
>6.12

(0.0407)
>6.41

(0.0587)
>6.18

(0.0577)
>6.29

(0.0197)
5.63

(0.4634)
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3.3.3 1000ppm L¡qu¡d Chlorine Dioxide

Timed interval testing against RG-3 (virulent and avirulent) B. anthracis spores

using commercially produced 1000ppm liquid chlorine dioxide solution at 20 minutes, 10

minutes, 5 minutes and 1 minute contact times to set up comparison with surrogate

results at similar contact times. lndividual trials (a total of 6 per surrogate) were averaged

into a mean and standard deviation for each time point lo916 reduction of viable spores

for each RG-3 strain shown in table 8. Only spores of B. anthracrs Sterne reached mean

6 lo916 reduction of viable spores using 1000ppm chlorine dioxide. No strain treated at

full contact time had complete spore reduction (spores were recovered after chemical

treatment) contrary to results demonstrated with FAC and Virox AHP. Some (5 of the 7)

RG'3 spore groups had achieved 5 lo916 reduction by 5 minutes of contact time (figure

36) unlike those results seen in FAC and AHP (figure 32 and 34 respectively).

Table 8: Sporicidal capacity of 1000 ppm liquid chlorine dioxide (mean logle reduction)

of RG-3 Bacillus spores at 1, 5, 10 and 20 minute contact time with standard deviations

(parenthesis).

Loqrn Reduction value of viable spores (S.D)

Gontact
Time

(mins)

B. a.
ATGC
4229

B.a.
Sterne

B. a.
03-191

B. a.
ADRI
9610

B. a.
2001-50

B. a.
93-189c

Bacillus
cDc#
G9241

1

3.56
(0.9018)

1.85
(0.6424\

2.50
(0.8385)

3.83
(0.5377)

3.70
(0.8912)

1.90
(0.9238)

3.30
(0.6034)

5
4.41

(o.2527\
5.86

(0.8066)
5.44

(0.5268)
5.27

(0.3857)
5.00

(0.5240)
4.11

(0.5946)
5.20

(0.1563)

10
4.99

(0.7433)
5.89

rc.7762)
5.57

rc.6202\
5.64

(0.5957)
5.06

(0.5867)
5.27

ß.4261\
5.98

(0.2446\

20
5.56

(0.5990)
6.22

(0.601 1)
5.81

t0.3002)
5.87

(0.4730)
5.18

(0.5190)
5.25

r0.2051)
5.83

(0.3617)

Footnote: B.a = Bacillus anthracis
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Statistical analysis was conducted to compare spores of virulent and avirulent B.

anthracis strains to determine whether the presence/absence of virulence factors could

play any role in response to chemical liquid sporicide treatment with 1000ppm liquid

chlorine dioxide. Results of virulent logls reduction values were pooled (24 independent

results) into one category and a mean virulent lo916 reduction value was determine and

compared to a pool mean avirulent lo916 reduction value (12 separate results) for each

contact time. T testing was applied to see if there was any association between virulence

and mean log16 reduction value at each contact time (significance level p<0.05 two-tailed

independent t-test). At all contact times, the results (figure 37) demonstrated there were

no statistically significant differences in the mean lo916 reduction values of viable spores

between avirulent and virulent spore groupings. At 10 and S-minute contact times

especially, the mean lo916 reduction values are nearly identical in value (5.443 avirulent

and 5.385 virulent at 10 minutes; 5.137 and 4.954 at 5 minutes). Noticeably, there were

wide variations in the individual logls reduction values for both virulent and avirulent from

the mean logls reduction values with only the 5 minute contact time showing tighter

results around the mean compared to FAC and AHP variations (figures 33 and 35).

3.3.4 Peracetic Acid (0.3% PAA)

Timed interval testing against RG-3 (virulent and avirulent) B. anthracis spores

using a 0.3% solution of commercially produced at peracetic acid at 1, 5, 10 and 20

minute contact times for ideal comparison with surrogate results at similar contact times.

lndividual trials (a total of 6 per surrogate) were averaged into a mean and standard

deviation for each time point logls rêduction of viable spores for each RG-3 strain shown

in table 9. Six of the 7 RG-3 strains were found to have reached and surpassed mean 6

lo916 reduction of viable spores at 20 minutes of contact time.
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The CDC virulent Bacillus strain G9241(which significantly had a lower logle reduction of

viable spores) after PAA treatment, did not meet the criteria of 6 lo916 reduction of viable

spores. Five of the 7 strains had complete reduction of viable spores at 20 minute

contact times including both of the avirulent strains of B. anthrac¡s. At 10 minute (half)

contact time the aviurlent strains of B. anthracls were again among four strains whose

spores were reduced past mean 6 logle reduction with B. anthracis Sterne spores having

the highest lo916 reduction at a mean 6.41 logs.

Table 9: Sporicidal capacity of 03% peracetic acid solution measured in mean logls

reduction of RG-3 Bacillus spores at 1, 5, 10 and 20 minute contact times with calculated

standard deviations (parenthesis). Mean log16 reduction values were determined by

computing log surviving spores on treated carriers and subtracting that amount from the

log average of control carriers (untreated).

B.a = Bacillus anthracis S.D = Standard deviation

* Denotes that complete logle reduction of carriers achieved (minimum estimation of
logls reduction capability of sporicides)

Loglo Reduction value of viable spores (S.D)

Contact
Time
(min.)

B. a.
ATCG
4229

B.a.
Sterne

B. a.
03-191

B. a.
ADRI
9610

B. a.
2001-50

B. a.
93-189c

Bacillus
cDc#
G9241

1

1.53
(0.0935)

1.53
(0.0876)

1.00
(0.0850)

0.81
rc.4104\

0.78
(0.1370)

0.26
10.1418)

0.13
(0.0329)

5
5.33

(0.3664)
5.00

(0.3774\
5.50

10.5498)
5.51

(0.3846)
4.63

(0.2319)
4.86

t0.2356)
0.60

10.3835)

10
6.11

(0.2520)
6.41

rc.2826\
5.96

rc.2102\
6.24

(0.1873)
>6.15

(0.0242\
5.78

rc.2785\
1.26

(0.3505)

20

*>6.36

(0.1995)
>6.53

(0.0323)
>6.12

(0.0397)
>6.38

t0.0598)
>6.1 5

(0.0242)
6.02

(o.2152\
2.62

n.7237\
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Clinical virulent strain B. anthracis 2001-50 was the only strain that had complete

spore reduction (no recoverable spores) at 10 minutes contact time. Figure 38

demonstrates the significance of the CDC strain G924l which had an apparently high

resistance to PAA exposure at 20 and 10 minute contact time, being almost a mean 4

logs lower than the other RG-3 spores. With the exception of the CDC strain, all other

strains had spore reductions similar in value to 1000ppm chlorine dioxide at 5 minutes

contact time, with 4 strains (including the avirulent strains) reaching mean 5 lo916

reduction and 2 other being just under mean 5 logle reduction. lt would appear that

avirulent B. anthracis fall in the upper echelon of high log reducible spores under

treatment with PPA solution.

Statistical analysis was conducted to determine whether the presence/ absence

of virulence factors could play any role in response to chemical liquid sporicide treatment

to 0.3% PAA solution (Figure 39). Student t-test was conducted to see if there was any

association between virulence and mean logls reduction value at each contact time

(significance level p<0.05 twotailed independent t-test). At 2O-minute contact time, a

significant difference was demonstrated with the avirulent spores (mean 6.422logs)

having a higher mean logls reduction than their virulent counterparts (6.166). The similar

result was noted for 10-minute contact time with differences in the mean lo916 reduction

values of viable spores between avirulent (6.263) and virulent (6.034) spore groupings.

At 5 minute contact time, there was no apparent statistically significant difference (p<

0.05) between the different spore groups while at the lowest recorded contact time the

relationship appeared to be reversed with virulent B. anthracis spores having the higher

mean lo916 reduction of viable spores. Contrary to liquid chlorine dioxide treatment, the

results found in figure 39 demonstrate much tighter clustering of results around the mean

(especially at the five minute contact time where the means were nearly identical) similar

to FAC and AHP results figure 33 and 35).
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3.3.5 Evaluation of Sporicide Performance on RG-3 Spores

Analysis of RG-3 spores was carried out using one way analysis of variance

(ANOVA) for each chemical sporicide against the aggregated log16 reduction values of

the spores from the 7 RG-3 strains tested at each contact time. Since we were only

interested in the two most realistic and significant time points assigned in the

experiments, 10 and 20 minute contact times were the time points examined to

determined which chemical sporicides were significantly different and which chemicals

were efficient chemical sterilants. Mean log16 reductions of each chemical sporicide were

created by pooling the individual results at separate time points (42 individual results)

and a standard deviation of the mean lo916 reduction was determined using statistical

analysis using Graph Pad software. Separate ANOVA tests were also conducted leaving

out CDC G9241strain (not classified as a B. anthracis strain see discussion) using 36

individual results for each sporicide tested at 10 and 20-minute contact times (see Figure

40). ANOVA results show that when G9241is excluded, only one chemicalfails to

achieve mean 6 logls reduction of RG-3 spores, (liquid chlorine dioxide (1000ppm)) and

is assigned its own statistical grouping according to Tukey's multiple comparison testing

at both 20 and 10 minute contact times. With G9241 included, meaning all RG-3

surrogates were lumped together, two distinct groupings were found at 20 minute

contact time, the first, FAC and AHP were able to reach mean 6 logle reduction while the

second, PAA and liquid ClO2 significantly lower than 6 logls reduction value. At 10

minutes, only FAC was able to reduce the cumulative spores of the RG-3 by greater than

6 logls reduction (6.204) and so was placed in its own significant grouping. The lowest

mean reduction of RG-3 spores from the chemical sporicides at 1O-minute contact time,

4.596 logs of viable spores, belonged to the treatment group with AHP. This

demonstrates the effect of the addition of G9241, as 1O-minute treatment with AHP

against RG-3 spores (without G9241) resulted in >6 lo916 mean reduction (6.046).





148

3.4 Gomparison of RG-2 and RG-3 Spores - ldentification of a Surrogate

3.4.1 Gomparing Time Trial Experiments and Statistical Analysis

One-way ANOVA of surrogate and RG-3 Bacil/us response to compare

responses to sporicides for chemical treatments was performed. lndividual results of the

surrogates (6 individual logro reduction values for each surrogate, 6 for CDC G9241 and

36 for compiled B. anthracis strains) and RG-3 spores were compared at 5, 10 and 20

minutes contact time. Surrogates'spores with significant differences in mean logls

reduction to combined average mean logls reduction of B. anthracis strains (into one
:

value) were noted in Tukey's posttest analysis (asterisks).

3.4.1.1 FAC

Analysis of FAC treated spores at contact times of 5, 10 and 20 minutes shown in

figure 41 identified at20 minute contact time, that Bacillus CDC G9241 had the lowest

mean lo916 reduction while B. licheniformis ATCC 14580 and B. atrophaeus ATCC

49337 were among the highest reduced (6.723 and 6.712 respectively). The only

surrogate with results comparable to B. anthracls spores was B. subfilrs ATCC 6051

which clustered together. All other mean log16 reduction values were statistically different

(p<0.05). At 10 minutes 3 surrogate species' spores (8. licheniformrs ATCC 14580, B.

suóû/rs ATCC 6051 and B. atrophaeus ATCC 51189) were found to be statistically

comparable to the mean logls reduction of both CDC 9241 and B. anthracis spores

(which were between mean 5.991 and 6.290 log reduction of viable spores). At 5

minutes two statistical groups appeared; B. atrophaeus strains with similar to mean

reductions to B. anthracrs grouped spores and Bacillus CDC G9241 in one grouping

(between 3-4 mean log reduction) and B. subtilis and B. licheniformis differing from B.

anthracis (approximately 1 log reduction).
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3.4.1.2 Virox AHP

Analysis of Virox (one way ANOVA with Tukey's multiple comparison post test

p<0.05) treated spores at contact times of 5, 10 and 20 minutes contact time shown in

Figure 42. At 20 minute contact time, Bacillus CDC G9241had the lowest mean logle

reduction while B. licheniformls ATCC 14580 and B. atrophaeus ATCC 49337 were

among the highest reduced (mean 6.678 and 6.804 respectively). Again the only

surrogate species with results comparable to the mean of the B. anthracis mean logls

reduction was that of B. subfilrs ATCC 6051 which were clustered in the same statistical

grouping (lack of asterisks). At 10 minute contact time 3 surrogate species' spores (8.

atrophaeus ATCC 49337, B. subtilis ATCC 6051 and B. atrophaeus ATCC 51189) were

found to be statistically comparable belonging to the same letter grouping between 3.8 -

4.2 mean logs viable spores reduced. The B. anthracis grouped mean logle reduction

had the statistically highest logls reduction value in its own grouping (6.046). B

licheniformis ATCC 14580 and Bacillus CDC G9241were on the lower spectrum of logls

reduction, differing significantly from B. anthracis value with B. licheniformis ATCC

14580 having the lowest mean logls reduction value at 0.803 logleviable spores reduced.

Bacillus CDC G9241 (mean 2.358 logls reduction viable spores) appeared to be

distinctly different from the other RG-3 spores in response to AHP treatment having

nearly 4 logls difference in logls reduction values. At the lowest contact time analyzed, 5

minutes exposure to AHP, B. licheniformrs ATCC 14580 (less than 0.1 lo916 reduction)

was noted to be in a distinct group from B. anthracis logro reduction value as the

significantly lowest mean logle reduced spore group and while all other species (between

0.8 and 1.5 mean logls reduction value) were statistically comparable in logls reduction

value to B. anthracis. Of particular note, B. anthracis class spores (only true B. anthracis

and not CDC strain included) were the only spore category to achieve mean 6 logle

reduction of viable spores at the half AHP exposure contact time of 10 minutes.
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3.4.1.3 Liquid Ghlorine Dioxide

Analysis of 1000ppm liquid chlorine dioxide commercial formulation (one way

ANOVA with Tukey's multiple comparison post test p<0.05) was done towards treated

spores at contact times of 20,10 and 5 minutes contact time as shown in Figure 43. At

20 minute contact time, two statistically distinct populations were noted. B. licheniformis

ATCC 14580 spores had the lowest mean logls reduction reaching below 4 logs

reduction (3.865) thus differing from the mean B. anthracis lo916 reduction value. The

other spores were both statistically different from B. licheniformis ATCC 14580 but

similar to B. anthracr's logls reduction values (5-6 logs viable spores reduced). All

surrogate species were comparable to (8. atrophaeus strains and L subtilis ATCC 6051)

or were significantly lower than (8. licheniformrs) the mean logle reduction values when

compared with RG-3 spores. At 10 minute contact time 3 surrogate species'spores (8.

atrophaeus ATCC 49337, B. suóf/rs ATCC 6051 and B. atrophaeus ATCC 51 189) were

shown to be statistically comparable to each other and B. anthracis spore reduction

values while B. licheniform,s ATCC 14580 formed its own statistical grouping well below

the lo916 reduction values of the other spores tested (including RG-3 spores) at a mean

3.166 logle reduction of viable spores. Bacillus CDC strain G9241 had one of the highest

mean logle reduction values (5.977) and was statistically similar to B. anthracrs results.

At the lowest contact time, all surrogate spores were either of comparable mean logle

reduction value (8. atrophaeus ATCC 51189) or statistically significantly lower than

spore reduction values of B. anthracrs compiled results or CDC G9241spores. B.

licheniformis was the organism whose spores were the lowest reduced with a mean logl¡

reduction value under 3 logs viable spores (2.616). CDC strain G9241 was found to

have the highest mean lo916 reduction value at over 5 logs viable spores reduced (5.038).

B. atrophaeus ATCC 51189 had a mean logls reduction comparable to that of B.

anthracis average lo916 reduction at 5 minutes contact time out of all surrogates.
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3.4.1.4 Peracetic Acid

Statistical analysis performed of spores treated with 0.3% PAA solution at contact

times of 20,10 and 5 minutes contacl time shown in figure 44. At 20-minute contact time

two distinct populations were found to exist. Bacillus CDC G9241 having the lowest

mean log16 reduction (2.615 logs viable spores) formed one statistical grouping while the

surrogates and true B. anthracis spores (aggregated together into one mean logls

reduction value) formed the second grouping (over 6 lo916 reduction of viable spores).

While none of the surrogate species had comparable results or lower logls reduction

values to CDC strain G9241, all surrogates had statistically similar performance to B.

anthracis mean logls reduction (6.1 86), especially B. licheniform,s ATCC 14580 spores

(6.190), whose mean differed only by 0.04 logs from B. anthracis spore reduction. At 10

minute contact time the same trend was observed with CDC strain G9241spores having

the lowest and significantly different mean logls reduction value (1.2591o9s viable

spores) from the rest of the spores tested. B. licheniformis ATCC 14580 and B. subfilrs

ATCC 6051, though statistically similar to mean logle reduction values obtained with the

other surrogates, had lower mean reduction values (5.537 and 5.753 respectively) to the

aggregated B. anthracis spore reduction value (6.1 11). The two B. atrophaeus strains

had the highest mean logls reduction values of viable spores (6.233 for ATCC 49337

and 6.190 for ATCC 51189). At 5 minutes exposure to PAA the two B. atrophaeus

strains formed the highest logls reduction value cluster (being just under 6 logls

reduction viable spores) while CDC strain G9241spores were again the lowest reduced

spores (under 1 logls mean reduction). With 5 minutes contact time B. licheniformis

ATCC 14580 and B. subf/rs ATCC 6051 spores were comparable to B. anthracis

aggregated mean reduction value in a statistical grouping around 4.5 to 5.5 logs viable

spores reduction, with B. licheniform,s ATCC 14580 spores being the only surrogate

having a lower mean reduction value (4.695) than B. anthracis (5.138).
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4.0 DtscusstoN

Historical recap and addressÍng the flaws

A review of the literature of the past 30 years on evaluating the microbicidal

activities of chemicals using surrogates as well as the actual target organisms shows

wide variations in test protocols, some with no relevance to real-world scenarios. This

applies also to studies on the inactivation/removal of the spores of B. anthracrs or its

surrogates (39, 134, 190). Generally, older studies utilized suspension testing (29, 40)

while others were based on open systems with many potentially uncontrollable

environmental factors (70).

Even within the past 10 years much testing of sporicidal activity utilized the

suspension methods (2, 30, 98, 1 15, 1 18, 153, 188). Some of these suspension tests did

not include a neutralizer at all (81), and where a neutralizer was used it was not added

fast enough (1). While it may be justifiable to use a suspension test method when

evaluating drinking water disinfectants against bacteria, viruses and protozoa (125, 133),

carrier testing is much more suitable in assessing liquid or gaseous disinfectants against

known or potential infectious bioagents.

Analysis of disinfectant efficacy testing has examined Paenibacillus laruae (50,

115), Clostridium difficile (147), Mycobacteria (19,20, 156, 173), Listeria spp (21),

Candidia (186), and other vegetative organism (95, 1 16) decontamination. Publications

have described utilizing'8. subfilrs'spores as a surrogate agent, with results

demonstrating distinct sporicidal responses between spores of B. subf/rs ATCC 19659

(119, 183) and ATCC 9372, now assigned to the species B. atrophaeus (4, 153).

The other crucial issue is that of the relevance of the exposure or contact times

used in testing sporicidal activity. ln some cases it was as short as 1 minute (79)

whereas others utilized t hour (29). Even though a reasonably short contact time is

desirable, no formulation with a high safety and materials compatibility profile can be
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expected to kill high levels of spores in less than a few minutes under ambient conditions.

The findings reported here clearly reinforce this.

Protocols based onsurface decontamination (carrier) tests are more recent (4,26,

44, 54, 87 , 119, 149, 158, 1 83), but not all of them are designed to be quantitative in

nature. For example, the AOAC methods give a "growth/no growth" answer (8, 55, 90,

145). However, their data can be manipulated statistically to yield a certain degree of

quantitation.

As can be seen from the foregoing, the variations listed and others relating to

culture media, growth conditions, detection and enumeration of survivors as well as

product performance criteria make it virtually impossible to interpret and compare the

results from different studies. This is especially significant in matters relating to the

decontamination of infectious bioagents. To address these issues and others, this study

utilized an internationally-recognized and quantitative test protocol (QCT) for

standardized evaluation of selected chemicals for their sporicidal activity.

The QCT used could generate reproducible data with a wide range of Bacillus

organisms (RL-1, 2 and 3). Once this basic objective was met, the next step was to find

a surrogate that was not only safe and easy to work with but also would simulate as

closely as possible to survival and inactivation characteristics of the spores of B.

anthracis. The identification of a quintessential surrogate was an important step,

especially in view of our improved knowledge based on the taxonomy of the genus

Bacillus.

Goal l: Standardization and Comparison of RG-1 and RG-2 spores

Table 3 shows the success of the protocol developed using the QCT, in creating

spore titres for a panel of Bacillus organisms. Sporulation temperature affects a number

of spore properties, including resistance to many different stress factors, and also results

in significant alterations in the spore coat and cortex composition (103). Because of this,
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some cultures, for example, B. weihenstephanensrs (<37oC) and Geobacillus

stearothermophilus (S5"C) could not be included in this study due to lower or higher

incubation temperatures needed for their growth and recovery. Nevertheless, our testing

included a wide-ranging panel of Bacillus species and representatives of closely-related

genera with viable spore titres of -108 cfu/ml. Such titres made it possible to determine

reductions of $ logs in the spore level arbitrarily set as the microbicide performance

criterion.

However, preliminary testing with 5000 ppm FAC demonstrated that the viability

titres of spores of certain species fell below 6 logs when inoculated and dried onto the

disk carriers (Figure 14); these included Brevibacillus örevrs, Bacillus cereus, B. badius,

B. sphaericus and B. atrophaeus strain ATCC 9372. The drop in vaiability was perhaps

due to a delayed die-off of heat-treated spores post-harvesting. Another possible

explanation for the drop in the viability titre may be the differences in the level of maturity

of the spores, which can occur between different strains of the same species and

sometimes between different lots of the same organism. Yet another possibility is the

difference in the tendency of the spores to clump together (as shown in Figures I and

12), leading to an uneven distribution in their numbers in a given suspension.

Because of these concerns, we focused on those RG-1 and RG-2 species that

not only yielded high titres of stable spores, but were also relatively resistant to

microbicide inactivation. Here, we found that B. subf/rs ATCC 6051r, B. licheniformis

ATCC 14580r, B. atrophaeus ATCC 51189, and B. atrophaeusATcC 49337r were

among the highest tires created and showed modest to significant resistance to killing

compared to other Bacillus spores tested against a 1 :1 0 diluted hypochlorite (5000 ppm

FAC) solution pre-screen (Figure 14).
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Among the species eliminated because of a lower resistance of its spores to a

1:10 dilution of sodium hypochlorite was B. megaterium (Figure 14). Yet, this organism

has previously been used to assess chemicals for their sporicidal activity (98).

Commentary on Surrogate Resulfs- Chemical by Chemical

Comparison of logls reduction of viable spores was selected as the main marker

for identifying potential differences in species' responses to chemical sporicides.

However, as exemplified in Figure 17, in some instances findings of such comparisons

were less clear. With 5000 ppm FAC at 20 minutes contact, the differences, while

appearing significant, could not be analyzed statistically since complete spore reduction

resulted.

Testing conducted with different contact times allowed for interpretation of the

results, such that other questions for evaluation of potential differences between Bacillus

species response to chemical treatment could be addressed. Were there any differences

in approximate time to reach 6 logls kill with a particular microbicide versus a particular

species' spores? Certainly from our data, with extensive analysis conducted at multiple

contact times, using many chemical agents and against prominent Bacillus species,

there are alternative ways of comparing spore response to microbicide activity.

No significant differences in spore response to FAC exposure were observed at

10 minutes, thus each surrogate responded similarly to 1 :10 diluted hypochlorite

exposure. Only at the 5-minute contact were distinct differences found, supported by

statistical analysis. B. licheniformrs ATCC 14580 and B. subfl/rs ATCC 6051 showed

mean differences greater than those which could be attributed to starting titre variability

(95% confidence limits (cl) ranged from approximately 1 to 3 logle n'ìêân reduction

differences for B. ticheniformisand B. subf/rs spores compared to the B. atrophaeus

strains). Certainly a 1-3 logls mean difference in spore killing solidifies the conclusion

that the two B. atrophaeus strains may be prone to faster killing at reduced contact times,
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while spores of B. licheniformrs and B. subtilis have an inherently different response to

FAC treatment.

Reviewing AHP trials, B. subtilis spores showed statistically different logl¡

reduction response when exposed for 20 minutes, but the result is, again, not an

absolute value since total logls reduction on all carriers occurred, giving an estimated

value. B. subtilis ATCC 6051 spores showed minimal survival at the same contact time

in Virox AHP trials, whereas the Johnson-Diversey formulation demonstrated complete

reduction of spores. However, it is still safer to compare through the activity of AHP

resulting in a )6 logls killing of all spore species, leading to the conclusion that at 20

minutes contact, Bacillus spore responses to AHP formulation are equivalent. Moreover,

AHP successfully achieved the requisite efficacy against these Bacillus spores, making

AHP an effective spore-killing agent. B. licheniformis responses to AHP killing differed by

up to 2 to 3 logs of survival at 10 minutes contact and 0.8-1.2 logs after 5 minutes using

95% cl of mean differences in logle reduction response compared to the other surrogates.

The only other surrogate whose spore response to AHP treatment was close to matching

B. licheniformrs spores at 5 minutes contact was B. subû/rs ATCC 6051, both of which

differed from the two B. atrophaeus surrogates by 0.02995-0.8201 logs (8. atrophaeus

ATCC 49337) and 0.07661-0.8667 logs (8. atrophaeus ATCC 51189). The two AHP

products demonstrated comparable effect on the surrogate spores (Figure 19).

With 1000 ppm FAC aqueous chlorine dioxide solution, B. licheniformrs spores

demonstrated, at all contact times, the lowest kill response to chemical treatment. The

mean logle reduction differences between that strain and other surrogate spores with

95% cl of mean logls differences were 0.33-1 .982 (8. subf/rs ATCC 6051), 0.7739-2.333

(8. atrophaeus ATCC 49337) and 1.169-2.728 (8. atrophaeus ATCC 51189) at 20

minutes. Similar 95% clfor mean differences were found at 10 and 5-minute contact



165

times with B. licheniformis spores less responsive to spore killing activity that the other

surrogates. The aqueous chlorine dioxide solution with 1000 ppm FAC could not reach 6

log16 reduction, tested against these Bacillus species, at the maximum allowed contact

time. This suggests that this chemical requires a slightly longer contact time for

sporicidal activity of 6 logls

For 0.3% PAA spores of 8. suöf/rs ATCC 6051, B. ticheniformrs ATCC 14580

and B. atrophaeus ATCC 51189 showed significantly lower response as compared to B.

atrophaeus ATCC 49337 after 20 minutes contact time (Figure 27). Again, even with

statistical error allowed, since all spores showed some survivors to allow for statistical

variability to be measured, PAA formulation appeared to act equivalently in all spores

tested. All spore carriers experienced > 6 logle killing against all spore species, meaning

that responses are likely similar regardless of Bacillus surrogate used. At 10 and 5-

minute contact times, there was little difference between surrogate spore resistance to

0.3% PAA killing, with error bars visibly overlapping each other, thus re-enforcing the

previous conclusion that PAA killing is indiscriminate.

The testing RG-1 and RG-2 spores against the five chemical microbicides

allowed the conclusion that statistically significant differences exist between sporicide

responses of B. licheniformis ATCC and B. subf/rs ATCC 6051 spores, with respect to

the two B. atrophaeus strains under similar conditions and at differing contact times. All

these were less responsive to sporicidal killing action of chemical sporicides than the

other RL-1 or 2 species studied. This formed the basis for subsequent experimentation

with the spores of the target organism itself.

Goal2 and 3: Evaluation of RG-3 Spores & Surrogate Determination

lnitial spore cultures were attempted on all species selected prior to testing

(Table 4), but some species would not sporulate to usable titres. The incubation time

was limited to 72 hours except for the Sterne strain of B. anthracls. The relatively strict
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requirement for the growth conditions were to ensure uniformity in the spore crops and

those species that did not yield the required levels of viable spores after repeated

attempts were excluded from the comparison.

Bacillus strain CDC #G9241, as described in the Materials and Methods section,

was a clinical isolate of an encapsulated B. cereus associated with severe pneumonia in

humans; it contains an anthrax-like toxin-producing plasmid pBCXO1 (68, 69, 180).

Results with the G9241spores are not included along with those of other isolates of B

anthracis because that organism is not yet classified as a strain of B. anthracis.

Commentary on RG-3 Spore Resulfs and Comparison to Surrogates

Similar responses to spore killing were found between the spores of RG-3 strains

when treated with 1:10 diluted 5.25% hypochlorite and chlorine dioxide treatments at 10

and 20 minute contact times, (Tables 6 and 8). For B. anthracis strains, responses to

sporicide treatment were comparatively equivalent, with variations from the mean

response being found to overlap (Figures 32,34,36, 38). Since the responses of all B.

anthracis strains tested were not significantly different to each other it could be

concluded that they all belonged to a single species. Strain variability and virulence or

avirulence features did not play any inherent role in altering spore responses to the

killing activity of any chemicals tested in the study. This reflects the suggestion of the

clonal nature of anthrax described earlier in this thesis (78).

Even some minor variability is tolerated when creating spore cultures since B.

anthracis Sterne, whose spores were produced in cultures incubated for longer than72

hours, showed little differentiation in responses to chemical sporicide treatment

compared to spores produced from72 hour incubated cultures. lndeed, for every

treatment, avirulent B. anthracis Sterne spores (incubated for g6 hours) and B. anthracis

ATCC 4229 spores (72 hours) responded equivalently with >6 log16 killing when treated

with chemicals at contact times resulting in total reduction of spores on carriers.
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ln view of the similarity in the behavior of the strains of B. subtilis they were

treated as a single group to simply the comparisons with the other species tested.

Comparisons of the logls reductions in the viability titres of the various species of

spores demonstrated a certain degree of consistency. ln this regard, two RL-1 species,

namely, B. licheniformis ATCC 14580 and B. subtilis ATCC 6051, proved to be

somewhat more resistant than the B. anthracis strains (Figure 41). At 1O-minute contact

time, 8. subfilrs ATCC 6051, the B. anthracis group, CDC G9241 and B. licheniformis

ATCC 14580 all had similar responses to 1:10 diluted 5.25o/o hypochlorite. At 5-minute

contact time, both B. subfilrs ATCC 6051 and B. ticheniformr's ATCC 14580 had lower

logle reduction values than L anthracis, thus their spores are more resistant to the killing

action of hypochlorite exposure than RG-3 agents at shorter contact times.

ln the case of Virox AHP at 20 minute contact time, it was quite clear (Figure 42)

that both B. subf/rs ATCC 6051 and B. licheniformrs ATCC 14580 spores had roughly

equivalent response to B. anthracrs in spore killing activity since all spore populations

reached >6 logle reduction levels. At 10 minutes contact time, B. licheniformis ATCC

14580 and B. subfilrs ATCC 6051 had significantly lower response to AHP killing activity

than those of B. anthracis spores, with B. licheniformrs spores appearing to be least

affected of all spores after contact with AHP. At 5-minute contact time, B. licheniformis

spores survived chemical treatment with less killing than all other spores with a

significantly lower log16 reduction in viable spores than either class of RG-3 spores. B.

licheniformis ATCC 14580 appears a suitable candidate surrogate for AHP testing based

on these responses to chemical sporicide treatment.

Similar response can be seen with B. licheniformrs spores treated with 1000 ppm

liquid chlorine dioxide at contact times of 5, 10 and 20 minutes, where B. licheniformis

ATCC 14580 notably had a significantly smaller logle reduction response to chemical

treatment, as indicated by the ANOVA analysis in Figure 43. At 95% cl logls reduction of
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B. licheniformrs spores appeared to be reduced by 3.413 - 4.317 logls reduction whereas

the 8. anthracis spore group reduction was 5.454 - 5.8411o91s and 5.446 - 6.207 logle

for Bacillus G9241. Covering for the approximately 0.5 log variability associated with

starting titres between B. licheniformis spores (6.69 logs) and the mean starting titre of B.

anthracis spores as well as CDC G9241 (starting titre 6.1 logs) spores, the variability

remaining must be due to the true differences between the response of these spores to

killing activity with liquid chlorine dioxide at 1000ppm active solution.

ln the case of peracetic acid all surrogates and B. anthracis grouped spores had

equivalent spore reduction response to sporicide treatment but these were markedly

higher when compared with CDC G9241spores at 20 and 10 minute contact times, as

shown in Figure 44. At both 10 and 2O-minute contact times, PAA reached (and

surpassed) 6 logls reduction of viable spores along with the two B. atrophaeus strains. At

5-minute contact time, the species that matched or showed lower response to sporicidal

treatment than 8. anthracis spores reduction (95% cl lo916 reduction 4.975 - 5.302) were

B. licheniformis (95o/o cl logle reduction 3.555 - 5.835), B. subtilis 6051 (95% cl log16

reduction 4.957 - 5.853) and B. atrophaeus (95% cl logls reduction 5.284 - 6.436). CDC

G9241had markedly lower killing response to 0.3% PAA treatment (95% cl logls

reduction 0.2744 - 0.9156) and only B. licheniformrs, of all surrogates, came closest to

matching this response.

lf the purpose of a surrogate organism was to ensure that, given only a single

organisms to represent B. anthracis in testing the efficacy of possibly many chemicals,

decontamination was successful, then certainly using the most insusceptible organism

(more or, at minimum, equal to resistance to spore killing activity of target organism)

would be desired. Our results have identified B. licheniformis ATCC 14580 (and to a

lesser extent B. subtilis ATCC 6051) as a surrogate for B. anthracis decontamination,

given their similar responses to sporicide treatment, as well as B. Iicheniformrs proving
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more difficult to kill than the intended target in some treatments. B. licheniformis

consistently and frequently was the only surrogate tested whose spore killing response

to chemical treatments with all sporicides was equivalent or less than that of B. anthracis.

Ag reement with the Literature

Our results appeared to be in agreement with those of Perez et al., who

conducted QCT-2 testing on B. suóflrs 19659 spores against 5000 ppm FAC

(unacidified), Virox AHP and 600ppm liquid chlorine dioxide in an evaluation of oxidizing

microbicides to ultimately apply to C. difficile (1 19). ln their study, 5000 ppm FAC was

found to inactivate spores of B. subfl/rs ATCC 19659 at a S logls reduction in 30

minutes contact time, while Virox had the same logls reduction capability in <13 minutes

with 600 ppm liquid chlorine dioxide requiring >20 minutes (30 minutes) to reach 6 lo916

reduction of viable spores (1 19). ln our experiments, a 1O-minute contact time with 5000

ppm (unacidified bleach) resulted in S logls reduction in all spore populations (Figure

40). With our tests 7o/o AHP formulation, a $ logls reduction of viable spores in all

Bacillus populations occurred between 10-20 minutes (Figure 42) mirroring similar

literature test results mentioned previously. Our 1000 ppm liquid chlorine dioxide

experiments demonstrated the chemical's failure to reduce any spore populations to $

logs viable spores in the 20-minute contact time (Figure 42).

Other results from our study find agreement with literature values such as >6

logls reduction value with 0.3% PAA at 1O-minute contact time against B. subtilis spores

(183) and >5 logle reduction value against B. cereus spores at 30 minute contact time

using 0.25% PAA on steel disc carriers (54).

The endpoint of our project identified two potential surrogates, with equivalent or

superior intrinsic resistance to sporicidal agents (peracetic acid, accelerated hydrogen

peroxide, hypochlorite solution and liquid chlorine dioxide solution) when compared with

B. anthracis spores at several contact times. The two potential surrogates were
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determined to be B. licheniformis ATCC 14580 and B. subf/r.s ATcc 6051. The

suggestion of using B. licheniformrs is somewhat of a novelfinding. Previous studies by

Serry et al. identified several wild isolates confirmed to be B. Iicheniformrs strains which

showed higher resistance to glutaraldehyde exposure than the spores of Bacillus

atrophaeus ATCC 9372, one of the biological agents commonly used as a surrogate for

B. anthracis decontamination studies (164). Their conclusion (in harmony with ours) was

that B. licheniformrs meets the requirements of being a good biological indicator, being a

non-fastidious, non-pathogenic, aerobic biological agent that can demonstrate efficient

recovery after exposure to sterilization processes (164). Thus, our results and statistical

analysis (and conclusions drawn) is supported by at least one study in the literature. Our

study, linked to the studies of Perez et al., showed the ability to draw comparison with

confidence to similarly conducted scientific experiments, also demonstrated the

uniformity of the QCT and reproducibility of endpoint despite results being obtained in

separate studies and conducted at different facilities.

Explanations of differences between spore resistances to chemicals

Differences must exist between spores, which is species-specific since our

observations noted significant differences in logls reduction among different taxa. Simply,

spores from some species were readily killed while other survived similar sporicide

treatments. Differences exist also in the native rodlet structure of spore coats of B.

atrophaeus, B. cereus and B. thuringiensrs because of native germination mechanisms

which are responsible for the assembly of the outer spore coat as demonstrated through

atomic force microscopy (AFM) which can show species-specific spore coat crystalline

layers (120,121).

There is considerable diversity, within the genus Bacillus, in the structure, extent,

and composition of spore coat layers (67). The spore coat structure, essential for

resistance and dormancy, at the least, acts as a protective shield against destructive
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forces including chemicaltreatments (181). Spores within the genus will have varying

responses to chemical treatment with liquid sporicidal agents.

But in this project, what was meant by the term spore resistance and what could

have accounted for the differences in spore resistances observed between Bacillus

species? Spore "resistance" to microbicides generally is considered an intrinsic property

(as opposed to actively acquired), dependent upon pre-formed structures (137, 138, 141,

142).

The many components (layers) of the spore all contribute to this inherent

resistance. For Bacillus (particularly with B. anthracis decontamination), without the

durability of the spore coat, spores would be relatively benign (53). Studies have shown

spore coats to be ineffective against mechanical abrasion, with the suggestion that

mechanical damage, directed upon the germ cellwall peptidoglycan caused inner spore

membrane rupture, leading to spore death rather than through the damage and stripping

away of protective coat protein (76). Even when using potent chemicals such as 0.1M

NaOH, heat, urea, or combinations of these to solubilize spore coat proteins, much

difficulty can be seen (181). Thus, the spore coat plays a profound role, providing a

barrier to chemicals such as hypochlorites (FAC), hydrogen peroxide, peracetic acid and

glutaraldehyde (1a3). Thus, inactivation and killing requires the dismantling or stripping

of spore coat proteins for invasiveness of sporicides to the target site (28).

Spore cortex degradation, identified with facilitation of agent activity in spores at

their sites of action, and supporting evidence theorizes that spore cortex may contribute

to chlorine agent resistance (27, 28). Stability and resistance to chemical sporicides may

be derived from a stable expanded spore cortex, maintaining a stable dehydrated state

and high viscosity within the spore protoplast, limiting diffusion into this area (28). ln the

case of glutaraldehyde, which requires hours to 6 logls of reduction levels, the agent

likely produces a 'sealed'structure, preventing outgrowth, germination and rehydration of
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the spore through the prevention of cortex degradation (28, 182). The hidden role of the

spore cortex, variabilities in its composition and proportion size may help uncover why

surrogate (and B. anthracis) spores survived to different degrees in chemical treatments.

Both cortex and spore coat sèem to play a larger role in protection, therefore it is

not beyond possibility that differences observed in our spore responses to certain

sporicidal chemical activities could be attributed to the differences mentioned previously.

But there are likely other factors as well, which could be partly responsible for the results

that have been already mentioned.

With CDC isolat e G9241, whose spores were found here to be particularly

resistant to AHP and PAA treatment (Figures 42and 44) there could be other plausible

explanations. These differences in sporicidal killing response to PAA and AHP in G9241

may be an effect of the quantity and distribution of ølp type small acid-soluble proteins

(SASPS), increasing the difficulty of these two agents to act within the spores. Spores (ø

/B-) lacking the major DNA-protective SASPs are more susceptible to peracetic acid and

formaldehyde (141). SASPs have been identified as protective against hydrogen

peroxide treatment as (a-lß-) spores appear more sensitive to hydrogen peroxide than

wild-type spores, where DNA is likely saturated with ølB type SASPS. Likely, spores

containing increased SASP benefit with protection from free radical damage produced

from oxidizing chemicals like AHP and PAA (138, 165). G9241showed much less

"resistance" to chlorine releasing agents compared to AHP and PAA, but Russell

speculated tnat alß type SASPs would not be associated with spore resistance to those

sporicides likely to have little or no effect on DNA (138). lt is therefore possible that,

during the acquisition of the virulence plasmid pBCXO1 , G9241 may have altered its

production of SASPs, conferring increased intrinsic resistance to AHP and PAA (where

their site of action might bring them into proximity with SASPs) while having equivalent
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susceptibility other surrogate and B. anthracis spores to chemicals such as FAC and

chlorine dioxide.

Because CDC G9241 was identified as B. cereus (described previously) there

are other factors that may contribute to its heightened resistance to spore-killing

mechanisms. Members of the B. cereus group (including B. anthracis) possess an

outermost layer, the exosporium, which consists of mixtures of chemically complex

layers of protein, amino and neutral polysaccharides, lipids and ash (127). The gross

exosporium profile is believed to be conserved amongst cured and wild-type strains, thus

all B. anthracis spores should be found to be covered by this loose outermost covering

(127). However, this likely isn't a serious issue, since none of the B. anthracis samples

tested (which would all have this exposporium as well) showed any level of lower spore

killing response to sporicidal exposure to the various chemicals. Certainly, it might be a

slight contributor to some variation in spore killing (as its very presence in suspension

would decrease the amounts of free active agent in sporicides) but is likely not a major

factor in the types of differences we see in these results.

One more factor to consider with CDC G9241 is another structural component

that may be responsible for some resistance to chemical killing. Unique to B. anthracis

(and members of the B. cereus complex) is the CotA protein, that, when absent in

mutant strains, affected the appearance of the outer spore coat (a major protective

component of the spore) as well as resistance and sensitivity of the spores (82).

Enzymatic protection might also be conferred upon 8. anthracis spores in that cells

actively and selectively load spores with enzymes necessary for situations which it does

not encounter in a vegetative state, improving chances for survival (93).

As an overview to why organisms like B. licheniform,s ATCC 14580 and CDC

G9241showed such different kill profiles to sporicide could also provide explanations

beyond the molecular level of the organisms in question. Differences in sporulation
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media composition could promote spore alterations (120), thus sporulation media as

used here, was consistently prepared with respect to similarity in ingredient composition

and concentration. Another variable, often downplayed, is temperature. Melley et al.

demonstrated that temperature increases during sporulation conditions resulted in

spores of B. subtilis with lower levels of coat proteins (CotA) and an increase in cross-

linking muramic acid percentage (103). Their results recognized that resistance of

spores used in the monitoring of sterilization processes could be affected through

temperature alteration (103). ln our studies, temperature was a constant (36t1oC),

removing possible differences in response to microbicide exposure due to variations in

sporulation temperatures.

Another contributor to potential differences in susceptibilities could be the natural

environment of these species. Soil organisms (or intestinal tract in the case of

pathogenic B. cereus) likely face challenges profoundly different to those encountered

by spores of B. anthracts (67). Spore coats are made to meet specific conditions and as

such even spores within the species can have differing coat composition in response to

adjustments to the contents of sporulation media (67). Likely whatever differences in

terms of logls reduction values obtained at varying contact times observed between our

spore species must be the result of some differences in spore coat composition and

arrangements thereby conferring either greater or less resistance to chemical exposure.

All of the above explanations as to why the spore responses to killing activity

varied between certain species (that is for example, why B. licheniformrs spores appear

to resist the sporicidal activity of various chemicals) suggests inherent differences in the

nature of the species of spore-forming taxa (structural, molecular, environmental

differences). However, one must consider the nature of the spore preparations that were

initially created for testing. These preparations (Figure 8) were observed to have a

considerable amount of debris left over from the process of harvesting, and cleaning
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spore preparations. Among the mixture of spores was a considerable amount of intact

and fragmented dead vegetative bacteria. Thus, our spore cultures were not'clean', but

that is a limitation of the spore preparation procedure in that getting 'clean' spore

preparations is extremely difficult. Nevertheless, in theory this cellular/proteinaceous

debris could act to shield spores (which have a natural tendency to clump and aggregate)

as well as reduce the amount of free active agent available when applied to test carriers.

Our inability to return to CL-3 conditions and evaluate the level of debris in our samples

means that we can only assume that this may have played some role in the responses

observed in our tests. While those arguments are suggestive of an interference with

sporicidal activity, one must remember that a fairly sizeable portion of the spore/soil load

mixture (1/a) is composed of organic matter with the intention of depleting available

active agent this applied to disks. Thus, while the problem of 'dirty' spore preparations

(excessive organic matter) cannot be ignored as a possible causative of sporicidal

responses being so different among some spore-formers, it also is not likely the most

probable explanation. The notion of excess cellular material in spore preparations could

be more plausible in the explanation of another phenomenon observed in our

experimentation, outlined below.

Explaining the Lag Phase in some chemicals

There was an observed lag phase of spore killing especially in surrogate spore

studies (Figures 16 and 20) for FAC and AHP treatment, indicating "delayed activity".

The process of inactivation and killing involves the diffusion of disinfectant directly to

sites of activity, reacting with bacteria (spores). Such processes have demonstrated

initial lag phases, followed by an active depletion phase of organism, supported by

complex mathematical modelling systems (57). Explaining this "lag" phenomenon

requires an examination of several potential contributing factors.
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As suggested previously, 'dirty'spore preparations, containing dead bacteria and

other particulate matter (released from cells after death) can all shield spores from

spore-killing chemicals, forcing them to diffuse through these aggregations of spores and

bacterial clusters. This would increase the amount of time required to reduce spore

populations, thus presenting somewhat skewed results, where an 'exceptionally dirty'

preparation of spores may take more time to obtain significant killing activity.

The nature of the carrier (brushed stainless steel) €n prevent sufficient and

immediate spore/sporicide immediately due to grooves and niches housing spore

deposits, protecting them from active agents for the first few minutes in some cases.

Arrangement of spores onto carriers simply by the manner in which they were

deposited may be another factor. TEM (Figure 12) revealed the ability of spores

(untreated) to clump together even in suspension and aggregation of spores may assist

in some species' increased survival for certain trials. Spores of B. cereusin particular,

adhere to different surfaces, due to their high hydrophobicity, low spore surface charge,

and spore morphology and appendages (7). lt is quite possible that spore survival in

some species may have relied on their "biofilm" abilities on carrier surfaces, where

already imperfect contact between spores and sporicide already exist, weakening the

efficacy of the chemical agent. Such an effect of the carrier has already been

demonstrated in experiments conducted with gaseous hydrogen peroxide treatment,

where reaction of gas to carrier as well as inability to penetrate biofilm-type inoculums

occurred (169).

Significance and lmpact of Study and Future Directions

The work conducted in this project is the first in depth study of a large panel of

Bacillus spores and their susceptibility against the chemical sporicides tested at varying

contact times using a standardized quantitative carrier test (QCT-2) tor examination of

decontamination efficacy using a realistic decontamination scenario. The quantitative
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carrier test, demonstrates the most flexible, the most realistic and the most quantitative

protocol currently in use for the examination and evaluation of sterilization processes by

liquid chemical sporicides. Therefore, in terms of an ideal test scenario, we definitively

identified the protocol, QCT-2, and the most suitable organisms for sporicide testing, B.

licheniformis along with B. subtilis ATCC 6051, as providing the best 'measuring stick' of

relative B. anthracis decontamination (as our results have demonstrated).

The application of this protocol against Bacillus anthracis spores (virulent and

avirulent), allowing for direct comparison to RG-1 and RG-2 spores and determining a

replacement for B. anthracis spore testing in simulating biological decontamination

scenarios was the hallmark of the project. Surrogates (biological indicators) are

recognized as the closest to ideal monitors for sterilization processes and are equivalent

or superior to physical measurements (16a). By extension then, B. licheniform,s ATCC

14580, as an ideal surrogate is recognized as the closest ideal monitor for B. anthracis

decontamination given its consistently higher resistance to spore-killing activity

compared to some other traditionally used surrogates like L atrophaeus ATCC 51189 in

some of our chemical trials.

Based on the observation that some of our B. anthracis strains were generally

more difficult to enhance sporulation to suffìcient levels (>8logs/mL titre), it would be

desirable to acquire and test more strains of B. anthracis to determine whether such a

phenomenon existed in only this small sample of long-term frozen samples (some were

derived from collections after storage for decades) or is representative of the true

difficulty in producing high tired spores in all B. anthracis under the growth conditions

used in this project.

Also, given that bioterrorist event or accidental release of biological agent could

disperse higher titred spores (one such biological surrogate received in our lab for

biodefense study registered a titre of 1011 spores/g) it would be perhaps useful to
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measure the effect of an extremely high B. licheniformrs spore titre on sporicide agent

efficacy. However, the amount of sporicide applied also is much smaller than the volume

that would be applied in real decontamination situations, and thus the real-world

potentiality of a scaled-up QCT protocol could be investigated, where higher spore titred

carriers (also of larger diameter but made of the same material and in the same style)

could be treated with larger (more realistic to decon) volumes of chemical sporicide and

measure what differences the scaling up procedure may incur.

Other suggestions, which could be make for the use of both QCT-2 and the

newly supported surrogate to further demonstrate spore decontamination on carriers,

would be the use of a chemical indicator of sterilization process (something that would

indicate the chemical is actively working at time of application). Chemical indicators

could be used in conjunction with biological test indicators, but should not replace them

(because of inadequacies at marginal sterilization times and because only biological

indicators consisting of resistant spores can measure microbial killing), as they are

inexpensive and indicate that an item has been exposed to sterilization processes (146).

Using two organisms could further demonstrate that a sterilization process had

effectively dealt with B. anthracis spores by eliminating, not only one, but two individual

surrogate spore loads past the 6 lo916 reduction threshold (or completely inactivate the

entire carrier as we've shown). Shintani showed that a carrier consisting of B. subfilrs

and G. stearothermophilus spores did not significantly alter each other's resistances by

each other's presence on the carrier material (168). Thus, evidence would seem to

support the approval for multiple surrogate inoculated carriers for evaluation of chemical

efficacies (168). However, given the colony morphology of B. licheniformis and B. subtilis

(which we have chosen as candidate surrogates), it would make identification of

surviving spores post-treatment very difficult since both strains are nearly

indistinguishable on recovery media, if conventional identification methods were used.
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There is also the possibility in this situation of dual surrogates to distinguish and track

them genetically by using fusion expression (adding genetic tagging to distinguish

between species), if so desired.

Future testing using the QCT-2 protocol could indeed evaluate the potential use

of two surrogate spores on the same carrier and determine whether similar results

obtained in independent trials are found and compare multiple surrogate combinations to

B. anthracis spore logls reductions. lf time had permitted, the desire would have been to

complete timed interval QCT-2 evaluation on the spores of every Bacillus selected from

the panel, including spores the well documented B. suöf/rs ATCC 19659. Perhaps, there

is still another strain of Bacillus out there, with a sporicide response profìle even more

fitting for use as a surrogate in decontamination studies, yet to be found.

Finally, it would be of great importance for a thorough evaluation of the spore

coat and the spore morphology of B. licheniformrs, one of our selected surrogates, to

reveal the reasons behind this species'spores appearing to have more intrinsic

resistance to chemical sporicides than some of the other frequently used surrogate

organism's spores. Our procedure for visualizing sporicidal effects on the morphology of

various Bacillus spores can, in theory be successful. However, one of the key steps is to

ensure a large amount of spore sample is available for use as the procedure has

problems with retaining spore sample during the multi-step procedure. At each stage,

there is some spore sample loss, which can be remedied with a larger starting sample of

spores (which was unavailable at the time). Thus, future studies should include some

visual identification of sporicidal effects on the surrogate spores through EM attempts.

ln the case of CDC G9241, it would be of interest to determine whether the

virulence plasmid inclusion plays a significant role in conferring some level of higher

survivability in this strain's spores to sporicide treatment. Creating a plasmid (pBCXO1)

mutant strain and creating spores for testing would immediately reveal the susceptibility,
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or inherent survival of these mutant strains under the same protocol (OCT-2) that the

normal G9241 strain spores had been grown and tested under. lt would also be of great

importance for a thorough evaluation of the spore coat and spore morphology of these

strains, but especially our selected surrogate, to reveal the possible reasons behind

these species'spores appearing to have more intrinsic resistance to chemical sporicide

killing than other commonly appointed surrogate spores. The acquisition of more strains

from the CDC similar to G9241would allow the comparison of sporicide response to

these other (pBCX01) carrying B. cereus spores. Along the same reasoning, it would be

of importance to examine the sporicidal kill response of G9241in comparison to a large

and statistically diverse group of B. cereus spores from strains, which lack pBCXO1, and

are more representative of normal B. cereus strains that are ubiquitous in the

environment. ln all cases (using G9241-like strains or against normal but genetically

distinct B. cereus strains) the testing could determine whether these spores aggregate

together in terms of sporicidal kill response against liquid sporicides or if they differ from

the response observed with G9241spores. With a larger number of B. cereus (G9241 or

regular) strains tested, we could potentially determine whether the acquisition of pBCXO1

has made the spores inherently more sensitive to liquid chemical sporicides or has

somehow heightened the innate ability of the spore to protect itself from these chemicals.

The fact that our spore preparations were not'clean' spore cultures, would have

been desirable to analyze the extent of organic matter and debris that would have been

present in our B. anthracissamples (including virulent CDC G9241) through microscopic

detection and observation (using a simplistic spore or Gram stain) much like that which

had been conducted on RG-1,2 spore preparations. Room limitations and restrictions of

CL-3 working environment prevented a thorough analysis of this line of investigation

from being conducted, and is a major reason why our results cannot conclusively state

that spore resistance was attributed to the nature of the spore itself. Likewise, protein
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analys¡s to determine the amount of extracellular material present in each spore

preparation would reveal to some extent, the role protein played in spore resistance in

samples such as B. licheniformrs and CDC G9241 which, at times, both appeared to

have significantly different responses to sporicidal killing of some of the chemicals tested.

Decontamination after the 2001 anthrax attacks alone exceeded 100 million

dollars U.S. (179). lnactivation of weapons of mass destruction has applications for

laboratory-based research and development of field-based applications of the various

detection technologies aimed at platform and method-based testing of biological agents

and the effects of decontamination of the sensitiviÇ and cross-reactivity (46). Therefore,

the effect of decontamination methods might interfere in the ability of detection systems

to evaluate post-decontamination clean up in larger scenarios where detection of spores

surviving decontamination might occur, remains to be studied.

Work by Williams and Russell has shown that Bacillus subtilis spores exposed to

sub-lethal exposure to sporicides (including sodium hypochlorite and glutaraldehyde)

were capable of injury repair and could form viable colony forming units on recovery

media (192-194). Thus, it is apparent that when dealing with biologically dangerous

pathogens such as the spores of B. anthracis, the aim should be as close to total

reduction of viable spores as possible to prevent outgrowth of spores exposed to sub-

lethal damage, which may or may not be detectable in real-life scenarios given the

possible interference with detection assays mentioned previously.

Another issue is the 'How clean is clean enough?' mentality of decontamination.

ln 2001, the EPA set up a level of zero viable anthrax from any sample taken post-decon,

and relied on their sampling protocol to detect any spot on a surface that might contain

viable anthrax (124). As part of their retrospective recommendations, Raber et al. (2004),

suggested addressing the information gap on survivability of spores and other biological

agents, especially in indoor environments to aid in decontamination decision making as
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well as establish national-level, consensus-driven regulatory guidelines for final cleanup

criteria related to biological warfare agents (124). Our study has assisted in filling in

some gaps, by demonstrating the survivability of B. anthracis spores on steel surface

carriers and relative success of decontamination at specific contact times using the

concentrations which have maximal sporicidal activity in a defined and strict protocol.

Applications of our findings could be used to evaluate the survivability of B.

anthracis and the chosen surrogate, B. licheniformis ATCC 14580 (as well as B. subfl/rs

ATCC 6051) spores on other surfaces, temperatures, and environments which could be

encountered in environments befitting potential bioterrorist targeting (office equipment,

stadiums and sports complexes, cultural artefacts and art centres).

Outside of bioterrorism, there is great need for standardization of

decontamination practices in places such as healthcare facilities where biological

contamination can lead to serious infections. Prevention of spreading of contaminants

includes decontamination of non-critical surfaces such as floors and walls, though these

surfaces tend to play negligible roles in infection acquisition (151). Achieving disinfection

and sterilization through the use of disinfectants and sterilization practises is essential for

ensuring that medical and surgical instruments do not transmit pathogens to patients (91,

152). Thus, it is important that clinicians, healthcare practitioners, and those involved in

surgical equipment and general hospital equipment decontamination to understand

which chemicals and practices will lead to making such materials safe, including in-

house laboratory testing of commercial chemical sporicides as in the case of C. difficile

and Bacillus species. QCT-2 has demonstrated replicable and reliable results and thus

this test protocol and the use of the representative organism for all Bacillus (8.

licheniformrs) could be implemented in hospital and healthcare facilities by trained

personnel (to carry out microbicide evaluation) to ensure currently used products are

efficacious against several target organisms (again use of a multiple surrogate carrier
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could be implemented). Although extremely rare, there is some interest in mechanisms

of bacterial resistance, which may overlap between microbicide and antibiotic resistance,

with sublethal exposure (mentioned previously) triggering antibiotic resistance (139, 140,

172).

The CDC G9241strain, described previously, possesses potential to be an

emerging bacterial pathogen. Normally, Bacillus species (other than B. anthracis or B.

cereus in food poisoning events) are considered little more than contamination and

background flora in many settings, including hospitals and other healthcare settings.

With the recent publications describing the existence of these 'radical strains' of normally

benign B. cereus, the issue of ignoring all B. cereus detecting in clinical samples as

being simply contaminants might need to be re-examined, particularly if associated with

severe pneumonia. Given the strain's resistance to killing by powerful sporicidal agents

compared to the other organisms tested, coupled with the heightened virulence, make

this organism (and other such organisms yet to be isolated) a potential threat in the

hospital setting, where spores could in theory, find their way to immunosuppressed and

immunodeficient patients through improper cleaning practices, or incorrect choices of

sporicidal chemicals used. This strain also could potentially make extrapolation of

surrogate organisms'sporicidal profiles to disinfection, with respect to virulent (more

clinically relevant) species, much more problematic, given that G9241's spores were

found to be less susceptible to AHP and PAA than any other spores tested in this study.

Further and more extensive testing on this and other such strains could be looked at, as

more strains such as these (and potentially within other organisms outside Bacillus)

begin to appear in the clinical setting, whose spore characteristic and hardiness may fly

in the face of all conventional knowledge of spore resistance to liquid chemical killing

currently accumulated. Until such time, strains like G9241 may represent an emerging

and more dangerously growing trend of lesser virulence strains acquiring increased
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virulence, which, based on this study also appears to enhance its survivability to external

forces such as chemical treatment practices.

ln the food (dairy) industry there is a need for standardized decontamination

practices where food contaminants such as B. cereus (food poisoning) have become

problematic (7). The fact that strains of B. cereus exist which may cause food poisoning

with an infective dose as low as 103 -104 bacteria/gram, have opened the eyes of the

food manufacturers, especially since several psychrophilic B. cereus strains have been

documented, growing at temperatures as low as 4-6oC (7). A solvent tolerant strain of B.

cereus has been isolated and characterized, and the dangers of achieving sub-lethal

decontamination process could be potentially devastating in organisms such as B.

cereus, should tolerance to microbicidal chemicals develop in a similar fashion (99).

Evaluation of efficacy should occur at applicable temperatures, ensuring activity is

maintained under conditions that the microbicide may not be designed for. This is

accomplished by applying the standardized QCT, evaluating decontamination methods

against food contaminants (like B. cereus) found in production lines and manufacturing

processes, confirming microbial counts fall below infective doses for humans.

The flexibility of the QCT as a standardized procedure, tested with a number of

Bacillus species, its direct application to B. anthracrs decontamination through testing of

virulent and avirulent RG-3 spores, and the identification of a robust surrogate for B.

anthracis (8. licheniformls ATCC 14580) were all successful endeavors. We

demonstrated the QCT as a simple and relatively inexpensive test protocolto evaluate

microbicide efficacy. lts application has been proven to be effective in evaluating various

liquid chemical agents against a wide range of organisms (in our project solely Bacillus

spores). Aside from being used to identify differences and similarities in logls reduction

capabilities of RG-1, RG-2 and RG-3 spores of Bacillus and the evaluation of the

individual chemicals' efficacies at various contact times, this project provided support
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and backing of QCT as a model for decontamination strategies. This method could be

scaled up, with slight modifications, for numerous real-world scenarios.

ln the future of biodefense-related research and development, standard biological

materials and processes will be critically needed. These standards will help properly

validate instruments and assays used in measuring, producing, or testing for biodefense

applications, assist in the training personnel and confirm the capabilities of biodefense

laboratories as well as evaluate individual and laboratory performances at identifying or

assaying particular bioagents, and lastly help compare experimental results among

different researchers and different laboratories, enabling groups across the hall or across

the globe to weigh results meaningfully Q$.

Our findings, at the bare minimum, have laid the groundwork for the use of this

standardized protocol and standardize surrogate, as well as contribute to the current

literature on B. anthracrs decontamination by using actual virulent B. anthracis samples.

lncluded as a novel finding, is the addition of the165 rRNA sequence of B. atrophaeus

ATCC 51 189 (Genbank accession #EF188847), which, until this project, had not been

officially included as an accepted sequence in Genbank. Also, through the analysis of

163 rRNA sequences we have demonstrated that B. atrophaeus and B. subfilrs (type

strains) species cannot be readily discerned by rRNA homology. We also offer, through

direct comparison between surrogates and B. anthracis spore response profiles to four

commonly used chemical microbicides, an ideal robust surrogate B. licheniformis ATCC

14580. Like other surrogates (such as B. subfi/rs and B. atrophaeus) currently in use, B.

licheniformrs is a well-characterized species of Bacillus. There is a great advantage to

having the genera published and described in the literature. Known to be a risk level 1

agent their spores are therefore easy to grow, handle and work with, and thus it is not

some undefined surrogate with no pedigree or background information to acquire.
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However, consulting the literature for use of B. licheniformis as a surrogate, there is little

documentation providing a case for its use in decontamination studies.

ln our study, we have proven the versatility of the QCT-2 as an acceptable

standardized protocol for evaluating sporicidal efficacy against spores of Bacl/us, and

target B. anthracis. This in itself is a major accomplishment, given that little publication

on standardized testing of decontamination / disinfectant efficacy studies have actually

done so against virulent strains of B. anthracis. Successively, we were able to

demonstrate with highly reproducible and consistent results (cornerstones of the QCT-2

method), that certain species of Bacillus, notably B. subtilis ATCC 6051 and more

prominently B. licheniformis ATCC 14580, demonstrated comparable spore-killing

responses to chemical disinfection to the actual target organism of interest, B. anthracis.

Results such as these are also lacking in the current literature and thus we have

produced findings whose results have helped to address these informational gaps.

Consistently showing that B. Iicheniform,s ATCC 14580 (and at times B. subtilis ATCC

6051) to be amongst the least susceptible spores tested in the panel, and among the

easiest to grow to spore titres well above 108 spores/mL (demonstrated previously above)

to allow for 6 log10 reduction evaluation of chemical sporicides, it qualifies the statement

that B. Iicheniformis ATCC 14580 spores are an excellent candidate to be used as a

surrogate to assess sporicides capable of B. anthracrs spore decontamination. This

novel surrogate's response to the varying chemical sporicides used was among one of

the lowest in every circumstance, supports the use of B. licheniformis as a universal

surrogate for testing involving spores of Bacillus, and particularly as a model for future B.

anth racis decontamination studies.
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6.0 APPENDIX

Table of virulence plasmid PCR detection kit results displaying the virulency or
avirulency of B. anthracls samples in NML culture collection
(adapted from Soule & Bernard, 2005 CACMID Poster Presentation)

ol'ÞB
,â Ë'å

!¡

ë
.rt=ilEEçûEU
E ¡-L i.Ë'

,=.

ts:Ã

,ä
t-

=L¿ ö{

ç¡d

4Ë

oú
,b

Ë-'

Hil
Lj ûi

E; Eú

(d

fi
E
H

å
fJ

ù
;r

Éì

-'tEh
¡. i å,Ê
E J :fUË rä $
tll H.l

-4=rq ffi!:t
tÍ;r it ç

Fl*

=rt4

á
É,
LI
t4

¡:
Ëì,È

LE,

Ë'É
l)
.ú

fÀr

d!É

r

t-*i.

tã
-l
Lr:
Fì:
I.*{.

il
ía:
q

.+;
$,q;

-=N

Et{l
i)'

t

jl

r*.

r;"i
H
¡li.
L-I
-d
¿:l

-f:
=,1

qdl
.:

I
,
I'

1

i
rj

LaJ4tl{;
l. .

-t:,
t",
b:

¿.
a¡dì
îri:

t:

t
l
1

¡ilr

#

Èâ
¡{
'ã

à
J




