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Abstract

Bacillus anthracis has been classified as one of the most dangerous bioterrorism agents
causing high mortality rates in short periods of time. Anthrax spores are extremely resistant to
chemical and environmental factors, and have the ability to return into a vegetative (virulent)
state during the process of germination. Previous research has suggested that spores can be
eradicated with common disinfectants after germination and release of spore coats. During
germination, the spore coat is degraded, making the spore susceptible to penetration of chemicals
into the spore core. While previous research has focused on a qualitative understanding of
germination of spores by obtaining high-resolutions images of spore coats to understand how
protein coat layers change during germination, very few studies have evaluated changes in
mechanical properties of spores during germination, and how germination affects virulence of
macrophages. In this study, we performed a series of in vitro experiments to do an in-depth

analysis of germination and virulence of B. anthracis.

Atomic force microscopy (AFM) was used to investigate changes in spore surface
properties during germination including morphology, roughness, elasticity, and spring constant.
AFM results suggested that germination mechanisms depend on germinants used to trigger
germination and roughness of Bacillus species increase during germination. In addition, the
elasticity and spring cell constant of B. anthracis spores are affected during germination since
the elastic moduli and cell spring constant values decreased with time as the spore was
germinating, making the cells more susceptible. Spore killing was also tested both in sporulated
and vegetative B. anthracis using the antimicrobial peptide chrysophsin-3 and the surfactant
dodecylamine (DDA). Both killing agents were capable of eradicating B. anthracis spores, but

more killing was observed for spores that were germinating or had become vegetative.

Vi



The presence of germinant receptors from the Ger operon and its role on germination
kinetics of B. anthracis was also investigated. The germination of mutant spores that carried one
receptor or lacked all germinant receptors was compared to the germination kinetics of wild-type
B. anthracis. Our results suggest that germination of spores is modified by the presence or
absence of germinant receptors. Furthermore, the mutant B. anthracis strain lacking all receptors

germinated suggesting that other receptor independent pathways may exist in B. anthracis.

Finally the ability of B. anthracis to adhere, grow, and invade macrophages was
investigated. Invasion of macrophages by B. anthracis was dependent on germinant receptors
and the ability of spores to germinate and multiply. Our results suggest that macrophages were
not capable of Killing infecting spores, and on the contrary, germination of spores inside
macrophages caused the lysis of macrophages. An uncontrolled release of cytokines by

macrophages was elicited by spores and germinated B. anthracis.

Our study helps understand the process of germination of B. anthracis spores at a
nanomolecular level. Our investigation may be a valuable tool in the design and development of

antisporal compounds.
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Chapter One

Overview



1.1 Research Motivation

The U.S. Centers for Disease Control and Prevention (CDC) have placed B. anthracis in the
highest rank of bioterrorism agents, along with the ebola virus, since it can cause infections with
high mortality rates, with a major impact in public health!. Terrorism events throughout history
have shown that B. anthracis, the etiologic agent that causes anthrax, can be easily manipulated
and used as a bioweapon® 3. It is believed that at least 17 nations around the world have
weaponized B. anthracis spores and the intentional release of spores in the 2001 terrorist attacks

have demonstrated the lethal potential of B. anthracis and the ease of pathogen dissemination®®.

B. anthracis is one of the few members of prokaryotic cells that are able to sporulate under
conditions of nutrient deprivation’. During sporulation, B. anthracis synthesizes thick protein
coats that surround and encase the bacterial genetic material protecting it against harsh chemical
and environmental conditions®. Extreme heat, UV radiation, desiccation, pH extremes, and toxic
chemicals are ineffective in killing spores, making them one of the most resistant life forms
known®. B. anthracis can remain in a dormant state for years and only in the presence of

nutrients the bacterium germinates and regains metabolic activity.

Germination is triggered in response to nutrients including amino acids, sugars, and purine
nucleosides, which cause the release dipicolinic acid (DPA) from the spore and the re-entry of
water into the spore core®. After the spore has been rehydrated, metabolism recommences and
macromolecular synthesis converts the spore into a fully virulent bacterium capable of releasing

toxins and causing infections® **

. While the process of germination is well understood, no studies
have investigated the mechanical changes that occur during germination and how these changes

relate to virulence and killing of B. anthracis. Furthermore, while it is known that germination

2



occurs when small molecules specifically bind to germinant receptors located on the inner

membrane of the spore®® *2

, o studies have investigated the role of these germinant receptors on
virulence and the physico-chemical properties of spores. A clear understanding on the role of
each receptor on spore germination is needed in order to diminish or prevent infections caused

by B. anthracis.

Pulmonary anthrax, the most lethal form of infection caused by B. anthracis, is caused by
the accidental inhalation of pathogenic B. anthracis spores that get deposited in alveolar
spaces™®. Once in the pulmonary system, the spores get transported to lymphatic nodules by
alveolar macrophages where spores germinate into virulent bacteria and start releasing toxins™.
Septic shock and bacterial invasion of bloodstream quickly develops, followed by death?.
Survival of patients with pulmonary anthrax ranges from 15 to 60%°. Successful eradication of
the infection and therapy is only achieved with early administration of antibiotics and aggressive
supporting care®. Unfortunately, the disease is often difficult to diagnose causing a delay in
treatment, which is often fatal> °. Infections caused by B. anthracis are currently treated with
high doses of antibiotics™ *”. While B. anthracis are sensitive to some antibiotics, the use of
these compounds as the primary course of treatment is often ineffective due to the development

of antibiotic resistance® 8.

Due to difficulties in diagnosis and treatment, alternative therapies for treatments are
needed. Antimicrobial peptides (AMPs) are short peptides found in the immune system of
animals and plants and have shown antibacterial activity against Gram-negative and Gram-
positive organisms'®. While the majority of studies focuses on the ability of AMPs to penetrate

20-23

and kill microorganisms= ", no studies have investigated how AMPs change the mechanical

properties of B. anthracis spores.



Chrysophsin-3, an AMP isolated from the gills of the red sea bream Chrysophrys major, has
been found to have antimicrobial properties at low concentrations®. There has been limited
evidence suggesting that chrysophsin-3 kills B. subtilis**. However, no studies have tested the
ability of chrysophsin-3 to kill B. anthracis in its sporulated form or how the peptide affects the

physical properties of the cell.
The research described in this document is based on the following principles:

a) The development of pulmonary anthrax cannot occur unless there is proper
germination of the spore inside macrophages (specific receptor-ligand interaction).

b) Killing of B. anthracis is only achieved if small enough molecules are able to
penetrate the thick spore coat that protects all genetic material.

c) Germination of spores is necessary to kill B. anthracis.

The following sections of this document will focus primarily on a basic understanding of
spore germination with amino acids, purine nucleosides or surfactants, and the role of germinant
receptors on the physico-chemical properties and virulence of B. anthracis. Furthermore, a basic
understanding of how the AMP chrysophsin-3 may be used as a deactivation agent against B.

anthracis spores is presented.

1.2 Research Summary

Chapter 2 comprises of an extended literature review on the use of B. anthracis as a
biological weapon, and the development of anthrax infections. Basic understanding of
germination inside macrophages and release of toxins during pulmonary anthrax is summarized.

An extended background on the germination and sporulation of Bacillus sp. spores is presented,



as is the role of germinant receptors on the inner membrane of B. anthracis. The use of
antimicrobial peptides as an alternative for antibiotic treatments for infections is reviewed and

the use of cationic peptides to kill microorganisms is presented.

Chapter 3 is based upon a research project performed in collaboration with Geoffrey
Scholl, Ramanathan Nagarajan, and Charlene Mello, members of the molecular sciences and
engineering team of the Natick Soldier Research, Development, and Engineering Center in
Natick, MA. We specifically investigated the germination and killing of B. atrophaeus spores.
Special attention was paid to the use of surfactants to germinate spores and how germination
takes place and differs from germinating spores with amino acids. An in-depth study of
morphological changes of spores during germination was performed using atomic force
microscopy (AFM). The kinetics of germination of spores with various concentrations of amino
acids and surfactants are presented by measuring the amount of dipicolinic acid (DPA) released
from the spore core. The germination mechanisms of B. atrophaeus after exposure to different
germinants are proposed. Finally, we also investigated how surfactants can also be used as a

deactivation method against spores.

Chapter 4 describes a project completed in collaboration with Ramanathan Nagarajan from
the molecular sciences and engineering team of the Natick Soldier Research, Development, and
Engineering Center in Natick, MA. The focus of this project was to study the elastic properties of
B. anthracis spores during germination by using mathematical models that can be used to
describe data obtained with the atomic force microscope (AFM). The Hertz model of continuum
mechanics is explained in detail. Furthermore, the effects of different germinants and germinant

concentrations on the elastic properties of the spores were investigated.



Chapter 5 describes a complete study done in collaboration with Ramanathan Nagarajan
from the molecular sciences and engineering team of the Natick Soldier Research, Development,
and Engineering Center in Natick, MA. The work focused on evaluating the use of the
antimicrobial peptide (AMP) chrysophsin-3 against B. anthracis spores. Changes in the
mechanical properties of the spore after exposure to the peptide were investigated by using the
AFM. Special attention was paid to calculating the elastic modulus and the spring constant of B.
anthracis. Furthermore, the use of the peptide in conjunction with germinants to kill spores was

investigated. The benefits of using AMPs as a deactivation method against spores are explained.

Chapter 6 focuses on a research project where the role of germinant receptors of the ger
operon on germination and killing of B. anthracis spores are investigated. Special attention was
paid to the gerH™, gerS™, and ger,, mutants and how these behave differently compared to the
wild type B. anthracis 34F2 strain. Phase microscopy was used to observe differences in

germination, and viability tests after exposure to dodecylamine were performed.

Chapter 7 expands the results from chapter 6 and is a project that focuses on the role of
germinant receptors on the virulence and invasion of spores in murine macrophages. Optimized
ELISA and microscopy techniques are presented and the release of chemical signals from

macrophages is studied.

Chapter 8 describes and attempt to understanding macrophage-B. anthracis spore
interactions through a thermodynamic model that predicts the favorability of adhesion based on
the calculations of interfacial free energies from measuring contact angles on B. anthracis and

macrophages, following the van Oss-Chaudhury-Good (VCG) approach®® .



Chapter 9 is a compilation of short investigations and tests done on B. anthracis spores that
have not been submitted for publication in scientific journals. Kinetic studies of the release of
dipicolinic acid from the spore core during germination as a function of germinant concentration

are presented.

Chapter 10 describes the overall conclusions of this project and experiments that are
currently under investigation. Recommendations are made in this section for future examination
of B. anthracis spore properties as well as the use of antimicrobial peptides as a deactivation

method.
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The development of new deactivation methods against biological weapons requires a
comprehensive understanding of the biology of microorganisms and how these interact with the
host. Special attention has been paid to the bacterium Bacillus anthracis, causative agent of
anthrax infections, in an effort to find alternative methods to deactivate spores and diminish the
use of them for bioterrorism attacks. Current understanding of spore deactivation relies in the
transformation of spores into vegetative bacteria, which are more susceptible to killing agents.
However, vegetative B. anthracis are highly virulent and incorrect manipulation of the
microorganism could result in death. Before sporicidal compounds can be developed, a basic

understanding of spore formation, germination, and virulence of B. anthracis is needed.

2.1 Anthrax and Bioterrorism

Anthrax is a zoonosis or infection that can be transmitted from animals to humans, which
is naturally found in pastures®. B. anthracis spores can persist in the environment for many years,
especially in settings that are rich in soil nitrogen and organic content®. After livestock becomes
infected with anthrax spores, human infection can easily occur through contact with the infected
animal®. West Africa is the most affected area of the world and epidemics of anthrax have
resulted in thousands of humans getting infected and hundreds of deaths®. Anthrax has also been
a significant problem in other parts of Africa, Central America, Spain, Greece, Turkey, Albania,

Romania, Central Asia, and the Middle East®.

Currently, after being considered as just the cause of a zoonotic disease, anthrax is now
one of the few biological agents identified by the Centers for Disease Control and Prevention
(CDC) as a Category A bioterrorism agent®. Biological agents under this category are high

priority microorganisms that can be easily disseminated, cause high mortality, social disruption,
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and requires special action for public-health preparedness®. Some microorganisms in this
category also include Yersinia pestis (plague), filoviruses (ebola), Clostridium botulinum

(botulism), and Francisella tularensis (tularemia)®.

Bacillus anthracis is of special importance because this microorganism is highly toxic and
can sporulate and remain viable for years without the need for nutrients. B. anthracis has been
researched for more than 80 years for their potential use as a bioweapon and nations around the
world have weaponized the spore® ’. Several outbreaks of anthrax, whether or not they were

intentional, have taken place in several countries and have caused social disruption:

e 1941-1942, testing of anthrax aerial bombs and cannon shells for biological warfare over
Gruinard Island in Scotland®. As a result of the Gruinard test, the island is so badly
contaminated that it has been sealed off to visitors®.

e 1979, accidental release of B. anthracis spores from a military microbiology facility in
Sverdlovsk (now Yekaterinburg, Russia), which resulted in the killing of 86% of the
people exposed to the pathogen. Death occurred in less than 4 days and cases were also
reported in animals located more than 50 km from the site of the accident® °.

e 1990-1995, the Japanese terrorist group known as Aum Shinrikyo attempted to
disseminate anthrax spores in the subway system of Tokyo, Japan’.

e 1998, Larry Wayne Harris, a microbiologist linked to white-supremacist groups, was
arrested after he threatened to release “military-grade anthrax” in Las Vegas, USA™.

e 2001, after the terrorist attacks of September 11, letters contaminated with anthrax spores

were mailed to several news media offices and Democratic U.S. Senators®. Five people

were killed and at least 17 more were hospitalized® 2. Eleven cases of inhalational
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anthrax and 11 cases of cutaneous anthrax were reported and more than 10,000 persons

potentially exposed to anthrax in Connecticut, Florida, New Jersey, New York City, and

Washington, DC were recommended to take post-exposure antibiotic prophylaxis®.

With the successful attacks of 2001, there was a realization of the potential dangers of B.
anthracis for bioterrorism. Research has indicated that 10 grams of inhaled spores could produce
as many casualties as a ton (one million grams) of nerve agents'*. The U.S. Congressional Office
of Technology Assessment has estimated that an aircraft release of 100 kg of B. anthracis spores
upwind of a city the size of Washington DC could result in up to three million deaths™.
According to the CDC, the associated costs of a B. anthracis bioterror attack would be more than

$26 billion per 100,000 of persons exposed*® **.

2.2 Anthrax Infections

Anthrax infections are initiated by endospores of the Gram-positive soil organism B.
anthracis. These endospores do not have measurable metabolism, do not divide, and are resistant
to harsh chemical and environmental settings'®. After entry into the host, spores germinate to
become virulent vegetative bacteria and multiply releasing toxins within the body. The course of

infection is depicted in Figure 1.

In humans, three types of anthrax infections can occur: Inhalational or pulmonary,
cutaneous, and gastrointestinal anthrax. After B. anthracis have been introduced into the body by
inhalation, abrasion, or ingestion, the spores are captured by local macrophages and carried to
regional lymph nodes'’. Within macrophages, B. anthracis begins the process of germination
where spores become virulent vegetative bacteria that multiply and release toxins®. Lysis of

macrophages follows, which results in the release of vegetative B. anthracis into the blood
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stream where up to 10 or 10° cellssmL of blood can be found'’. This concentration of B.
anthracis in the blood stream causes massive septicemia, which is followed by death of the host.

Death can occur one to seven days after exposure to the pathogen unless prompt diagnosis and

early administration of antibiotics takes place'” *2,
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Figure 1. Pathophysiology of anthrax infections. Adapted from Dixon et al.*’

2.2.1 Cutaneus Anthrax

Cutaneous anthrax is the most common form of infection, accounting for 95% of anthrax
cases in the United States®. Cutaneous anthrax remains endemic in many parts of the world
including Asia, Africa, South America, and Australia, and up to 200,000 cases occur annually®.
The disease predominantly occurs in people working with livestock after exposure to anthrax-
infected animals or products’. However, during the bioterrorist attacks of 2001 in the U.S., more

than 50% of the infected individuals developed cutaneous anthrax™.
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The infection begins after B. anthracis spores are introduced subcutaneously through a
cut or abrasion’. The incubation period ranges from 1 to 12 days. The infection begins with spore
germination and production of toxins resulting in a skin lesion that is usually a nondescript,
painless, pruritic papule that appears three to five days after inoculation of B. anthracis spores
(Figure 2)" ', Development of edema around the lesion with a number of purplish vesicles is a
major diagnosis characteristic of cutaneous anthrax®. Patients can experience systemic symptoms
including high fever, toxemia, regional painful lymphadenopathy (gland enlargement), and
extensive or severe edema®. Antibiotic treatment is recommended to prevent or decrease the
development of edema and systemic symptoms; however, lesions can self-heal after the eschar
dries, loosens, and falls off in the next 1 to 2 weeks” *’. Mortality rates only reach 20% without,

and less than 1% with antibiotic treatment? 3.

2.2.2 Gastrointestinal Anthrax

Gastrointestinal anthrax, an extremely rare type of anthrax infection in developed
countries, has an extremely high mortality rate of 25% to 60%?°. The infection begins 2 to 5 days
following consumption of contaminated meat or drink?. Oropharyngeal anthrax occurs when B.
anthracis spores germinate in the upper gastrointestinal tract, and is characterized by the
development of an oral of esophageal ulcer (Figure 2)’. The symptoms include severe sore
throat, fever, dysphagia (difficulty swallowing), and respiratory distress?®. Regional

lymphadenopathy can be seen and can be accompanied by massive edema and sepsis® .

Another form of anthrax infection presents itself in the lower gastrointestinal tract after
an incubation period of 1 to 7 days following ingestion of contaminated meat®. It is believed that
the inoculation of bacteria takes place at a breach in the mucosal lining; however, the exact

location where spores germinate is unknown. Symptoms accompanying this infection include
15



fainting spells, asthenia, low fever, abdominal pain, nausea, vomiting, diarrhea, accumulation of
fluid in the peritoneal cavity and headache?’. Aggressive medical intervention may reduce
mortality rates; although, given the difficulty of early diagnosis, mortality is usually high® 7.
Morbidity is due to blood loss, fluid, electrolyte imbalances, and subsequent shock'’. Death

usually results from intestinal perforation or anthrax toxemia®’.

2.2.3 Pulmonary Anthrax

Pulmonary anthrax, also known as inhalational anthrax, is the most lethal form of anthrax
infections and is caused by inhalation of pathogenic B. anthracis spores that get deposited in
alveolar spaces’’. As a defense mechanism against infection, alveolar macrophages ingest the
spores and transport the microorganisms to mediastinal lymph nodes. Within macrophages,
spores germinate and become virulent vegetative bacteria that start replicating, and producing
and releasing toxins, causing the lysis of macrophages and the subsequent release of bacteria into
the lymphatic system?®®. Septicimia or invasion of bloodstream by bacteria quickly develops,

followed by death® 2.

Pulmonary anthrax is a two-stage disease. The first stage develops 1 to 6 days after
exposure to B. anthracis spores and is characterized by low fever, nonproductive cough,
myalgias (muscular pain), malaise, dyspnea (labored breathing), chills, and chest pain® ’. The
initial “flu-like” symptoms make the disease difficult to diagnose unless there is a high level of
suspicion, and may delay the infected people from seeking medical tretmenat® ’. Early in the
course of the disease, chest x-rays show a widened mediastinum (Figure 2), which is evidence of
hemorrhagic mediastinitis, and mark pleural effusions'’. The fulminant stage of the disease
appears abruptly and is characterized by respiratory failure, acute dyspnea, circulatory collapse,

cyanosis, pleural effusion, and fever®. Death follows within 24 hours of the onset of the second
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stage due to toxemia and suffocation, making mortality rates extremely high, despite the use of
appropriate antibiotics® ®. Prompt diagnosis and treatment must occur within the first stage of

infection to achieve full recovery, which often fails to take place.

A

Figure 2. Common types of anthrax infections. A) Seven-month old infant infected with B.
anthracis after the terrorist attacks of 2001%%; B) 27-year old man, 5 days after the onset of
symptoms of oropharyngeal anthrax; C) mediastinal widening with pulmonary anthrax’.

2.2.3.1 Incidence of Pulmonary Anthrax

The intentional release of aerosolized B. anthracis spores following the September 11,
2001 terrorist attacks showed a weakness in the U.S. medical response to bioterrorism®.
Between September and October of 2001, the first 22 cases of bioterrorism-related anthrax were
identified in the United States resulting in 11 cases of pulmonary anthrax and five deaths®.
Despite the heroic efforts, physicians were unprepared to recognize the early symptoms of the
rapidly progressive infection, and 4 out of the 11 patients with pulmonary anthrax were sent
home after a diagnosis of a “viral syndrome”, bronchitis or gastroenteritis was givenlz. The past
few incidents have confirmed that airborne delivery of spores has to be the focus of biological

weapon programs in order to prevent attacks that may result in mass casualties.

2.2.3.2 Diagnosis and Treatment
Successful eradication of an anthrax infection and therapy is only achieved with early
administration of antibiotics and aggressive supportive care'®. Unfortunately, due to the
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remarkable similarity of initial symptoms observed during an influenza-like illness and
pulmonary anthrax, the disease is difficult to diagnose causing a delay in treatment and
increasing mortality rates” *’. Rapid diagnostic tests such as enzyme-linked immunosorbent
assays (ELISA) and polymerase chain reaction (PCR) to identify specific markers of B. anthracis

and specific virulence plasmid markers are available but only at national reference laboratories®.

While diagnosis of pulmonary anthrax is difficult, the sudden appearance of a large
number of patients in a region with acute flu-like symptoms and death occurring within 24 to 48
hours is an indication of an anthrax or pneumonic plague’. Early administration of antibiotics
and aggressive supportive care are needed to treat anthrax. Table 1 summarizes pharmacologic

therapy for anthrax infections.

Table 1 Pharmacologic Therapy for Pulmonary Anthrax. Adapted from Dixon et al.*’

Therapy Dosage for Adults Dosage for Children

Penicillin G 8 million-12 million U total, 100,000-150,000 U/kg/day in
intravenously in divided doses  divided doses every 4-6 hrs

every 4-6 hrs

Streptomycin 30 mg/kg intramuscularly or
intravenously per day-
gentamicin can also be used
(in conjunction with

penicillin)
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Table 1. Continued...

Tetracycline

Doxycycline

Erythromycin lactobionate

Chloramphenicol

Ciprofloxacin

250-500 mg intravenously
4 times/day

200 mg intravenously as a
loading dose, then 50-100 mg
every 12 hrs

15-20 mg/kg (maximum 4 g)
intravenously per day

50-100 mg/kg/day
intravenously in divided doses

every 6 hrs

200-400 mg intravenously
every 12 hrs

Not approved for children

Not approved for children <9

yr old

20-40 mg/kg/day
intravenously in divided doses

every 6 hours (1-2 hr infusion)

50-75 mg/kg/day in divided

doses every 6 hrs

20-30 mg/kg/day in divided
doses every 12 hours. Not
approved for patients <18 yr
old

While research has proved that B. anthracis in their vegetative state are susceptible to

several families of antibiotics, other studies have observed natural resistance of B. anthracis

strains to existing antibiotics’.
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2.3 Bacillus anthracis

B. anthracis is a member of the Bacillus species, which also include B. cereus, B.
mycoides, B. thuringiensis, B. megaterium, and B. subtilis. B. anthracis, the etiologic agent of
anthrax, is a Gram-positive, aerobic, or optionally anaerobic, nonmotile, rod-shaped bacterium (1
pm by 5-8 pm) with a centrally located ellipsoidal to cylindrical spore®. The bacterium has the
ability to synthesize anthrax toxin proteins and the poly-D-glutamic acid capsule that can be

easily observed microscopically using India Ink exclusion?®.

The sporulated state of B. anthracis is considered the predominant form of the
bacterium?. Upon infection inside the host, spores germinate becoming vegetative cells that can
replicate in high numbers in just a few hours®. The vegetative cells are frequently found in long
chains of 4 or 5 cells, giving the appearance of bamboo®. B. anthracis produces colonies that are
opaque, white or gray in color, flat and irregular, 4 to 5 mm in diameter, with an undulate
margin® ?°. In their vegetative state, B. anthracis produces two exotoxins known as lethal factor
(LF) and edema factor (EF) that depend on a third protein called protective antigen (PA) for their
biological activity?’. Vegetative B. anthracis have poor survival and can be killed with common

antibacterial agents.

In the absence of nutrients B. anthracis can develop into dormant spores that can remain
viable for decades’. In its sporulated state, B. anthracis do not divide, have no measurable
metabolism, and are extremely resistant to drying, heat, ultraviolet light, gamma radiation, and
many disinfectants’’. The genetic material of B. anthracis is protected by a series of protein coats
that are synthesized during the process of sporulation. The inner cell membrane surrounds and

protects the core of the spore, which contains its chromosome and other cellular contents (Figure
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3). This membrane is protected from external environmental factors by a ~130 nm barrier that
consists of a polymer layer and protein coat?®. The protein coat, which is composed of as many as
25 highly cross-linked polypeptide species, plays a role as a permeability barrier against
chemical and enzymatic assaults®®. Beneath the spore coat is a thick layer of peptidoglycan
(cortex) that consists of two layers, the thin inner primordial cell wall and the outer cortex®.
These two layers maintain the spore’s dormancy and heat resistance?®. The primordial cell wall
prevents the loss of cellular integrity after germination and serves as a template for

peptidoglycan biosynthesis during outgrowth™.

The spore core contains all metabolic components of the cell as well as genetic material.
In dormant spores, the core is highly mineralized and is dehydrated, allowing its contents to be

heat and UV resistant™°.

A > v i ;‘\ Exosporium

Coat Proteins

J
-

Figure 3. Electron micrograph of a cross section of a Bacillus anthracis spore. Adapted from Liu
etal. ™
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A distinguishing characteristic of B. anthracis spores is the presence of an outermost
layer called exosporium?®. The exosporium is a loosely fitting shell that surrounds the coat. The

space between the exosporium and the coat consists of proteins that have not been well studied,
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but are likely to have intimate interactions with the environment and may be potential candidates
for the development of vaccines®. The overall function of the exosporium is unknown as well as

its role in pathogenesis of B. anthracis™.

2.3.1 Sporulation of Bacillus anthracis

One of the unique characteristics of Bacillus species is that under conditions of nutrient
deprivation bacteria are capable of undergoing the process of sporulation (Figure 4)**. During
sporulation, vegetative metabolism is minimized, and a series of alternative sigma factors are
sequentially expressed and activated to coordinate the expression of mMRNAs responsible for the

development of spores®’.

The main stimulus for sporulation is starvation and high cell density®®. Starvation of
vegetative B. anthracis results in the activation of a master transcription regulator, SpoOA, which
controls several hundreds of genes, and the sigma factor, o', which interacts with core RNA
polymerase and directs it to initiate transcription® *. With the activation of Spo0OA and o",
asymmetric cellular division takes place and the spollA, spollE, and spollG loci are
transcribed®®. This asymmetric cellular division results in two distinct cells, the smaller prespore
(also known as forespore), which develops into the mature spore, and the mother cell, which

initiates the sporulation process but enters programmed cell death®®.

After replication of DNA, a portion of cytoplasm and DNA are isolated by the formation
of a spore septum that sets apart the prespore during polar division®”. Plasma membrane starts to
surround DNA, cytoplasm, and the membrane that was previously isolated. A double membrane
is formed and peptidoglycan layers are synthesized between the membranes to form the spore

coat and cortex, which protect the spore from environmental stress factors®. The interior of the
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spore undergoes marked changes in physicochemical properties as it develops into a mature
spore. Low molecular weight proteins are synthesized in large amounts to coat the DNA,
providing protection against several kinds of DNA damage®. The mother cell also synthesizes
large amounts of dipicolinic acid (DPA), which is taken by the prespore along with divalent
cations®. The DPA and minerals stored in the core allow the spore to dehydrate and mineralized

the spore.

DNA Plasma

Membrane

< % > Two
\Membranes

Cell Wall

Spore Coat

Figure 4. The sporulation cycle of Bacillus anthracis

After formation of coats is completed, the mother cell lyses releasing the newly formed

spore®”. The sporulation process takes 8 to 10 hours to complete after its onset?.

Bacillus spores can remain in a dormant state with no metabolic activity and no

production of ATP for decades or even hundreds of years®. However, the spores possess a
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sensing mechanism that is capable of responding promptly to changes in their environment, such
as the engulfment of spores by macrophages, where nutrients are available, and germination into

a fully virulent bacterium can take place.

2.3.2 Germination and Outgrowth of Bacillus anthracis

Phagocytosis of B. anthracis by macrophages results in a change in environmental
conditions that promote the germination of spores into fully virulent bacteria. Within
macrophages, nutrients including carbon sources can be accessible to pathogens, resulting in the
activation of germination processes*’. Germination is also triggered in response to nutrients, such
as amino acids, sugars, and purine nucleosides, or by non-nutrient factors, such as lysozyme,

Ca®*-DPA, cationic surfactants, high pressures, and salts*..

The mechanism of germination triggered by nutrients involves the presence of spore-
germination receptors on the surface of the inner membrane of the spore, which stimulate the cell
to germinate and achieve vegetative growth*. L-alanine is an amino acid that interacts with
receptors on the inner membrane of the spore and is a well studied molecule for the germination
of several Bacillus species including B. anthracis, B. subtilis, B. cereus, and B. atrophaeus*>*.
Inosine is a purine ribonucleoside that has been shown to be a strong germinant for B. cereus
spores*’. L-alanine or inosine alone can trigger the germination of B. cereus, but for B. anthracis

spores, the use of both germinants together has shown to be more effective®* *.

Dodecylamine (DDA) is a cationic surfactant that has been used as a trigger to stimulate
spore germination*® “°. Studies have suggested that DDA does not interact with any germinant
receptors but instead acts against and compromises the spore’s inner membrane®®. DDA both

initiates germination and deactivates Bacillus species at low molar concentrations*®. Non-
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nutrient germination stimuli are not generally encountered by spores in nature, and this trigger is
usually used only in laboratories®. However, understanding how such agents trigger germination
may provide insight into the mechanisms of spore germination and aid in the development of

decontamination strategies for spores of B. anthracis.

Germination can be separated into three stages (Figure 5). The first stage of germination
begins with the release of monovalent cations and Zn**, causing an elevation of pH in the spore
core*®!. The release of Ca®* and pyridine-2,6-dicarboxyl acid (dipicolinic acid (DPA)) from the
core follows, which accounts for approximately 10% of the spores dry weight*. As DPA is
released from the spore core, water molecules enter and hydrate the core®. Rehydration of the
core results in loss of heat resistance of the spore*'. During the second stage, further water intake
results in hydrolysis of the spore peptidoglycan cortex by cortex lytic enzymes (CLESs) and
swelling of the core and germ cell wall occurs®. CLEs specifically recognize muramic acid-5-
lactam, which is only present in the peptidoglycan cortex, to ensure that only cortex petidoglycan
and not germ cell wall peptidoglycan is degraded during germination®. Once the spore cortex
has expanded the last stage of germination starts where metabolism recommences and
macromolecular synthesis converts the spore into fully virulent germinated cells by breaking the

spore coat and releasing the vegetative bacterium.

The current theory of spore inactivation assumes that in most deactivation technologies
germination must occur before spores can be killed by anti-sporal agents®. The physical changes
that B. anthracis undergo during germination need to be understood to investigate the possibility

of deactivating B. anthracis spores without the need to initiate or complete germination.
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Figure 5. Process of spore germination. Adapted from Setlow™.

2.3.3 Role of the ger Gene in Spore Germination

Small molecules from the environment, such as amino acids, specifically bind to
germinant receptors located on the inner membrane of the spore*™ *°. Activation of these
germinant receptors initiates a series of complex biophysical processes, where intracellular
proteases and extracellular hydrolases are activated to facilitate the cellular differentiation from

spore to the vegetative form>*.

When a nutrient ligand binds to germinant receptors, some of these receptors alone can
trigger germination, while other receptors may cooperate in responding to mixtures of nutrient
germinants®®. The number of germinant receptors in the membrane of the spore are low,
averaging tens of molecules per spore®. However, germinant receptors can interact directly with
other receptors or with additional components, such as proteins, needed for spore germination, to

initiate DPA and cation movement within the core*.

In B. anthracis, five distinct germination pathways have been recognized®*:
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e The alanine germination pathway (Ala): Requires the presence of L-alanine in
concentrations above 30 mM, which are higher than concentrations of L-alanine
available in the host.

e Alanine and proline pathway (AP): At lower, physiologically relevant
concentrations (< 1 mM), L-alanine can work together with L-proline to initiate
germination.

e Aromatic amino acid-enhanced pathway (AEP): L-alanine can cooperate with L-
histidine, L-tyrosine, or L-tryptophan.

e Amino acid and inosine-dependent 1 pathway (AAID-1): The purine
ribonucleoside inosine works in combination with a second cogerminant (L-
alanine, L-serine, L-valine, L-methionine, or L-proline) to trigger germinantion.

e Amino acid and inosine-dependent 2 pathway (AAID-2): Inosine pairs with L-

histidine, L-tyrosine, L-tryptophan, or L-phenylalanine to trigger germination.

Germinant receptors are composed of three different subunits that are essential to
establish receptor function (Figure 6)°°. Spores of the Bacillus species have 3 to 7 different
germinant receptors each having an exquisite nutrient specificity®®. In B. anthracis, germinant
receptors are encoded by the tricistronic operons gerH, gerK, gerL, gerS, gerX, gerA, and gerY
> The gerX operon is located on the pXO1 virulence plasmid of the bacterium, while the other

six operons are found on the chromosome of the spore™”.
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Figure 6. Gene map of the gerH operon. Adapted from Carr et al.>’

Only few studies have investigated the roles of germinant receptors on spore
germination®® °" *®. The presence of the GerS receptor has been shown to be sufficient for
germination in rich media; however, when gerS™ strains were exposed to only L-alanine without
inosine, only ~50% of the spores germinated as observed by the loss of heat resistance and loss
of optical density®’. In another study, mutant strains lacking the GerS receptor were unable to
germinate in murine macrophages>. Weiner and Hanna concluded that the GerH receptor is
necessary to induce germination of spores in macrophages®®. There results suggest that GerH and
GerS are not the only receptors necessary to initiate germination of spores in macrophages, and
the presence of other receptors may be needed for the spore to have full virulence and
germination capabilities within macrophages. The gerX operon has been shown to play a role in
germination in vivo and in virulence in an animal model of infection®*. However, the gerA and
gerY operons do not contribute to germination of spores and their specific functions are not

known.

From in vivo experiments, data suggests that the route of infection dictates which of the
five germinant receptors is stimulated®’. The presence of one of the receptors is sufficient to
initiate disease via an intratracheal route of infection, and the GerH receptor is the primary
receptor required for the germination and establishment of disease in a subcutaneous route of

infection®’.
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The effects of germination receptors on mechanical properties and virulence of spores
have not been well studied; however, it is known that germination needs to take place for B.
anthracis to produce toxins and affect the host. An in depth analysis of how each germinant
receptors affects germination and the physico-chemical properties of B. anthracis spores is

needed to the development of deactivation technologies against anthrax.
2.4 Bacillus anthracis-Macrophage Interactions

After deposition of spores in alveolar spaces, macrophages interact with B. anthracis
spores and entrap them with the intent to eradicate the infection. After phagocytosis, spores
within the phagosomal compartment of bronchoalveolar macrophages germinate en route to
regional lymph nodes'” *°. After germination vegetative B. anthacis must survive the hostile
intracellular environment of the macrophage phagosome and lastly be released from the

phagocyte for infection to spread into the lymphatic system®.

The macrophage is a highly specialized cell type with multiple functions that are specific
to tissue location and activation status. In the lung alveoli, macrophages play a central role in
cell-mediated immune response and act as guard cells, clearing invading bacteria from the
lungs™. B. anthracis spores take advantage of the location of alveolar macrophages and adapt to
their environment to use these cells as a sanctuary during the early phase of infection both to get

started and to cross the host permeability barriers (Figure 7).
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Figure 7. Cellular mechanism involved in the early phase of pulmonary anthrax. Adapted from
Guidi-Rontani*®.

In the early phase of an anthrax infection, macrophages are key cells in B. anthracis
pathogenesis. After encountering B. anthracis spores, macrophages are stimulated, resulting in
sequestration of the invading spores into an enclosed vacuole, known as the phagosome, where
oxygen is secreted and protein and proteases are released following fusion of lysosomes to form
the phagolysosome®’. Within the phagolysosome, B. anthracis spores germinate and produce
toxins (edema factor and lethal factor), which promote the disruption of the phagolysosome
membrane®®. Disruption of the membrane results in nascent bacilli to move from the

phagolysosome into the macrophage cytoplasm. Within the cytoplasm, vegetative B. anthracis
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continue replicating and accumulate in the macrophage cytoplasm until lysis of the macrophage

occurs®.

While replication of nascent bacilli is taking place within the macrophage, bacteria are
carried from the primary site of infection (lung alveoli) by migrating macrophages to the blood
stream™. Bacteria continue spreading through the blood and lymph causing bacillemia and

toxemia, which are fatal in an anthrax infection®”" *°,

2.4.1 Release of Lethal and Edema Factor into the Host

The virulence of anthrax depends on the presence of two major plasmids, pXO1 and
pX02'". The pXO1 plasmid (184.5 kb) carries genes whose function is to produce anthrax
toxins. The pXO2 plasmid (95.3 kb) carries the genes involved in the synthesis of a poly-D-

glutamyl antiphagocytic capsule®”.

After the resumption of metabolic activity during germination within macrophages,
vegetative B. anthracis produce and release two toxins, lethal toxin (LeTx) and edema toxin
(EdTx)?. These toxins are composed of three entities, which act in concert and are responsible
for some of the clinical manifestations of the disease: the lethal factor (90 kDa; LF), the edema
factor (89 kDa; EF), and the protective antigen (83 kDa; PA)®* . The protective antigen (PA) on
vegetative bacteria specifically binds to the anthrax toxin receptors located on the surface of a
variety of cell types including neural, cardiac, pulmonary cells, and lymphocytes (Figure 8)** ®.
These receptors are expressed at high levels on cells surfaces (3 x 10* receptors/cell), and

represent the major uptake routes of B. anthracis spores®® .,

After binding to the receptor, PA is activated by a furin-like-cell-surface membrane

protease resulting in cleavage and dissociation of a small 20 kDa fragment (PAy) in the
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medium®. The loss of the PA,, fragment causes the cleaved C-terminal PAg; fragment to self-
associate into symmetric, ring-shaped, membrane-inserting heptamers (prepore)®*. LF and EF
toxin enzymes bind to the heptamer where endocytosis of toxins occurs®. Low pH induces the
complexes to undergo a conformation transition from a prepore to a pore, leading to the
formation of a membrane spanning cation-selective channel that allows passage and release of

the EF and LF into the cytosol® .
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Figure 8. Internalization of anthrax toxins. Adapted from Golden et al.®

EF and LF can distrupt the normal physiology of the cell by modifying cytosolic
substrates. LF cleaves members of the mitogen-activated protein kinase kinases (MAPKK), thus
inhibiting signaling pathways and causing cell death in macrophages®. MAP kinases protect
against pathogens by inducing inflammatory changes in macrophages, leading to the production
of proinflammatory cytokines, activation of the oxidative burst pathway, and the release of

oxygen intermediates®®. By inducing apoptosis of activated macrophages, LF could prevent the
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proper release of chemokines and cytokines that alert the immune system to the presence of

infecting B. anthracis and facilitate the systemic spread of the infection®.

EF within the host protects bacteria from phagocytic destruction, and increases

intracellular levels of cyclic AMP (cAMP) leading to swelling of tissues (edema), and death®’.

2.4.2 Immunological Response to Anthrax Infections

With the inhalation and accumulation of B. anthracis spores in the lung alveoli, alveolar
macrophages are rapidly recruited to the site of infection to initiate an immune response and
clear invading bacteria®. As the spores are being transported to regional lymph nodes,
macrophages start to produce pro-inflammatory cytokines including interleukin (IL)-10, IL-6,
IL-12, IL-8, IL-1B, and tumor necrosis factor (TNF)—0® . The EdTx induces 1L-6 production in
human monocytes and significantly decreases lipopolysaccharide-induced monocyte TNF-a
production®®. However, research has suggested that with the release of B. anthracis toxins within
macrophages, there is a down regulation of TNF-a and IL-1B. In another study, expression of
I-1p and TNF-a was induced by sub-lytic concentrations of B. anthracis toxins’. These studies
suggest that there may be a dysregulation of cytokine networks that could be linked to the
number of germinating B. anthracis cells present and the amount of toxins produced and

released.
2.5 Antimicrobial Peptides

The increase of antibiotic resistance of several microorganisms has become a medical
concern for the treatment of bacterial infections in developed and developing countries’. B.

anthracis not only poses a threat for their ability to sporulate and remain viable in harsh
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environmental conditions, but their increased levels of antibiotic resistance during treatment of

anthrax infections is a concern that needs to be immediately addressed.

Long term treatment of anthrax infections may induce antibiotic resistance in B.
anthracis as it has been observed with antibiotics, such as ciprofloxacin, tetracycline,
vancomycin, and erythromycin’. Natural resistance of B. anhtracis to other antibiotics including
sulfamethoxasole, trimethoprim, cefuroxime, cefotaxime, sodium, aztreonam, and celfazidime
has also been observed’. Development of antibiotic resistance of B. anthracis to antibiotics can
also be easily achieved in laboratories with technologies that do not require expensive equipment
or difficult techniques”. Intentional development of antibiotic resistance in microorganisms such
as B. anthracis is a serious concern since these microbes can be used for bioterrorism where

common antibiotic treatments may be ineffective.

Alternative therapies for eradication of infections are being sought and special attention is
being paid to antimicrobial peptides (AMPs). The antimicrobial properties of secretions, blood,
leukocytes, and lymphatic tissues have been recognized for decades and early investigators
suggested that antimicrobial basic proteins and polypeptides combine with cell nucleoproteins or
other negatively charged surface constituents of bacteria, thus disrupting important cell

function.

AMPs are short polypeptides that are associated with the innate immune system of the
host organism, and are widely distributed in the animal and plant kingdoms’. More than 880
different AMPs have been identified including peptides that are produced in many tissues and
cell types of a variety of plant and animal species’. These peptides have been classified

according to their amino acid composition and structure, size, sequence, charge, hydrophobicity,
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and amphipathicity. Classes of AMPs include anionic peptides, linear cationic a-helical peptides,
cationic peptides enriched for specific amino acids, anionic and cationic peptides that contain
cysteine and form disulphide bonds, and anionic and cationic peptide fragments of larger

proteins’”.

Specific steps need to occur to induce bacterial killing by AMPs, First, AMPs need to be
attracted to the bacterial surface and bonding between anionic or cationic peptides and structures
on the bacterial surface occur through electrostatic interactions”. The membrane of bacteria is
organized in such a way that the outermost leaflet of the lipid bilayer is populated with
negatively charged phospholipids’. AMPs are then attracted to the net negative charges that
exist in the bacterial envelope, to the anionic phospholipids and phosphate groups on
lipopolysaccharides of Gram-negative bacteria, and to teichoic acids on the surface of Gram-
positive bacteria’’. Once the AMP has been attracted through electrostatic interactions, peptides
must attach and traverse capsular polysaccharides before they can interact with the outer
membrane of Gram-negative and Gram-positive bacteria’’. After attachment of the peptide on
the cell membrane, peptide insertion and membrane permeability take place. Three main models

have been proposed to explain membrane permeabilization.

In the barrel-stave model (Figure 9A), the attached peptides aggregate and insert into the
lipid bilayer, forming a transmembrane channel/pore by bundles of amphipathic a-helices. The
hydrophobic peptide regions align with the lipid core region of the bilayer and the hydrophilic
peptide regions form the interior of the pore®. For this model to occur, the monomers that bind
to the membrane need to be in a a-helical structure and recognize each other. Recruitment of

additional monomers may occur to increase the size of the pore™.
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Figure 9. Mechanisms of peptide insertion and membrane permeability for A) the barrel-stave
model; B) the carpet model; and C) the toroidal model. Hydrophilic regions are shown in red and
hydrophobic regions are shown in blue. Adapted from Brogden”.

In the carpet model (Figure 9B), peptides accumulate on the surface of the lipic bilayer,
which orient parallel to the membrane surface’”. Though electrostatic interactions, the peptides
are attracted to the surfaces and attach to the membrane in a carpet-like manner. In this model,
AMPs are in contact with the phospholipid head group throughout the entire process of
membrane permeation were at critical peptide concentrations, the peptide form toroidal transient
holes in the membrane that eventually form micelles after the disruption of the bilayer

curvature’” 8,
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In the toroidal-pore model (Figure 9C), AMPs helices insert into the membrane and
induce the lipid monolayers to bend continuously through the pore so the water core is lined by
both the inserted peptides and the lipid head groups”. This model differs from the carpet-stave
model since the AMPs are always associated with the lipid head groups even when they are in a

perpendicular position while they are forming pores’”.

Once pores or micelles have been formed in the membrane of bacteria, lysis rapidly
occurs due to a destabilization of the bacterial membrane. It is remarkable that most animals
including insects rely heavily on antimicrobial peptides for defense against microbes, and do so
effectively without the help of antibodies of lymphocytes™. Studies on AMPs show promising
results and provide an alternative mechanism for the development of antimicrobial compounds

where antibiotic resistance is not a major concern.

2.5.1 Chrysophsin-3

AMPs from fish are of particular interest since they have shown antibacterial, antifungal,
antiviral, antiparasitic, immunomodulatory, and antitumor functions®®. Chrysophsin-1, -2, and -3
are a family of peptides that have been isolated from the eosinophilic granule cell-like cells of
the gills of the red sea bream Chrysophrys major®™. The AMPs are all bactericidal to pathogenic
bacteria at low micromolecular concentrations®?. Chrysophsin-3 is an amphipathic, cationic o-
helical peptide that is rich in histidine residues and has a 20 amino acid sequence
(FIGLLISAGKAIHDLIRRRH) and a molecular mass of 2287 Da (Figure 10)®!. Hydrophobic

and charged residues are segregated into a separate section of the primary sequence.

The peptide has an unusual RRRH motif that makes the molecule positively charged

causing secondary amphipathicity and a change in hydrophobicity between the N and C termini.
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The C-terminal RHHH has been shown to have a large effect on the insertion of the peptide into
the lipid membranes and was found crucial for pore formation and toxicity to fibroblasts®.
Toxicity of chrysophsin to eukaryotic fibroblasts may suggest a role of the AMP in defense

against predation®.
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Figure 10. Helical wheel diagram of chrysophsin-3. Shaded gray indicates hydrophobic amino
acids. Residue numbers starting from the N-terminus are shown. Adapted from Wang et al.**

There are numerous types of AMPs that have shown antibacterial activity against Gram-
positive and Gram-negative bacteria’ . However, only one study has evaluated the effect
that chrysophsin-3 on vegetative bacteria®. Chrysophsin-3 has been effective in the killing of
several organisms at concentrations lower than 40 pM, including vegetative B. subtilis®.

Although these studies are encouraging, no prior study has investigated the effects of
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chrysophsin-3 on bacterial spores. A clear understanding of how AMPs may affect spore

surfaces may be essential in the development of alternative strategies to eradicate B. anthracis.
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3.1 Abstract

Bacterial spores such as Bacillus atrophaeus are one of the most resistant life forms
known, and are extremely resistant to chemical and environmental factors in the dormant state.
During germination, as bacterial spores progress towards the vegetative state, they become
susceptible to anti-sporal agents. B. atrophaeus spores were exposed to the non-nutritive
germinant dodecylamine (DDA), a cationic surfactant that can also be used as a killing agent, for
up to 60 min, or to the nutrient germinant L-alanine. In kinetic studies, 99% of the spores were
killed within 5 min of exposure to DDA. Atomic force microscopy (AFM) can be used as a
sensitive tool to assess how the structure of the spore coat changes upon exposure to germinants
or killing agents. Changes in cell height and roughness over time of exposure to DDA were
examined using AFM. DDA caused the spore height to decrease by >50%, which may have been
due to a partial breakdown of the spore coat. Treatment of B. atrophaeus with the nutrient
germinant resulted in a decrease in height of spores after 2 hours of incubation, from 0.7 £ 0.1
pum to 0.3 £0.2 um. However, treatment with L-alanine did not change the surface roughness of
the spores, indicating that the changes that occur during germination take place underneath the
spore coat. We propose that exposure to DDA at high concentrations causes pores to form in the

coat layer, killing B. atrophaeus without the need to fully germinate spores.

3.2 Introduction

Under nutrient deprivation, vegetative cells of Bacillus sp. and Clostridium sp. are able to
undergo a restructuring and differentiation process known as sporulation®=. Bacterial spores are
metabolically dormant and are the most resistant life forms known. Their inner cell membrane

surrounds and protects the core of the spore, which contains its chromosome and other cellular
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contents. This membrane is protected from external environmental factors by a nearly 100 nm
barrier consisting of a polymer layer and protein coat (Figure 11)*. Because of their unique
structure and morphology, spores can overcome environmental and chemical factors such as
radiation, desiccation, heat, changes in pH, and exposure to toxic chemicals>’. Dormant spores
are able to constantly monitor their surrounding environment so that when nutrients become
available, they can return to a vegetative state, after passing through the stages of germination
and outgrowth °. Because of their virulent pathogenic nature, B. anthracis and other spores are
problematic since they can be used as biowarfare and bioterrorism agents causing severe and

frequently lethal foodborne and airborne diseases, such as pulmonary anthrax® &,

Coat

Cortex

Core

Germ cell
wall

Inner
membrane

Figure 11. Schematic representation of B. atrophaeus spore structure. Common dimension of the
different layers of spore structure are: spore coat (60 — 100 nm), spore cortex (50 - 100 nm),
germ cell wall (2 - 10 nm); inner membrane (3 — 4 nm) and spore core (0.7 to 1 um).

The current theory of spore inactivation assumes that in most deactivation technologies
germination must occur before spores can be killed by anti-sporal agents?, while some examples
of spore killing, even in the absence of germination, also exist®. Germination can be triggered in

response to nutrients, such as amino acids, sugars, and purine nucleosides, or by non-nutrient
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factors such as lysozyme, Ca?*-DPA, cationic surfactants, high pressures or salts®. During the
first phase of germination, the spore releases H*, monovalent cations, and Zn**, which causes an
elevation of pH in the core® *°. This is followed by the release of Ca®* and pyridine-2 6-
dicarboxylic acid (dipicolinic acid; DPA), accounting for ~10% of the spores dry weight®. As
DPA is released, water molecules enter and hydrate the core, causing a loss of heat resistance’.
During the second stage, further water uptake allows for hydrolysis of the spore cortex and
swelling of the core and germ cell wall. After expansion of the core, metabolism begins and
macromolecular synthesis converts the spore into a germinated cell, by breaking of the spore
coat and final release of a vegetative cell (outgrowth)?. Bacteria from the Bacillus sp. remain in
this vegetative state for as long as nutrients are available to sustain replication and growth of
cells. As soon as nutrients start being scarce bacteria start the process of sporulation to convert

back to dormant spores.

Dodecylamine (DDA) is a cationic surfactant that has been used as a chemical agent to
stimulate spore germination™" *2. Previous work with B. subtilis indicated that the mechanism by
which DDA triggers germination is different from how other nutrients and non-nutrient factors,
such as Ca**-DPA, trigger germination'. Rather than binding to nutrient germinant receptors or
to cortex lytic enzymes, DDA may act against and compromise the spore’s inner membrane'’. B.
megaterium spores exposed to 6 x 10> M DDA for more than 3 min could be killed as
germination was taking place, suggesting that DDA both germinates and deactivates B.

megaterium®.

Traditional methods to study spore germination rely on bulk or indirect measurements.
For example, spore germination is monitored by quantifying the amount of DPA released,

through optical density measurements™. Spore activity can also be monitored, such as
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assessment of the percentage of mammalian cells killed due to germination of spores®. One direct
method to study spore germination is to use electron microscopy to examine how the
morphology of the spores changes during germination®®. However, this technique has limitations
since sample preparation dehydrates cells and can affect morphology, which would lead to

misinterpretation of the images.

Atomic force microscopy (AFM) is a technique that can be used to examine individual
spores with minimal sample preparation, and it has been widely used to study epithelial cells,
bacteria, viruses, and fungi in their native conditions. Changes in morphology and
ultrastructure of several Bacillus species before and after exposure to different nutrient
germinants were studied using AFM, such as determining how mutations in particular coat
proteins affect germination . Most of these studies focused on a qualitative understanding of
how the spore coat changes during germination and how these changes affect spore size” 3 1>,
To our knowledge, no study has assessed the morphological changes that spores undergo when

treated with non-nutrient germinants, such as DDA, and how different treatments affect the

roughness of the spore surface as it is being germinated.

In this study, AFM was used to quantify spore surface roughness as a function of
incubation time in nutrient and non-nutrient germinants, and to measure changes in the heights of
the spores, during the process of germination with DDA and L-alanine. Our results suggest that
DDA Kkills B. atrophaeus spores before outgrowth occurs. Therefore, DDA may serve as a
deactivation agent against a broad spectrum of normal and mutant Bacillus species, since

complete germination is not required in order for deactivation to occur.
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3.3 Materials and Methods
3.3.1 Bacterial Strains and Spore Preparations

Bacillus atrophaeus, previously classified as Bacillus subtilis var. niger, Bacillus niger,
or Bacillus globigii'’, is a Gram-positive, aerobic, spore-forming bacterium that has been widely
used as a nonpathogenic surrogate for B. anthracis and as a biological indicator for
decontamination and sterilization processes, and environmental biotracers'® *°. B. atrophaeus
NRRL B-4418 was purchased (American Tissue Culture Collection, ATCC 6455). B. atrophaeus
cultures were grown on plates of sporulation media, consisting of 8 g nutrient broth, 4 g yeast
extract, 0.001 g MnCl,.4H,0, 5 g peptone and 15 g agar in 1 L of ultrapure water (Milli-Q water,

Millipore Corp., Bedford, MA) and maintained at a pH of 7.2.

Plates were incubated at 37°C for 4 days. Spores were collected by centrifugation at 5000
RPM for 20 min and resuspended in ultrapure water. The cells were washed eight times to
separate the spores from vegetative and partially sporulated cells and stored at 4°C. The spores
were allowed to remain in water overnight and then washed two more times to remove any

remaining vegetative cells or semi-sporulated cells.

3.3.2 Kinetics Studies of Spore Killing by Dodecylamine

A solution of B. atrophaeus at 10" spores/mL was centrifuged and resuspended in 1mM
dodecylamine (DDA, Sigma-Aldrich, St. Louis, MO). Spores were incubated at 37°C for 0, 1, 5,
10, 20, 25, 30, 40, 50, and 60 min and kept in an ultrasonication bath (Bronson 1510, 40 kHz,
130 W, Branson Ultrasonics Corp., Danbury, CT) to prevent settling. The action of DDA on the
spores at the end of the incubation period was terminated by immersion of spore suspension into

an ice bath.
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To determine the effects of DDA on spore viability, the treated spore solution was
serially diluted and aliquots of spore solution were inoculated onto sporulation agar plates and
cultured in an incubator at 37°C. The number of surviving spores or colony forming units (cfu)

that became vegetative cells on the agar plates was determined after 18 hours.

3.3.3 Monitoring the Germination of B. atrophaeus Spores

Germination of B. atrophaeus was monitored by determining the amount of dipicolinic
acid (DPA) released from the core of the spore, using time resolved fluorescence intensity
measurements. A spore solution of approximately 10" cfu/mL was incubated at 37°C in the
presence of L-alanine or DDA at various concentrations, for 0, 2, 10, 20, 30, 40, 50, 60 and 100
min. The spore solution was combined with a stock solution of terbium chloride (TbCls; Sigma-
Aldrich, St. Louis, MO) to yield a 1 mM TbCls. Terbium chloride reacts with DPA and forms
the chelate, terbium dipicolinate, (Th(DPA)3)*, which luminesces with UV excitation®. After
addition of ThCl;3 in a microtiter 96-well plate, 200 puL of spore solution were placed in each
well, and the mixed system was excited at 270 nm. Photoluminescence excitation and emission
spectra were measured from each sample with a Gemini XPS microplate Spectrofluorometer

(Molecular Devices, now part of MDS Analytical Technologies Inc., Toronto, Canada).

3.3.4 Imaging of B. atrophaeus Spores with Atomic Force Microscopy (AFM)
AFM was used to study the morphological changes of B. atrophaeus spores after

exposure to 1 mM dodecylamine for 0, 1, 5, 15, 20, 25, 30, 40, 50, and 60 min, or after exposure

to 25 mM L-alanine for 120 min. Droplets of treated B. atrophaeus spores (5 puL) were deposited

directly onto freshly cleaved mica and allowed to air dry for imaging under ambient conditions.
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Images were collected using an atomic force microscope (Digital Instruments Dimension
3100 with Nanoscope Illa controller; Veeco Metrology; Santa Barbara, CA) that was operated in
intermittent contact mode to minimize lateral forces on the sample during imaging. Rectangular
cantilevers with conical silicon tips having force constants of ~40 N/m and resonance
frequencies of ~300 kHz were used (Applied Nanostructures; Santa Clara, CA). Images were
captured with scan areas of 0.5, 1, 5, 10, and 20 um®. Images of larger areas (10 and 20 um?)
were acquired using hard tapping, where the proportional and integral gains were 1.2 — 1.5 and
0.8 — 1.0, respectively, and low amplitude setpoints. Smaller scanned areas (0.5, 1 and 5 um?)
were probed using light tapping, where the proportional and integral gains were decreased to 0.5
— 0.8 and 0.2 — 0.4, respectively, and the amplitude setpoint was moderately increased to avoid
missing important surface structures. All images were captured at a scan rate of 1 Hz and with a

resolution of 512 x 512 points.

3.3.5 Off-line Image Analysis

AFM height and amplitude images were collected simultaneously. At least ten images
were obtained per time period and condition. Height images were used for quantitative analysis
of the root-mean-square roughness (Rrms), as well as height and length profiles of the spores.
Amplitude images were used to obtain qualitative information. Height images were flattened
using a zero order filter to remove the Z offset between scan lines before calculating Ryms values.

The Rims Values were acquired on areas ranging from 0.05 to 0.5 pm?.

Between 10 and 20 spores were analyzed per image and the calculated height and
roughness values of the spores were analyzed using SigmaStat 2.03 statistical software.
Statistical analysis was performed by one-way analysis of variance (ANOVA) for repeated

measurements. Tukey’s test was used for multiple comparisons among treatment groups, while
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Dunnett and Duncan’s test was used for comparisons between treatment and control groups. A

difference was considered significant if P < 0.05.

3.4 Results
3.4.1 Anti-sporal Activity of DDA against B. atrophaeus

Exposure of B. atrophaeus to 1 mM DDA resulted in a significant decrease in surviving
spores with increasing exposure time to the anti-sporal agent (Figure 12). After 1 min of
treatment with DDA, the number of colony forming units (cfu) decreased from ~5 x 10’ cfu to
~2 x 10° cfu, corresponding to 90% of the spores being killed. After 5 min of exposure, 99% of

the spores had been killed, and only 10° cfu remained after exposure to DDA for 60 min.
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Figure 12. Kinetics of B. atrophaeus spore killing by DDA. Number of spore colony
forming units (cfu) as a function of time of exposure to 1 mM DDA. Error bars represent the
standard deviation. Original spore inoculum was at 1 x 10" spores/mL.
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Since germinated spores are more susceptible to anti-sporal agents, the germination of B.
atrophaeus spores was monitored in terms of DPA release from the core. Exposure of B.
atrophaeus to different concentrations of L-alanine caused DPA to be released within 30 min
(Figure 13A). The maximum concentration of DPA released from the core was obtained by
exposing spores to a concentration of 12.5 mM or 25 mM L-alanine, in which the amount of

DPA released from the core was greater than the amount released with lower concentrations.

0-30EI\\\\IW‘!I\\lill\lllll OASOTTIIIIIIII!ITI\ITFIIII
A) ’

T
o2]
el

—@— 25 mM L-alanine i
—@— 12.5 mM L-alanine
0.25 —0— 25mM L-alanine

—0— 1.25 mM L-alanine

1

0.20

0.15

0.10

1\\|\\II‘\I\\]\WII‘\I\\
I1‘I\\I|IIII|\\II‘LI

—@— 5.0mM DDA
—&— 2.5mM DDA
—&— 1.25 mM DDA
—O— 0.25 mM DDA

0.05 f

Concentration of DPA Released (mM) in 0.2 ml Volume
Concentration of DPA Released (mM) in 0.2 ml Volume

O_OQCJEI\\l\\ll‘ll\\llll\lllll OVOOOJ\L,|||||||,|‘\J|\L|||||
0 20 40 60 80 20 40 60 80 100

-
o
o

o

Time (min) Time (min)

Figure 13. Germination of B. atrophaeus spores with various concentrations of A) L-alanine or
B) DDA. The amount of DPA released from the core was measured by terbium enhanced
fluorescence lifetime measurements. Original spore inoculum was at 1 x 10" spores/mL.

Exposure of B. atrophaeus to various concentrations of DDA resulted in a suppression of
DPA released when compared to the effects of L-alanine. Total release of DPA took 100 min
when bacteria were exposed to DDA, and lower concentrations of DDA used to germinate the
spore resulted in higher amounts of DPA released from the spore core (Figure 13B). The effect

of DDA concentration on germination is complex and is affected by the self-assembly behavior
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of DDA in solution (the critical concentration for aggregation is between 0.5 and 1 mM) and also

by the promotion of clustering of spores with increasing DDA concentration.

3.4.2 B. atrophaeus Size and Surface Morphology

The morphology of B. atrophaeus was characterized via AFM, and images showed rodlet
structures typically observed for these spores (Figure 14A). Drying of the B. atrophaeus on mica
surfaces resulted in some clumping. Even when the spore concentration was decreased, spores
always aggregated during the drying process on mica, thus it was difficult to observe isolated
spores. Spore morphology changed after treatment with 1 mM DDA for 15 or 30 min (Figure
14B and 14C). Spores treated for 15 min appeared dehydrated and the images showed more
creases or folds on the spore surface (Figure 14B). The spores treated with DDA for 30 min did
not show as much evidence of dehydration, but we noticed that no rodlets were present on the

surface, compared to the control case.

Rms values were measured for B. atrophaeus exposed to DDA for several time points.
Spores that were not treated with DDA had an average Rms value of 25.0 £ 2.3 nm when areas of
500 nm? covering the surface of the spores were analyzed (Figure 15A). After treating the spores
for 1 min with DDA, the average R;ms value increased to 28.2 £ 4.1 nm. The average roughness
of the spores continued to increase with time, reaching a local maximum R, corresponding to 1
mM DDA treatment for 15 min, which was 44.5 + 2.9 nm. At 20 min, Ry decreased to an
average of 14.7 £ 3.6 nm, but began to increase again after 25 min, and continued increasing
until 60 min. Statistical analysis showed that Rys values from times 5, 15, 20, 25, 30, and 60
min were significantly different when compared to the control group (untreated spores;

P<0.001).
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Figure 14. Representative amplitude AFM images of B. atrophaeus after exposure to 1 mM
DDA for A) 0 min, B) 15 min and C) 30 min. Arrows depict rodlets found on the surface of
untreated spores. Images collected in intermittent contact mode.

Roughness values were also obtained using smaller scan areas of 50 nm? on a 0.5 pm?
image. Sampled at a different scale, the roughness values decreased compared to the 5 pm?
scanned image (Figure 15B). The roughness measured at this scale showed the same trend we
observed for the larger scale, with roughness increasing until 15 min, then dropping and
increasing again. Statistical analysis showed that the Ry values at times 15, 40, 50, and 60 min

were significantly different compared to the control group (P<0.001).
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Figure 15. Rims Of B. atrophaeus as a function of exposure time to 1 mM DDA, for scan areas of
A) 5 um? and B) 0.5 um?. Data are expressed as the average Ryms with standard deviation. Inset
AFM image represents how roughness analysis was carried out: for scan areas of 5 pm?, a 500

nm? area box covering the surface of the spore was analyzed. For scan areas of 0.5 pm?, the
roughness within a 50 nm? area box of the spore surface was analyzed.

Morphology changes were observed for spores exposed to L-alanine, as quantified by

height measurements. Chemical treatments affected spore morphology (Figure 16A and 16B),
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and the height of spores decreased after treatment with DDA or L-alanine. After exposure to L-
alanine, the height of the spores decreased from an average of 0.7 £ 0.1 pm to 0.3 £0.2 um.
Treatment with DDA resulted in a similar decrease of spore height, from an average of 0.7 + 0.1
pm to 0.26 + 0.1 um. The differences in height were significant against the control group
(P<0.05). However, the roughness of the L-alanine treated spores did not increase (data not

shown), in contrast with the spores exposed to DDA.

Figure 16. Representative amplitude AFM images of B. atrophaeus before and after exposure to
L-alanine or DDA for A) dead spores after 1 mM DDA treatment, and B) germinated spores
after 25 mM L-alanine treatment. Images collected in intermittent contact mode.
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3.5 Discussion

Previous studies have addressed the effects that nutrient and non-nutrient germinants
have on Bacillus and Clostridium cells?™ ?2. Current theory suggests that germination of spores
must occur before Killing, since the peptidoglycan layer of vegetative cells is easier to penetrate
than the thick multilayered structure of the spore coat (Figure 11). There are several studies that
examined how nutrient and non-nutrient germinants affect spores® > 2. While most studies

71323 the use of

focused on germination of spores using nutrients, such as L-alanine and inosine
non-nutrient germinants, such as DDA, have not been well studied. The mechanism of action of
nutrient germinants such as L-alanine has been investigated and it is known that nutrient
germinants bind to receptors located in the spore’s inner membrane, which causes the opening of
ion/DPA channels®. In this study, we exposed B. atrophaeus spores to the nutrient germinant L-

alanine and to the non-nutrient germinant DDA. We propose the mechanism of action of DDA

against bacterial spores and discuss how it is different from germination with L-alanine.

3.5.1 Germination Mechanisms of B. atrophaeus after Exposure to L-alanine
L-alanine has been widely used to study changes in morphology as well as biochemical
alterations during germination'? ?*. In B. cereus the major receptor for alanine germination was
identified as GerL, from the GerA family at the inner membrane®. Using L-alanine as the
germinant, we observed that there is a rapid release of DPA and the amount of DPA released
from the core was a function of the concentration of germinant used (Figure 13A). Maximum
concentrations of DPA released were observed after exposure to at least 12.5 mM L-alanine. By

30 min of incubation time, a maximum release of DPA was observed (Figure 13A).
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Treatment with L-alanine caused a >50% decrease in the height of the spores after 2
hours of treatment, which is due in part to DPA release from the core. Prior work showed that the
rapid release of DPA from the core due to L-alanine germination caused an estimated 32% loss
of dry weight in bacterial spores*?. A flattening of B. subtilis spores and collapse around spore
center was observed after exposure to L-alanine for 1 hour, according to a previous optical
microscopy study®*. Although these spores were considered to be germinating, as observed

qualitatively by the decrease in phase brightness, no swelling of the spore could be detected.

Although DPA release supports that germination began in our study with L-alanine, we
did not observe outgrowth within the 2 hr period, as no vegetative bacteria were observed in the
AFM images. This may be because a longer time would be necessary to transform the spore to
the vegetative state, which could vary within Bacillus species. For instance, Zaman et al. found
B. anthracis became vegetative after treatment with L-alanine for 3 hours?, since the length of
the spores increased from 0.8-0.9 to 3.4-3.8 um. However, another study showed that
approximately 30% of a B. atrophaeus population did not proceed to outgrowth after exposure to
L-alanine for 3 to 7 hours’. The percentage of outgrowing cells was even lower in a different
study where vegetative cells were only observed in a few cases, suggesting that L-alanine
initiates the process of germination and metabolic activity but not the synthesis of

macromolecules, such as cell wall peptidoglycan, for all the spore population®*.

The roughness of L-alanine-treated spores was similar to the roughness of untreated
spores, suggesting that the effects of L-alanine on the spore occur underneath the coat layer. This
was confirmed by the AFM images, showing similar morphology for treated and control spores
(Figures 14A and 16B). These findings suggest that during the first stages of germination, the

spore coat remains intact and L-alanine causes internal restructuring of the spore. Since there is
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no degradation of the coat, this layer is a limiting barrier for outgrowing spores, which may
explain why vegetative cells were not observed and why outgrowth did not occur consistently in
previous studies. One recent study suggested that the spore coat has to crack laterally on one or
both sides to allow the vegetative cell to expand®. L-alanine may start germination by changing
the internal structure of the spore, and this effect may work its way to the outside of the spore

after all internal changes, such as DPA release and hydrolysis of the cortex, have occurred.

3.5.2 Germination Mechanisms of B. atrophaeus after Exposure to
Dodecylamine

Although some studies have investigated the process of spore germination using a non-
nutrient germinant, such as DDA 12 % the efficacy of this cationic surfactant as a sporicide has
not been well studied. In the early 1960s, Rode and Foster reported that exposing B. megaterium
spores to 10> M DDA for more than three min resulted in loss of heat resistance for 97% of the
spore population and exposure to DDA for 10 min caused the killing of ~96% of the spores*2. In
our studies, we have observed that ~95% of killed spores can be obtained under 1 minute and

99% after 5 min if they are exposed to 1 mM DDA (Figure 12).

Even though spore killing occurs with exposure to 1 mM DDA, we studied the
germination of spores by measuring the amount of DPA released from the core as a function of
time (Figure 13B). Exposing spores to 1.25 mM DDA resulted in complete DPA release within
100 min. In a previous study, researchers using 1 mM DDA to germinate B. subtilis spores
showed that it took ~3 hours for the DPA to be released from the core. This difference in DPA
release rate may be related to variability within the Bacillus species, growth conditions, or

treatment. For instance, Selow et al. boiled spore cultures for 30 minutes to determine DPA
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release, while we did not*!. We also observed that decrease of DDA concentrations resulted in an
increase in the amount of DPA released from the core. Even thought DDA can be used at low
concentrations to germinate Bacillus spores, high concentrations of DDA may initiate the
process of germination of spores by releasing low amounts of DPA, but the process may be

affected during killing of spores and not all of the DPA may get released from the core.

The spore heights were significantly lower for DDA-treated spores, compared to
untreated spores. We suggest that these height changes are due to decreased hydration of the
core, and a breakdown of the spore coat. A previous study showed that exposure of Bacillus
spores to DDA results in a 45 to 55% loss of dry weight, which could have contributed to the
reduced height of spores*2. In another study, it was observed that spores germinated with DDA
did not rehydrate well and core water content in these spores was low, which prevented them
from expanding normally**. From our roughness analysis we also observed that the outer coat of
the spore was affected by DDA treatments since there was an initial increase in roughness
values. This increase in roughness indicates that the coat of the spore is rupturing and
disintegrating. The inner and outer coat of spores can be up to 130 nm thick®, which could lead to
a diameter decrease of 260 nm. When spore coat breakdown and loss of hydration
simultaneously occurred, we observed a decrease in height and increase in roughness of the

spores.

Based on our roughness, height, and DPA release measurements, we considered a
mechanism of action of DDA against bacterial spores. DDA does not interact with any receptors
in the inner membrane of spores, as reported previously **. From our roughness measurements
we can state that DDA starts acting from the outside of the spore and works its way in by causing

the coat to rupture and form pores on the surface. The drop in roughness observed after 15 min
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of treatment with DDA indicates that the outer coat layer was completely removed; leaving
behind another smoother coat that will be subsequently ruptured or disintegrated after prolonged
treatment with DDA. In other words, DDA may germinate spores by causing the disintegration
of one coat layer at the time. With prolonged DDA treatment, the protective coat layers of the
spore were compromised, decreasing the overall cell height. While most of the cells were killed
within one minute of exposure to DDA, this happened during the first stages of germination
since there was a continuous release of DPA from the core. However, germination was
interrupted and spores were killed without outgrowing. Using DDA as a germinant or sporicide
may be a more effective mechanism to deactivate B. atrophaeus and perhaps other hazardous
species such as B. anthracis, since DDA can act against spores that have not progressed to the

fully vegetative state.
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Chapter 4

Effects of L-alanine and inosine germinants on the elasticity of Bacillus
anthracis spores

Langmuir, 2010. 26(9): 6535-6541

67



4.1 Abstract

The surface of dormant Bacillus anthracis spores consists of a multilayer of protein coats
and a thick peptidoglycan layer that allow the cells to resist chemical and environmental insults.
During germination, the spore coat is degraded, making the spore susceptible to chemical
inactivation by antisporal agents as well as to mechanical inactivation by high pressure or
mechanical abrasion processes. While chemical changes during germination, especially the
release of the germination marker, dipicolinic acid (DPA) have been extensively studied, there is
yet no investigation of the corresponding changes in the mechanical properties of the spore. In
this work, we used atomic force microscopy (AFM) to characterize the mechanical properties of
the surface of Bacillus anthracis spores during germination. The Hertz model of continuum
mechanics of contact was used to evaluate the Young’s moduli of the spores before and after
germination by applying the model to load-indentation curves. The highest modulus was
observed for dormant spores, with average elasticity values of 197 + 81 MPa. The elasticity
decreased significantly after incubation of the spores with the germinants L-alanine or inosine
(47.5 £ 41.7 MPa and 35.4 £ 15.8 MPa; respectively). Exposure of B. anthracis spores to a
mixture of both germinants resulted in a synergistic effect with even lower elasticity, with a
Young’s modulus of 23.5 = 14.8 MPa. The elasticity of the vegetative B. anthracis cells was
nearly 15 times lower than that of the dormant spores (12.4 £ 6.3 MPa vs. 197.0 £ 80.5 MPg;
respectively). Indeed from a mechanical strength point of view, the germinated spores were
closer to the vegetative cells than to the dormant spores. Further, the decrease in the elasticity of
the cells was accompanied by increasing AFM tip indentation depths on the cell surfaces.
Indentation depths of up to 246.2 nm were observed for vegetative B. anthracis compared to 20.5

nm for the dormant spores. These results provide quantitative information on how the
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mechanical properties of the cell wall change during germination, which may explain how spores
become susceptible to inactivation processes based on mechanical forces during germination and
outgrowth. The study of spore elasticity may be a valuable tool in the design of improved anti-

sporal treatments.

4.2 Introduction

Bacillus and Clostridium cells are some of the most resistant life forms known, due to
their ability to undergo the restructuring and differentiation process of sporulation under nutrient
deprivation.® During this process, vegetative cells synthesize a series of polymer and protein
layers that encase the cellular contents and genetic information in a ~100-200 nm barrier, which
protects the cell from external environmental stressors.” * Spores are metabolically dormant, but
they maintain the ability to germinate and transform into vegetative cells once nutrients are
available.” ® In their vegetative state, organisms such as Bacillus anthracis (B. anthracis) are
highly virulent and they are considered as potent biological threat agents since they cause critical

or fatal airborne diseases, such as pulmonary anthrax.®’

The first step of the process in which the spores return to a fully vegetative, pathogenic
state is known as germination. Germination is usually initiated in response to availability of
nutrients, such as amino acids and sugars, non-nutrient chemicals such as dodecylamine and
dipicolinic acid (DPA) or by other factors such as high pressure and temperature.> 8 Germination
involves a series of steps where the release of monovalent cations, dipicolinic acid (DPA),
calcium, and the intake of water molecules result in the loss of heat resistance and initiation of

metabolic activity, converting the spore into a vegetative, fully virulent bacterium.>®
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The mechanism of germination triggered by nutrients involves the presence of spore-
germination receptors on the surface of the inner membrane of the spore, which stimulate the cell
to germinate and to achieve vegetative growth.'® L-alanine is an amino acid that interacts with
receptors on the inner membrane of the spores,! and is a well studied molecule for the
germination of several Bacillus species, such as B. subtilis, B. cereus, B. anthracis, and B.
atrophaeus.® ® *# Inosine is a purine ribonucleoside that has been shown to be a strong germinant
of B. cereus spores.’* While either germinant, L-alanine or inosine, alone can cause the
germination of B. cereus, for B. anthacis spores, a binary mixture of the germinants has been

shown to be more effective. 1

In contrast to the considerable attention paid to investigating the effects of nutrients on
germination of spores, there are fewer studies in the literature on the effects of physical insults,
such as pressure,.'* > While it is widely known that the microbial cell wall has a structural role
in maintaining the cellular shape and resisting turgor pressure®®, changes in the mechanical
properties of the cell wall during germination remains essentially unknown. B. subtilis spores
exposed to 100 MPa and 550 MPa resulted in the Killing of <25% and <50% spores,
respectively.** Treatment pressures at 550 MPa were able to induce the germination of spores
without the need of activation of germinant receptors, as was confirmed by the number of viable
colonies in Luria broth medium agar plates. However, spores treated at 100 MPa produced very
few colonies on agar plates, suggesting that there may be a critical mechanical force necessary to
initiate germination in the absence of nutrients'*. Understanding the mechanical properties of B.
anthracis spores, such as cell wall elasticity, may help us understand how germination affects the

spore surface, and ultimately, how the cell resists chemical and physical insults.

70



Germination of spores is usually monitored by changes in optical densities that occur as
DPA is released from the spore core after addition of germinants.* Electron microscopy (EM)
has also been used to study changes in morphology of the spores during germination.'” While
EM explicitly demonstrates changes in cell structure, sample preparation necessitates

dehydration and coating with a reflective material, which can cause artifacts.

Atomic force microscopy (AFM) is a technique that has proven practical for the physical
characterization of individual spores, since it provides high resolution imaging of the sample,
and the ability to obtain the adhesion forces present between the AFM probe and the cell surface
under native conditions.'® By studying the interaction of the AFM tip as it approaches or retracts
from the spore surface, it is possible to study specific physical and chemical properties of the
spore, such as elasticity, adhesion, and length of surface polymers. A few AFM studies available
in the literature have addressed how nutrient germinants, such as L-alanine, affect the
morphology of Bacillus species.'” 1*** AFM has been used to obtain high resolution images of
the spore coat of Bacillus spores and understand how protein coat layers change during

germination.*® #

Quantitative elasticity measurement with AFM is a new way to characterize how
germinants affect the mechanical properties of the spore surface. Using the AFM probe as a
nanoindentation tool, AFM deflection data can be converted into load vs. indentation depth plots
and analyzed using theoretical models that provide quantitative information on the elasticity of
the sample (represented by the Young’s modulus).?? These models have been applied towards
bacteria, such as E. coli, where it was suggested that the elasticity of the cells can change
significantly depending on the solvent in which the cells are exposed.? The elasticity for E. coli

in water was ~12.8 MPa, while the elasticity of the same bacterium in a more polar solvent, such
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as formamide, decreased to ~0.8 MPa.”® The same technique has been applied with other types of
cells, such as the yeast Saccharomyces cerevisiae, where the Young’s modulus was ~0.6 MPa at
the cell wall, but ~6.1 MPa at the site of cellular division.?> While these elasticity studies help
characterize the physical properties of some bacterial strains, none of the cells studied possess

the complex protein layers and coat structure that is common in sporulated B. anthracis.

Therefore, our objective was to use AFM to characterize how the nutrient germinants L-
alanine and/or inosine affected the Young’s modulus of B. anthracis spores. These results were
compared with elasticity measurements on the dormant spores and also on the vegetative B.

anthracis cells, these being the two limiting states of the spore subjected to germinants.

4.3 Experimental Section
4.3.1 Bacterial Strain and Preparation of Spores

Bacillus anthracis Sterne (referred to hereafter as “B. anthracis’) was kindly provided by
the U. S. Army Natick Soldier Research, Development & Engineering Center, Natick,
Massachusetts. The Sterne strain is a low virulence strain that lacks the pXO2 extra
chromosomal plasmid, which forms and develops the bacterial capsule; however, it contains the

pXO1 extra chromosomal plasmid, which is responsible for the expression of virulent factors.*’

Bacterial strains were grown in sporulation media as described previously.® A solution of
sporulation media consisting of 8 g nutrient broth, 4 g yeast extract, 0.001 g MnCl,.4H,0, 5 ¢
peptone, and 15 g agar in 1 L of ultrapure water (Milli-Q water, Millipore Corp., Bedford, MA)
was maintained at a pH of 7.2 and sterilized for 60 minutes, followed by preparation in Petri

dishes.
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Fresh cultures of B. anthracis Sterne were obtained by adding 100 pL of spores from a
glycerol stock solution into a flask with 25 mL of sterilized nutrient broth (Himedia; Mumbai,
India). The flask was agitated at 200 RPM at 37 °C for ~20 hours. This culture was used to
inoculate plates of sporulation media using 50 uL aliquots and the plates were incubated at 37 °C
for 4 days to allow vegetative cells to sporulate. Harvesting of spores was done in autoclaved
ultrapure water and spores were collected by centrifugation at 5000 RPM for 20 minutes and
resuspended in ultrapure water. The cells were washed eight times to separate spores from
vegetative and partially sporulated cells since there is a significant difference in density between
these two cell types.?* The spores were stored overnight at 4 °C. After ~18 hours, the cells were

washed two more times to remove any remaining vegetative B. anthracis cells.

4.3.2 Spore Germination Assays and Atomic Force Microscopy (AFM)

The surface elasticity of dormant and germinated spores and of vegetative cells of B.
anthracis was investigated. To germinate the spores, B. anthracis were exposed to 50 mM L-
alanine (Sigma-Aldrich, St. Louis, MO), 5 mM inosine (Sigma-Aldrich), or both germinants
together, in 50 mM Tris/HCI buffer (pH 8.0), and incubated at 37 °C for 2 and 4 hours. The final
concentration of the spore solution was approximately 10’ cells/mL. As a control condition,
dormant B. anthracis spores were incubated for 4 hours in 50 mM Tris/HCI buffer at 37 °C. To
study the elasticity of vegetative B. anthracis cells, a one mL sample of dormant spore solution
was suspended in tryptic soy broth (30 g¢/L; Sigma-Aldrich), supplemented with 1% yeast

extract, and grown for 6 hours at 37 °C with rotation at 18 RPM.

To test the effect of germinant concentration on the elasticity of the spores, additional

experiments were carried out where B. anthracis spores were germinated with 25 mM L-alanine
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and/or 2.5 mM inosine for 2 hours. The elasticity values obtained were compared with those

obtained at higher concentrations of germinants (50 mM L-alanine and/or 5 mM inosine).

AFM was used to study changes in the elasticity of B. anthracis spores induced by
exposure to different germinants. After incubation with L-alanine and/or inosine, the spore
solution was centrifuged at 5000 RPM for 5 min and resuspended in ultrapure water to stop
treatment. Droplets of treated B. anthracis spores (5 L) were deposited onto freshly cleaved

mica and dried for 18 hours.

AFM experiments were carried out with a Dimension 3100 with Nanoscope llla
controller (Veeco Metrology; Santa Barbara, CA) that was operated in tapping mode in air to
represent conditions of airborne spores. B. anthracis are commonly found in soil at
concentrations of up to 3,000 spores per gram of soil.> % Since germination can be affected by
humidity?’, AFM measurements were taken at 30-35% relative humidity in air. A single
rectangular cantilever with a conical silicon tip having a spring constant of 14 N/m and a
resonant frequency of 315 kHz was used (Mikromasch; San Jose, CA). Samples were scanned at
a rate of 1 Hz and once a spore was located, it was centered so that force measurements could be
performed on the cell away from the edges. Forces were measured on five spores, and ten force
cycles were recorded per spore for a total of 50 force curves obtained for each treatment. The ten
force cycles obtained within each spore were taken at the same location of the cell (center of the
spore away from edges) to ensure that no deformation of the surface was taking place. The force
cycle was set so the tip stayed in contact with the sample for 1 ms before retracting and the tip
traveled at 2 um/s with a loading rate of 3 x 10 N/s during the force cycle. Data in ASCII

format were exported to a spreadsheet and converted from deflection to force.
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4.3.3 Elasticity of B. anthracis Spores Obtained from Force-Indentation Depth
Curves

The conversion of cantilever deflection data to force data allows for the assessment of the
elasticity of the surface of the spores in response to exposure to germinants. AFM data were
converted to force-indentation depth curves following procedures described previously?.
Briefly, the deflection of the cantilever, d, as it approaches and retracts from the surface is
plotted as a function of tip-sample separation distance, z. Since there was some scanner
hysteresis and drift in the detection system, we often observed that the deflection of the free
cantilever was not equal to zero. To correct this, a deflection offset, do, was subtracted from all
deflection values. This deflection offset was determined from the cantilever deflection-sample
separation distance plot by calculating the average cantilever deflection when the AFM probe
was far away from the sample surface. This was observed as a horizontal line, where no

repulsive or attractive forces were experienced by the AFM tip. The cantilever deflection was

converted to force or load (F) using Hooke’s law

F = ke (d—do) 1)

where k. is the spring constant.

Similar to the deflection offset, a separation distance offset, zo, was defined. The value of
this offset was the initial point where the tip makes contact with the sample surface or more
specifically, when the deflection of the cantilever begins to increase from the horizontal line that
represents the zero cantilever deflection (deflection offset). The distance offset was subtracted

from all distance values.
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Next, the force-indentation curves were created by taking into account the compliance of
the sample surface. On a hard surface, such as mica, the slope of the compliance region of the
cantilever deflection-separation distance curve is equal to 1, but this slope is expected to
decrease for biological samples, such as bacteria.?* * The difference between the separation
distance on a hard surface and the separation distance on the surface of the spore is the

indentation depth of the sample, 8, and is defined by,

0 = (2 20) — (d — do) (2)

From Equations 1 and 2, the cantilever deflection-separation distance curves were
converted into load, F, versus indentation depth, 8. Force curves were made on freshly cleaved
mica free of spores before any measurements were taken on cells, in order to calibrate the

sensitivity of the photodetector.

4.3.4 Young's Modulus of B. anthracis

The tensile elastic modulus or Young’s modulus was obtained by applying the Hertz
model of continuum mechanics of contact to the load-indentation depth data?* 2. The Hertz
model can be used for samples that are elastic, isotropic, homogeneous, and semi-infinite
although it does not take into account tip-surface adhesion? 3. Since there were not significant

adhesion forces observed during the force cycle, this model was applicable.

From Hertzian theory, the model describes the indentation (without permanent
deformation) of an indenter (the silicon AFM probe) into an infinitely deformable elastic half
space (spore surface). The geometry of the indenter was taken into account and it was related to

the load — indentation depth curves by
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Feone =(2/7) tana (E / (1-v%)) 6° (3)
where o is the half opening angle of the conical tip used, taken as 40° as specified by the
manufacturer, E is the Young’s modulus or tensile elastic modulus of the spore, and v is the

Poisson ratio of the spore, taken as 0.5.

A MatLab script was written to analyze all raw data obtained with the AFM and calculate

the elastic modulus of the spores for all treatments (MatLab Works Inc.; Natick, MA)

4.3.5 Statistical Analysis

Young’s modulus and indentation depth values were analyzed using the Kruskal-Wallis
one way analysis of variance (ANOVA) on ranks for repeated measurements since the samples
did not have equal variances. The null hypothesis tested was that there were no differences in the
distribution of values between different groups. Tukey’s test was used for multiple comparisons

among treatment groups. A difference was considered significant if P < 0.05.

4.4 Results and Discussion
4.4.1 Rationale for Germination Conditions

Germination of Bacillus spores has been extensively studied over the past few decades.
L-alanine has been shown to influence the germination of spores of many Bacillus species.® ® *2
For Bacillus anthracis, it has been shown that L-alanine is a strong independent germinant at
concentrations higher than 10 mM, and that rapid germination responses are observed at high L-
alanine concentrations (100 mM).** In the same study, it was observed that lower L-alanine
concentrations could germinate B. anthracis spores as long as there was another germinant
present, such as inosine.** L-alanine at a concentration of 10 mM acting together with inosine at

a concentration of 1 mM were able to germinate 73% of B. anthracis spores in less than 15
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minutes.™* In another study, optimal germination conditions for B. anthracis were observed when
spores were exposed to 15 — 150 mM L-alanine and over 99% of the spore population had
germinated within 24 hours.*> Clements and Moir observed that 50 mM L-alanine and 5 mM
inosine were concentrations at which the germination rates were the maximum for B. cereus,
which is a close genetic relative of B. anthracis."® In another study, inosine concentrations that
ranged from 1 to 10 mM resulted in comparable germination processes as measured by the fall in
optical density.® While inosine has been shown to be a weak germinant while acting alone
compared to L-alanine, it has been suggested that inosine as a co-germinant is able to induce
strong germination responses in B. anthracis. Germination with L-alanine as the sole germinant
has been shown to involve a single receptor while inosine as a sole germinant has been shown to
require the interaction of two different receptors in B. cereus.”® Based on these findings, and
knowing that germinants at high enough concentrations resulted in optimal germination
responses, we chose high concentrations of L-alanine and inosine for our elasticity studies. To
assess whether germinant concentration had an effect on elasticity, AFM experiments were also

carried out on spores that were exposed to different concentrations of L-alanine and/or inosine.

4.4.2 Rational for Application of the Hertz Model

While other mathematical models that describe the elastic response of a substrate after
applying pressure with an AFM tip are available, the Hertz model is a simple and classical way
of describing at a very fundamental level the contact mechanics of an elastic half space (spore)
by a rigid object (AFM tip). Several assumptions need to be met when applying the Hertz model:
the sample being studied needs to be elastic, isotropic, homogeneous, and semi-infinate. While at
the macroscopic level, spores may be considered homogeneous and isotropic, at a microscopic

and nanomolecular level the surface of spores may be completely heterogeneous having physical
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properties that differ when measurements are made in different locations of the cell. The
Johnson, Kendall, and Roberts (JKR) model, which is a modification of the Hertz theory, may be
more appropriate when investigating the elastic properties of spores since accounts for the
influence of surface energy. However, this model is more complex and difficult to use. The Hertz
model, while not exact, can provide of a general idea of the properties of spores while they are

undergoing the process of germination.

The shape of the AFM tip also is an important factor that needs to be considered when
analyzing AFM data. Conical tips get dulled with usage and at some point may start losing its
sharpness and start behaving like a spherical tip. It would be then recommended to evaluate the
sharpnes of the tip and calculate the radius of curvature of the probe to determine which Hertz
equation is the most appropriate Hertz to describe the data. However, since we used a brand new
conical tip and the AFM was operated in intermittent contact mode, it is safe to assume that

dullness of the tip did not occur during our experiments.

4.4.3 Elasticity of B. anthracis after Exposure to Germinants

Cantilever deflection vs. tip-sample separation curves were converted to load vs.
indentation depth plots to quantify the elasticity of B. anthracis spores after exposure to L-
alanine and/or inosine (Figure 17A). A distinct non-linear region of the curve was observed for
all samples, which allowed for the detection of deflection and separation distance offsets. Once
these offsets were defined, the plot was converted to loading force vs. indentation depth (Figure
17B). When we probed a hard surface, such as mica, the non-linear region of the curve was
absent, so the deflection and separation offsets were defined as the point where a sudden jump to

contact was observed in the approach curve.? The Young’s modulus of the spores was obtained
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by fitting the non-linear portion of the loading force vs. indentation depth curves to the Hertz

model.
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Figure 17. A) Representative AFM approach curve obtained when a silicon AFM tip approaches
and indents a B. anthracis Sterne spore. The deflection offset dy and the offset in the separation
distance z, used to calibrate the deflection vs. distance plot are shown. The non-linear portion of
the curve is depicted within the two X marks. B) Loading force — indentation depth curve
corresponding to the deflection-distance curve in (A). The open triangles correspond to the best
fit obtained after applying the Hertz model to the non-linear portion of the approach curves
(Equation 3).
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A quasi-quadratic relation was observed between the loading force and the indentation
depth (Figure 17B), which was predicted by the model for a conical AFM probe. There was good
agreement between the Hertz model and the experimental data obtained, which suggests that this
model can be used for the measurement of elasticity of cells with harder surfaces such as
Bacilllus and Clostridium species. Furthermore, for all treatments, no adhesion forces were
observed during approach or retraction of the AFM tip, allowing for the analysis of the data
using the Hertz model. The lack of adhesive interactions during AFM force cycles has been
associated with the crystalline nature of the surface of microorganisms, such as the one present in
Lactobacilli.** A crystalline cell surface protein, S-layer, has been observed in the structure of
Bacillus species,® which may consist of compactly folded proteins that prevent the AFM tip

from experiencing adhesion during force measurements.

The slope of the load vs. indentation depth curve was higher when taking AFM
measurements on the dormant B. anthracis spores that were not exposed to any germinants or
yeast extract, and decreased significantly after incubation with either L-alanine or inosine
(Figure 18). Based on the shape of the loading force vs. indentation depth curve, fewer data
points were available to fit the Hertz model for the cells that showed harder surfaces (dormant,
untreated spores), since the non-linear portion of the curve that describes the indentation of the
AFM probe into the untreated B. anthracis cell was significantly smaller. This may be due to the
multiple protein layers that surround the cell, making the spore surface harder than the cell wall

of vegetative bacteria.

Treatment of spores with TSB supplemented with yeast extract resulted in vegetative
cells with weaker surfaces since very low loads were required to substantially indent the sample

with the AFM tip. The slope of the load vs. indentation depth curve for the vegetative B.
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anthracis resulting from the TSB and yeast extract treatment was the lowest of all conditions
(Figure 18). Since untreated B. anthracis spores are covered by multiple layers of protein coats,
higher loading forces were required to cause indentation of the spore. This suggests that the
protein coat layers of dormant spores strengthen the surface and resist applied pressure, such as
the one created by the AFM probe during force cycles. Similar changes in the slope of the load
vs. indentation plot have been observed for other microorganisms, such as S. cerevisiae.?? During
the division of S. cerevisiae, a scar is formed on the cell wall where the bud emerges, resulting in
a steeper slope in the AFM data, which suggests strengthening of the surface and higher loading

forces being required to indent the cell with an AFM probe.
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Figure 18. Representative load vs. indentation depth curves of B. anthracis Sterne before and
after incubation with 50 mM r-alanine and/or 5 mM inosine, or tryptic soy broth supplemented
with 1% yeast extract (vegetative control). Each line is the average of 50 approach curves
measured between B. anthracis Sterne and a silicon AFM probe.

The effects of pressure on the germination of spores have been previously studied.** 1> %
Exposure of spores to high pressure can initiate the process of germination.'* Exposure of
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Bacillus spores to pressures of 550 MPa resulted in initiation of germination without the
involvement of any germinant receptors.** However, treatment at lower pressures (100 MPa) did
not initiate germination, unless one of the spore’s germinant receptors was activated by nutrients.
Since the pressure applied by the AFM tip to the spores was much lower than 100 MPa, a

pressure-induced germination of untreated spores probably did not occur in our study.

The highest Young’s moduli were obtained with dormant spores that were not exposed to
germinants or yeast extract (197.02 £ 80.48 MPa; Figure 19). The high elasticity value may be
due to the thickness of the inner and outer coats of the sporulated cells, which can be up to 130
nm.? This thickness may result in a hardening of the spore surface, protecting it from
environmental insults. Young’s moduli of B. anthracis spores decreased significantly after
incubation for 4 hours with L-alanine, inosine, or both germinants (47.54 + 41.79 MPa, 35.41 +
15.88 MPa, and 23.50 + 14.87 MPa, respectively; P< 0.05). Incubation of B. anthracis with both
germinants resulted in >90% of the spores having an elastic modulus lower than 50 MPa. There
was no statistically significant difference between the Young’s modulus of spores treated with L-
alanine for 2 or 4 hours; in the case of inosine, the elasticity decreased from 66.42 + 25.90 MPa
after 2 hours of incubation to 35.41 + 15.88 MPa after 4 hour incubation (P>0.05). The rather
large standard deviation values obtained for all conditions suggest that there may be
heterogeneity of the distribution of proteins on the spore surface, especially in the dormant
spores. The germination of spores using only inosine as the triggering molecule has been shown
to require the interaction of the germinant with two different receptors in B. cereus spores, Gerl
and GerQ, since the activation of only one of them does not provide sufficient activation of the
spore to carry on with the germination process.™® B. cereus is a close relative of B. anthracis, and
the similar operons are also present in B. anthracis and recognize inosine as a germinant.®* Based
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on our results, germination with inosine may require longer exposure time of the cells to the
ribonucleoside to allow for the interaction with both receptors. Our investigation also suggests
that while other studies have shown that inosine acting alone is a weak germinant for B.
anthracis spores as measured by the rate of optical density change, it does display a stronger
impact on the mechanical properties of the cells since the surface elasticity decreases

significantly compared to the dormant spore.
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Figure 19. Elasticity of B. anthracis Sterne spores as a function of treatment. Spores germinated
with 50 mM L-alanine and/or 5 mM inosine for 2 or 4 hours. Bars depict the average elasticity of
50 spores per condition. Error bars show the standard deviation. The top lines connect
statistically distinct points (P<0.05) calculated by Kruskal-Wallis one-way ANOVA on ranks
with Tukey’s test to make pair wise comparisons The star symbol indicates the condition that is
being compared to other treatments.
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The elasticity values of B. anthracis incubated with both germinants were significantly
lower compared to the spores incubated with each of the individual nutrients (P < 0.05). It has
been suggested in the literature that B. anthracis may not germinate in the presence of inosine
alone, but may require coupling with another germinant, such as an amino acid.® ** Ireland and
Hanna showed that high concentrations of inosine (up to 50 mM) did not trigger a germination
response from B. anthracis even when incubated for up to 16 hr.** In the same study, it was
concluded that L-alanine is a strong germinant only at high concentrations (>10mM) but the
presence of a second co-germinant, such as inosine, will result in a stronger germination
response.’*  Our results suggest that a weakening of the spore surface is taking place after
incubation of B. anthracis with L-alanine and inosine, since the elasticity values decreased
significantly (P < 0.05). The use of two germinants may not only weaken the surface of the
spore but speed up the degradation of the spore coat and the peptidoglycan cortex that protects

the spore core, which would change the mechanical properties of the cell.

Spores treated with lower concentrations of L-alanine and/or inosine (25 mM and/or 2.5
mM, respectively) did not show significantly different Young’s moduli when compared to the
values obtained with higher concentrations of L-alanine and/or inosine (50 mM and/or 5 mM,
respectively; Table 2). Clements and Moir have shown that comparable germination rates of
Bacillus spores were achieved over inosine concentrations ranging from of 1 mM to 30 mM, and
over L-alanine concentrations ranging from 10 mM to 100 mM.® In another study, spore
germination was measured by studying the decrease of optical density of spore suspensions after
addition of germinants and it was determined that inosine concentrations of 1 or 10 mM, and L-

alanine concentrations of 10 mM or 100 mM caused the same decrease of optical density of
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spore suspensions.® Based on these studies, the concentrations of L-alanine and inosine chosen

for our elasticity experiments fall within the range where optimal spore germination rates occur.

Table 2. Effects of germinant concentration on Young’s modulus and indentation depths of
Bacillus anthracis

Germinant Average Young’s Average
a,b . d a,c
Concentration Modulus (MPa) P Value Indentation Depth P Value
(nm)

25 mM L-alanine 55.7+31.9 137.7+31.6

0.8 0.6
50 mM L-alanine 54,7 +23.9 135.0 £41.6
2.5 mM inosine 69.5+ 16.6 121.8 £19.7

0.6 0.5
5 mM inosine 66.4 +£25.9 117.8+25.1
25 mM L-alanine
+ 2.5 mM inosine 32.3+14.2 224.7 +35.1

0.6 0.1
50 mM L-alanine 31.15+11.9 223.9+82.1

+ 5 mM inosine

4Comparisons of Young’s modulus and indentation depth data between germinant concentrations
were done using one way analysis of variance (ANOVA) for repeated measurements. Tukey’s
test was used for multiple comparisons among treatment groups. A difference was considered
significant if P < 0.05.

°P value obtained when comparing average Young’s moduli.
°P value obtained when comparing average indentation depths.
JAIl measurements were made with a loading rate of 3 x 10”° N/s and a tip velocity of 2 um/s

In this study we observe surface elasticity values for B. anthracis that are unaffected by

the change in germinant concentration when the spores are exposed to high concentrations of L-
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alanine (25 mM and 50 mM) or inosine (2.5 mM and 5 mM). Similarly, mixtures of both
germinants at concentrations of 50 mM L-alanine and 5 mM inosine, or 25 mM L-alanine and
2.5 mM inosine yielded comparable Young’s moduli. These results suggest that once the spores
have been exposed to high enough concentrations of the germinants, the changes in elasticity
will be the same independent of the amount of L-alanine and/or inosine in the spore suspension.
The elasticity of vegetative B. anthracis showed the lowest Young’s modulus with an average of
12.39 £ 6.32 MPa, and the values were significantly different when compared to other treatments
(P < 0.05), except when the cells were treated with L-alanine and inosine for 4 hours (P > 0.05).
This elasticity value is close to the elastic modulus of other vegetative bacteria. For E. coli, a
Young’s modulus of ~12.8 MPa was estimated.”® Once a spore has completely germinated, there
is an outgrowth process leading to the vegetative cell where the spore coat is lost, leaving the cell
with a membrane that is much thinner and allows for the transport of nutrients and release of

waste products.> >

4.4.4 Indentation Depths of B. anthracis as a Function of Treatment

The degradation of the spore coat resulted in a cell that could be more easily indented by
the AFM probe, as was observed on vegetative bacteria and spores that were exposed to both
germinants (Figure 20). Indentation depths were significantly lower for the untreated spores than
for those treated with L-alanine, inosine, or TSB supplemented with yeast extract (P < 0.05). For
the dormant spores (untreated spores), the depth indented by the AFM probe was 20.45 + 14.88
nm. However, this indentation depth increased significantly after incubation of germinants for 2
or 4 hours. Higher indentation depth values were observed for spores treated with L-alanine
compared to inosine. For the germinant-treated spores, the highest indentation depths were

observed for spores treated with both L-alanine and inosine for 2 hours (223.97 + 82.14 nm), or
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with incubation of the cells in L-alanine for 4 hours (225.37 £ 98.65 nm). Lower concentrations
of L- alanine and/or inosine (25 mM and 2.5 mM, respectively) showed similar indentation depth
values suggesting that there is no appreciable effect of germinant concentration on surface
elasticity and indentation depth, once an optimal germination condition has been achieved (Table

2).
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Figure 20. Average indentation depths of B. anthracis Sterne spores probed with a silicon AFM
tip as a function of treatment. Spores germinated with 50 mM L-alanine and/or 5 mM inosine for
2 or 4 hours. Error bars show the standard deviation of 50 measurements obtained for each
condition. The top lines connect statistically distinct points (P<0.05) calculated by Kruskal-
Wallis one-way ANOVA on ranks The star symbol indicates the condition that is being
compared to other treatments.

The incubation of B. anthracis spores in TSB supplemented with yeast extract resulted in
the highest indentation depths (246.23 + 84.31 nm). Our results suggest that the surface of
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dormant (untreated) B. anthracis spore is harder and therefore higher loading forces are required
to indent the cell. Once germination is initiated, there is a degradation of the spore coat that
allows the spore to outgrow and become a vegetative cell.” Vegetative B. anthracis need to have
a much thinner cell wall with more flexibility to allow the release of waste products, as well as
toxins during infection and invasion of macrophages.> * Because of the more flexible and
thinner surface, the AFM probe can indent the vegetative cell more than the sporulated cell.
Analogous changes in the elasticity have been observed for S. cerevisiae at the location where
the bud emerges during cell division.?? When the cell undergoes cellular division, a chitin ring of
polysaccharide of (p1-4)-linked N-acetylglucosamine forms to strengthen the bud scar, marking
the division site.?” The proteins that form this chitin ring are highly glycosylated peptides that are
50-95% carbohydrate by weight, which makes chitin fibers insoluble, causing stiffening of the
bud scar.®* Due to the rigidity of the chitin ring, the portion of the cell that had the bud scar had
higher Young’s modulus values and lower indentation depths made by the AFM probe compared
to the rest of the cell surface. In another study, the spring constant of the S. cerevisiae cell body
and the bud scar were determined from the slope of the linear portion of the force-distance curve,
and the bud scar displayed higher cell spring constant due to the increased chitin content of the

area.”’

4.5 Conclusions

The rigidity of the spore coat of dormant B. anthracis cells is severely compromised by
exposure to germinants or nutrients, such as TSB and yeast extract. During germination, the
spores start losing their coat, making the cell’s surface more flexible, lowering the surface elastic
modulus, and allowing the AFM probe to indent the surface more during the force cycle.

Vegetative B. anthracis showed the weakest cell surface with elasticity values that were 15 times
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lower than sporulated cells. This decrease in elasticity accompanied by a decrease in the
thickness of the spore coat, which we previously observed,® would explain why vegetative cells
are sensitive to sporicidal compounds. Based on our findings, the study of elasticity of spores
may be a valuable tool to predict how to weaken spores, thus making them more susceptible to
spore inactivation processes based on mechanical forces, such as the high pressure, high
temperature inactivation method practiced in the food industry. Indeed, based on our results we
anticipate that the decrease in the elastic modulus of the spores caused by germinants such as L-
alanine, inosine, dodecylamine, etc, either alone or in mixtures, would make spore inactivation
possible at lower pressures compared to that in the absence of such germinators. It may also be
possible to reduce the small population of “difficult to kill” or “super dormant” spores that often
survive the current high pressure inactivation methods by the use of germinants in the high

pressure spore inactivation process.

4.6 Acknowlegments
This work was supported in part by the National Science Foundation (CBET 0827229)

and the Defence Threat Reduction Agency (DTRA) Project BAO7PRO102.

We also thank Ms. Angela Tao for her assistance in the development of the MatLab script
used for elasticity measurements, Mr. Robert Stote and Ms. Stephanie Marcott of NSRDEC for

help with spore preparation, and Prof. Nancy Burnham for helpful discussions.
REFERENCES

1. Atrih, A.; Foster, S. J., Bacterial endospores the ultimate survivors. Int. Dairy J. 2002,
12, (2-3), 217-223.

2. Henriques, A. O.; Moran, C. P., Jr., Structure and assembly of the bacterial endospore
coat. Methods 2000, 20, (1), 95-110.

90



10.

11.

12.

13.

14.

Pinzon-Arango, P. A.; Scholl, G.; Nagarajan, R.; Mello, C. M.; Camesano, T. A., Atomic
force microscopy study of germination and killing of Bacillus atrophaeus spores. J Mol
Recognit 2009, 22, (5), 373-379.

Setlow, B.; Cowan, A. E.; Setlow, P., Germination of spores of Bacillus subtilis with
dodecylamine. J Appl Microbiol 2003, 95, (3), 637-48.

Setlow, P., Spore germination. Curr Opin Microbiol 2003, 6, (6), 550-6.

Akoachere, M.; Squires, R. C.; Nour, A. M.; Angelov, L.; Brojatsch, J.; Abel-Santos, E.,
Identification of an in vivo inhibitor of Bacillus anthracis spore germination. J Biol Chem
2007, 282, (16), 12112-8.

Drysdale, M.; Heninger, S.; Hutt, J.; Chen, Y.; Lyons, C. R.; Koehler, T. M., Capsule
synthesis by Bacillus anthracis is required for dissemination in murine inhalation
anthrax. Embo J 2005, 24, (1), 221-7.

Gounina-Allouane, R.; Broussolle, V.; Carlin, F., Influence of the sporulation
temperature on the impact of the nutrients inosine and I-alanine on Bacillus cereus spore
germination. Food Microbiol 2008, 25, (1), 202-6.

Slieman, T. A.; Nicholson, W. L., Role of dipicolinic acid in survival of Bacillus subtilis
spores exposed to artificial and solar UV radiation. Appl Environ Microbiol 2001, 67, (3),
1274-9.

Barlass, P. J.; Houston, C. W.; Clements, M. O.; Moir, A., Germination of Bacillus
cereus spores in response to L-alanine and to inosine: the roles of gerL and gerQ operons.
Microbiology 2002, 148, (Pt 7), 2089-95.

Ireland, J. A.; Hanna, P. C., Amino acid- and purine ribonucleoside-induced germination
of Bacillus anthracis ASterne endospores: gerS mediates responses to aromatic ring
structures. J Bacteriol 2002, 184, (5), 1296-303.

Titball, R. W.; Manchee, R. J., Factors affecting the germination of spores of Bacillus
anthracis. J Appl Bacteriol 1987, 62, (3), 269-73.

Clements, M. O.; Moir, A., Role of the gerl operon of Bacillus cereus 569 in the response
of spores to germinants. J Bacteriol 1998, 180, (24), 6729-35.

Paidhungat, M.; Setlow, B.; Daniels, W. B.; Hoover, D.; Papafragkou, E.; Setlow, P.,

Mechanisms of induction of germination of Bacillus subtilis spores by high pressure.
Appl Environ Microbiol 2002, 68, (6), 3172-5.

91



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Wuytack, E. Y.; Boven, S.; Michiels, C. W., Comparative study of pressure-induced
germination of Bacillus subtilis spores at low and high pressures. Appl Environ Microbiol
1998, 64, (9), 3220-4.

Vadillo-Rodriguez, V.; Beveridge, T. J.; Dutcher, J. R., Surface viscoelasticity of
individual Gram-negative bacterial cells measured using atomic force microscopy. J
Bacteriol 2008, 190, (12), 4225-32.

Zaman, M. S.; Goyal, A.; Dubey, G. P.; Gupta, P. K.; Chandra, H.; Das, T. K.; Ganguli,
M.; Singh, Y., Imaging and analysis of Bacillus anthracis spore germination. Microsc
Res Tech 2005, 66, (6), 307-11.

Dafrene, Y. F., Atomic force microscopy, a powerful tool in microbiology. J Bacteriol
2002, 184, (19), 5205-13.

Plomp, M.; Leighton, T. J.; Wheeler, K. E.; Hill, H. D.; Malkin, A. J., In vitro high-
resolution structural dynamics of single germinating bacterial spores. Proc Natl Acad Sci
U S A 2007, 104, (23), 9644-9.

Plomp, M.; Leighton, T. J.; Wheeler, K. E.; Malkin, A. J., The high-resolution
architecture and structural dynamics of Bacillus spores. Biophys J 2005a, 88, (1), 603-8.

Plomp, M.; Leighton, T. J.; Wheeler, K. E.; Pitesky, M. E.; Malkin, A. J., Bacillus
atrophaeus outer spore coat assembly and ultrastructure. Langmuir 2005b, 21, (23),
10710-6.

Touhami, A.; Nysten, B.; Dafrene, Y. F., Nanoscale mapping of the elasticity of
microbial cells by atomic force microscopy. Langmuir 2003, 19, (11), 4539-4543.

Abu-Lail, N. I.; Camesano, T. A., The effect of solvent polarity on the molecular surface
properties and adhesion of Escherichia coli. Colloids Surf B Biointerfaces 2006, 51, (1),
62-70.

Tamir, H.; Gilvarg, C., Density gradient centrifugation for the separation of sporulating
forms of bacteria. J Biol Chem 1966, 241, (5), 1085-90.

Patra, G.; Vaissaire, J.; Weber-Levy, M.; Le Doujet, C.; Mock, M., Molecular
characterization of Bacillus strains involved in outbreaks of anthrax in France in 1997. J
Clin Microbiol 1998, 36, (11), 3412-4.

Ryu, C.; Lee, K,; Yoo, C.; Seong, W. K.; Oh, H. B., Sensitive and rapid quantitative

detection of anthrax spores isolated from soil samples by real-time PCR. Microbiol
Immunol 2003, 47, (10), 693-9.

92



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Westphal, A. J.; Price, P. B.; Leighton, T. J.; Wheeler, K. E., Kinetics of size changes of
individual Bacillus thuringiensis spores in response to changes in relative humidity. Proc
Natl Acad Sci U S A 2003, 100, (6), 3461-6.

Burnham, N. A.; Colton, R. J., Measuring the nanomechanical properties and surface
forces of materials using an atomic force microscope. J Vac Sci Technol A 1989, 7, (4),
2906-13.

Tomasetti, E.; Legras, R.; Nysten, B., Quantitative approach towards the measurement of
polypropylene/(ethylene-propylene) copolymer blends surface elastic properties by AFM.
Nanotechnology 1998, 9, (4), 305-315.

Weisenhorn, A. L.; Khorsandi, M.; Kasas, S.; Gotzos, V.; Butt, H.-J., Deformation and
height anomaly of soft surfaces studied with an AFM. Nanotechnology 1993, 4, (2), 106-
13.

Murakoshi, M.; Yoshida, N.; lida, K.; Kumano, S.; Kobayashi, T.; Wada, H., Local
mechanical properties of mouse outer hair cells: atomic force microscopic study. Auris
Nasus Larynx 2006, 33, (2), 149-57.

Schaer-Zammaretti, P.; Ubbink, J., Imaging of lactic acid bacteria with AFM--elasticity
and adhesion maps and their relationship to biological and structural data.
Ultramicroscopy 2003, 97, (1-4), 199-208.

Kotiranta, A.; Haapasalo, M.; Kari, K.; Kerosuo, E.; Olsen, I.; Sorsa, T.; Meurman, J. H.;
Lounatmaa, K., Surface structure, hydrophobicity, phagocytosis, and adherence to matrix
proteins of Bacillus cereus cells with and without the crystalline surface protein layer.
Infect Immun 1998, 66, (10), 4895-902.

Baillie, L.; Hibbs, S.; Tsai, P.; Cao, G. L.; Rosen, G. M., Role of superoxide in the
germination of Bacillus anthracis endospores. FEMS Microbiol Lett 2005, 245, (1), 33-8.

Leuschner, R. G. K.; Ferdinando, D. P.; Lillford, P. J., Structural analysis of spores of
Bacillus subtilis during germination and outgrowth. Colloids Surf., B 2003, 19, 31-41.

Alsteens, D.; Dupres, V.; Mc Evoy, K.; Wildling, L.; Gruber, H. J.; Dufrene, Y. F.,
Structure, cell wall elasticity and polysaccharide properties of living yeast cells, as
probed by AFM. Nanotechnology 2008, 19, (38), 384005/1-384005/9.

Pelling, A. E.; Sehati, S.; Gralla, E. B.; Valentine, J. S.; Gimzewski, J. K., Local

nanomechanical motion of the cell wall of Saccharomyces cerevisiae. Science 2004, 305,
(5687), 1147-50.

93



Chapter 5

Changes in mechanical properties and killing of Bacillus anthracis 34F2
after exposure to the antimicrobial peptide chrysophsin-3
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5.1 Abstract

Bacillus anthracis spores are capable of surviving harsh chemical and environmental
factors that would eradicate other microorganisms. Previous research has suggested that spores
can only be eradicated with common disinfectants after germination and release of spore coats.
The effects of surfactants and germinants on spore surface properties have been investigated;
however, there are limited studies on the effects of antimicrobial peptides on the mechanical
properties and killing of B. anthracis. The antimicrobial peptide (AMP) chrysophsin-3 was tested
for its antisporal activities and its effects on mechanical properties of the spores. L-alanine and
inosine were used as germinants and atomic force microscopy (AFM) was used to obtain the
Young’s modulus and spring constant of B. anthracis 34F2 spores after exposure to the AMP.
No statistically significant change in the Young’s modulus was observed for spores treated with
chrysophsin-3 compared to untreated spores. However, vegetative B. anthracis 34F2 exposed to
chrysophsin-3 exhibited a change in Young’s modulus from 12 +16 MPa without the AMP to 84
+17 MPa with AMP. In addition, exposure to chrysophsin-3 only affected the spring constant of
vegetative B. anthracis, but not the spring constant of spores. AFM images suggested that
chrysophsin-3 caused the lysis of B. anthracis 34F2 due to loss of water content and cellular
material from the spore. In viability studies, 0.22 mM chrysophsin-3 killed sporulated,
germinated, and vegetative B. anthracis 34F2. Our results suggest that chrysophsin-3 may be
useful for the deactivation of B. anthracis spores since the AMP is capable of penetrating the
spore coat and kill spores without the need to initiate germination.
5.2 Introduction

B. anthracis, the microorganism responsible for development of anthrax infections, has

been researched for more than 120 years in an effort to understand the physico-chemical
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properties of the spore and how to prevent its use as a biological weapon'. B. anthracis are
capable of undergoing the process of sporulation under conditions of nutrient deprivation®. As a
spore, the genetic material of B. anthracis is protected and encased in a thick protein coat (~100
nm thick)®, which cannot be penetrated by common antibiotics. Extreme heat, UV radiation,
desiccation, pH extremes, and toxic chemicals are also ineffective in killing spores, making them
one of the most resistant life forms known® "

Dormant spores can resume their metabolic activity during the process of germination.
During germination, amino acids and purine nucleosides, such as L-alanine and inosine, trigger
the process of germination by binding to receptors on the inner membrane of the spore® °.
Germination causes the release of monovalent cations, Zn**, Ca**, and dipicolinic acid (DPA)
from the spore core'®*?. Rehydration of the spore core and hydrolyzation of the spore cortex
occur, followed by the resumption of metabolism and macromolecular synthesis. These events

cause the spore coat to break down and release a fully virulent germinated cell (Figure 21)" *,

Spore coat

Cortex

Cell

Spore core wall

Germ cell wall Membrane

Inner membrane

Exosporium

Figure 21. Schematic representation of B. anthracis in the spore state (left) and in their
vegetative state (right). Dimensions or thickness of each layer vary among Bacillus species.
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Anthrax infections can only be eradicated with early administration of antibiotics and
aggressive supportive care™. Unfortunately, since the initial symptoms of pulmonary anthrax are
very similar to an influenza-like illness, the infection is often difficult to diagnose causing a
delay in treatment™ *°. Furthermore, recent studies have found that the high dosage and long
therapy used to treat anthrax infections have resulted in development of antibiotic resistance in
B. anthracis™* "*°,

Due to difficulties in diagnosis and treatments, alternative therapies against B. anthracis
infections are needed. Antimicrobial peptides (AMPSs) are short polypeptides that are associated
with the innate immune system of host organisms, and are widely distributed in the animal and
plant kingdoms®. AMPs from fish are of particular interest since they have shown antibacterial,
antiviral, antifungal, antiparasitic, immunomodulatory, and antitumor functions®.

Chrysophsin-1, -2, and -3 are a family of peptides that have been isolated from the
eosinophilic granule cell-like cells of the gills of the red sea bream (Chrysophrys major)®.
Chrysophsin-3 is an amphipathic, cationic a-helical peptide that is rich in histidine residues with
a 20 amino acid sequence (FIGLLISAGKAIHDLIRRRH) and a molecular mass of 2287 Da%.
The peptide has an unusual RRRH motif that makes the molecule positively charged, causing
secondary amphipathicity and a change in hydrophobicity between the N and C termini (Figure
22)%. While there are numerous types of AMPs that have shown antibacterial activity, only one
study has evaluated the effect of Chrysophsin-3 on Gram-positive and Gram-negative bacteria®.
lijima et al. observed that chysophsin-3 was effective in Kkilling various organisms at
concentrations lower than 40 pM, including vegetative B. subtilis ?2. Although the bactericidal
activity of chrysophsin-3 is encouraging, no prior study has investigated the effects of this

peptide on bacterial spores. It was previously assumed that AMPs would not be able to penetrate
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the spore coat, and thus they would be ineffective against spores. Furthermore, there is not a

clear understanding of how the AMP interacts with the spore coat, vegetative bacteria, or spores

that are undergoing the process of germination.

FIGLLISAGKAIHDLIRRRH

©
@

@O O00@®

Anionic

Cationic

Uncharged Polar
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Hydrophobic

Amino Acids
Aliphatic

Figure 22. Helical wheel diagram demonstrating the amphipathic a-helical conformation of
chrysophsin-3. The blue color indicates amino acids that are hydrophobic in nature.

In this study, we investigated the effect of chrysophsin-3 on B. anthracis spores at a

nanomolecular level using AFM, which has been widely used to characterize the morphology

and the mechanical properties of microbial cells** *°. By monitoring the interaction between the

AFM tip and individual cells, it is possible to study mechanical properties of bacteria, such as

adhesion, elasticity, cellular spring constant, and roughness®® ?”. Several studies have addressed

how germinants, such as L-alanine, affect the morphology of Bacillus spores® ?® % In a previous

study, we used the AFM as a nanoindentation tool to investigate changes in spore surface

elasticity during germination and found that the Young’s modulus of the spore decreases as the

spore is germinating®.
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In the present study, we focused on characterizing the changes in surface elasticity and
spring constant of B. anthracis after exposure to the AMP and compared the interaction of
chrysophsin-3 with B. anthracis in three states: spore, germinating, and vegetative. We also
investigated the bactericidal activity of chrysophsin-3 on sporulated, germinated, and vegetative
B. anthracis, to determine whether bactericidal activity and biophysical properties of the spores

are correlated.

5.3 Materials and Methods
5.3.1 Antimicrobial Peptide (AMP)

The AMP chrysophsin-3 was synthetically produced with a-helical secondary structure
and the sequence FIGLLISAGKAIHDLIRRRH (Bachem Americas, Inc., Torrance, CA). The
peptide has a relative molecular mass of 2286.8 Da and is more than 80% pure, measured by
reverse phase high-perfomance liquid chromatography (HPLC). A 4.4 mM stock solution of the

peptide was prepared in 50 mM tris-HCI and stored at 4 °C until used.

5.3.2 Spore Preparation

B. anthracis Sterne 34F2 (pXO1* pX02; referred to heareafter as “B. anthracis 34F2”)
was kindly provided by the Edgewood Chemical Biological Center, Edgewood, Maryland. B.
anthracis 34F2 were grown in sporulation medium as described previously?®. Sporulation
medium consisting of 8 g of nutrient broth, 4 g of yeast extract, 0.001 g of MnCl,-4H,0, 5 g of
peptone, and 15 g of agar in 1 L of ultrapure water (Milli-Q water, Millipore Corp., Bedford,

MA\) was sterilized for 60 min and poured into Petri dishes.

Fresh cultures of B. anthracis 34F2 were obtained by adding 100 pL of spores from a

glycerol stock solution into a flask with 25 mL of sterile nutrient broth (Himedia, Mumbai,
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India). The flask was placed in a water bath at 37 °C and agitated at 200 rpm for 20 hrs. This
culture was used to inoculate plates of sporulation medium using aliquots of 50 pL solution. The
plates were incubated at 37 °C for 4 days to allow vegetative B. anthracis to form spores.
Harvesting of the spores was done in autoclaved ultrapure water, and spores were collected by
centrifugation at 5000 rpm for 20 min. The spores were washed eight times to remove partially
sporulated cells and vegetative bacteria. Washed spores were stored at 4 °C overnight and after
18-20 hrs, two additional washes were done to remove any remaining vegetative cells.
Sporulation was verified through phase contrast microscopy and samples of prepared spores
were considered ready when at least 99% of phase bright spores were observed under the

microscope.

5.3.3 Exposure to Antimicrobial Peptide Chrysophsin-3 and Germination
Treatments

To trigger germination of spores, B. anthracis at a concentration of 10® cells/mL was
exposed to 50 mM L-alanine (Sigma-Aldrich, St. Louis, MO) and/or 5 mM inosine (Sigma-
Aldrich) in 50 mM tris/HCI buffer (pH 8.0), and incubated for 2 hours at 37 °C. To achieve
outgrowth of spores into vegetative B. anthracis, a 1 mL sample of dormant spore solution was
suspended in tryptic soy broth supplemented with 1% yeast extract, and grown for 6 hours at 37
°C with rotation at 18 rpm. Germination was assessed through phase contrast microscopy.
Untreated spores incubated in tris-HCI buffer for 2 hours were used as control. Germinated,
sporulated (untreated), and vegetative B. anthracis were exposed to 0.22 mM of chrysophsin-3
for 1 hour at 37 °C. After exposure to chrysophsin-3, bacteria were washed by centrifugation at

5000 rpm for 5 minutes and resuspended in ultrapure water to stop AMP treatment.
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5.3.4 Viability of B. anthracis after Chrysophsin-3 Treatment

To determine the effects of chrysophsin-3 on spore viability, the treated bacteria solution
was serially diluted and 100 pL of solution was inoculated onto tryptic soy agar plates and
incubated at 37°C for 18 hrs. The number of colony forming units (cfu) on the agar plates was
counted and the experiment was done in triplicates. Control experiments with untreated spores

on agar plates were also performed.

5.3.5 Atomic Force Microscopy
Changes in cellular spring constant and elastic modulus of the spores after treatment with
germinants and/or chrysophsin-3 were investigated using AFM. Droplets of treated B. anthracis

34F2 (5 pL) were deposited onto freshly cleaved mica and dried for 18 hrs.

AFM experiments were carried out with a Dimension 3100 with a Nanoscope llla
controller (Veeco Metrology, Santa Barbara, CA) operated in tapping mode in air to represent B.
anthracis spores found in their natural environment. AFM measurements were taken at 30-35%
relative humidity in air. A single rectangular cantilever with a conical silicon tip having a
specified spring constant of 14 N/m and a resonant frequency of 315 kHz was used for all AFM
measurements (Mikromasch, San Jose, CA). Samples were scanned at a rate of 1.0 Hz, and
topographical images of treated and untreated B. anthracis were obtained. Once a spore was
located, it was centered to ensure that force measurements were taken away from the edges.
Forces were measured on five spores for each treatment, and ten force cycles were recorded per
spore. All force cycles recorded per spore were taken at the same location of the cell to verify
that no deformation of the surface was taking place. AFM images were taken before and after

force measurements to ensure that no damage to the cell had occurred during force
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measurements. The AFM tip was set to stay in contact with the sample for 1 ms before
retracting. The velocity of the tip was set at 2 pm/s with a loading rate of 3 x 10 N/s. To
calibrate the photodetector, force curves were made on freshly cleaved mica free of spores before
any measurements were taken on cells. Data in ASCII format were exported to a spreadsheet and

converted from deflection to force as previously described®.

5.3.6 Spring Constant of B. anthracis 34F2

Cantilever sensitivity was used together with the cantilever spring constant (k;) to convert
raw AFM data into deflection (nm) vs. separation distance (nm) curves (Figure 23). When
bacteria are probed with the AFM tip, the curvature approach profile represents the indentation
of the tip into the spore coat, before the region of constant compliance is reached (linear

response; Figure 23).
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Figure 23. Representative AFM approach curve from a B. anthracis 34F2 cell. The linear region
of the curve on the upper left corner represents the region of constant compliance, which was
used to calculate the spring constant of the cell. The non-linear region between the two black
dots denotes the indentation of the AFM tip into the cell and is used to calculate the Young’s

modulus of B. anthracis.
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Once there is no further indentation of the spore coat by the AFM tip, the linear
cantilever deflection-separation distance relation observed during the force cycle is due to the
spore turgor pressure. The slope of the constant compliance region, which characterizes the

rigidity of the whole spore, is then used to calculate the effective spore spring constant ks by

ks = 4)

where s is the slope of the constant compliance region (Figure 23)*°.

A total of 10 curves were analyzed per spore and the overall mean and standard deviation
(SD) of the sample were calculated based on the ks of 5 cells. Hence, data were collected on a
total of 50 force curves per test condition. A MatLab script was written to analyze all raw data
obtained with the AFM and calculate the spring constant of the spore for all treatments (MatLab

Works Inc., Natick, MA).

5.3.7 Young’'s Modulus of B. anthracis 34F2

The deflection data obtained during force measurements were converted to loading force
vs. indentation data following procedures described previously?®. The tensile Young’s modulus
was obtained by applying the Hertz model of continuum mechanics of contact to the non-linear
portion of the loading force — indentation depth data (Figure 23). The geometry of the AFM tip

was taken into account and it was related to the AFM data by

2 E

Eoone = —tana -— 52 ®)

where a is the half-opening angle of the conical tip used, taken as 40° as specified by the

manufacturer, E is the Young’s modulus of the spore, v is the Poisson ratio of the spore taken as
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0.5%, and & is the indentation depth of the spore. A MatLab script was written to analyze all raw
data obtained with the AFM and calculate the Young’s modulus of the spore for all treatments

(MatLab Works Inc., Natick, MA).

5.3.8 Limitations of Hertz Model

While other mathematical models that describe the elastic response of a substrate after
applying pressure with an AFM tip are available, the Hertz model is a simple and classical way
of describing at a very fundamental level the contact mechanics of an elastic half space (spore)
by a rigid object (AFM tip). Several assumptions need to be met when applying the Hertz model:
the sample being studied needs to be elastic, isotropic, homogeneous, and semi-infinate. While at
the macroscopic level, spores may be considered homogeneous and isotropic, at a microscopic
and nanomolecular level the surface of spores may be completely heterogeneous having physical
properties that differ when measurements are made in different locations of the cell. The
Johnson, Kendall, and Roberts (JKR) model, which is a modification of the Hertz theory, may be
more appropriate when investigating the elastic properties of spores since accounts for the
influence of surface energy. However, this model is more complex and difficult to use. The Hertz
model, while not exact, can provide of a general idea of the properties of spores while they are

undergoing the process of germination.

It is also important to keep in mind the the shape of the AFM probe may change with
usage since prolonged use of the AFM tip may cause the probe to lose its sharpness. If that’s the
case, it is advisable to measure the radius of curvature of the AFM tip and determine if the Hertz
models applies to the date. However, since we used a single brand new conical tip and the AFM

was operating in tapping mode, the Hertz equation for a conical tip could be used.
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5.3.9 Statistical Analysis

Elasticity, spring constant, and viability data were analyzed using the Kruskal-Wallis
one-way analysis of variance (ANOVA) on ranks for repeated measurements. The null
hypothesis tested was that there were no differences in the distribution of values between
different groups. Tukey’s test was used for comparisons between untreated spores and those

treated with chrysophsin-3. A difference was considered significant if P < 0.05.

5.4 Results and Discussion
5.4.1 Spore Viability after Exposure to Chrysophsin-3

Exposure of B. anthracis 34F2 to 0.22 mM chrysophsin-3 resulted in a significant
decrease in surviving spores (Table 3). Without any germinant, the peptide itself killed ~79% of
the spores in their dormant state. Unlike chrysophsin-3, other AMPs, such as E41 subtilin and
nisin, have been shown to promote germination of spores before killing®* *. Similarly, nisin, an
AMP isolated from Lactococcus lactis, does not inhibit germination and instead, germination is
required for the peptide to cause disruption of membrane integrity®®. Initiation of germination

does not have to take place for chrysophsin-3 to act against B. anthracis spores.

Exposure of spores to chrysophsin-3 and germinants resulted in increased killing.
Exposing B. anthracis 34F2 to 50 mM L-alanine or 5 mM inosine for 2 hours before exposure to
chrysophsin-3 resulted in ~84% and ~82% Killing of spores, respectively. Greater killing was
observed when both germinants were used before exposure to the AMP. Over 99% of the spores
were killed after exposure to chrysophsin-3 corresponding to a log-kill of ~2 (number of
surviving spores was reduced by two-log). Killing of germinating spores by other AMPs have

also been observed® . The AMP licochalcone caused the release of calcium from spores and
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the inhibition in spore growth®. Nisin also inhibited the growth of B. anthracis spores at low

concentrations; however, germination was a necessary step for nisin to stop spore growth®.

Table 3. Anti-sporal efficacy of chrysophsin-3 against Bacillus anthracis spores

Number of Surviving

a 0, H b Ki C

Treatment Spores (CFU/mL) Y% Killed Log-Kill
B. an_thracis, no peptide or 7 4% 10° ) )
germinant
B. anthracis + chrysophsin 1.6 x 10° 78.8 0.67
B. anthracis + Inosine 7.2 x 10°
B. anthrac_ls + Inosine + 1.4 x 10° 816 0.74
chrysophsin
B. anthracis + L-alanine 8.2 x 10° 20.04
B. anthrac_is + L-alanine + 12 x 10° 84.3 0.81
chrysophsin
B. ar_lthracis + L-alanine + 26x 10°
Inosine
B. ar_1thracis + L-ala_nine + 54 % 10* 99.3 214
Inosine + chrysophsin
Vegetative B. anthracis 4.5 x 10°
Vegetative B. anthracis + 10 999 586

chrysophsin

& Chrysophsin-3 concentration = 0.22 mM; L-alanine concentration = 50 mM; inosine
concentration =5 mM.

® Against control.
¢ Log-Kill = Log (number of original spores/number of surviving spores)

Not surprisingly, chrysophsin-3 had the most sporicidal effect against vegetative B.
anthracis 34F2. The complete release of spore coats after outgrowth of the spore results in a

vegetative bacterium with a susceptible thin cell membrane. In a previous study, we observed
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that the surface of vegetative B. anthracis had comparable Young’s modulus to that of E. coli,
making the cell an easy target for eradication®® *”. Other AMPs have been effective in the killing
or inactivating vegetative Bacillus sp. spores, such as surfactin and fengycin®, retrocyclin and

human neutrophil peptide-1%, chrysophsin-1 and -2?2, subtilin®, nisin®, and licochalcone A*®.

5.4.2 Effects of Chrysophsin-3 on the Spring Constant of B. anthracis 34F2

B. anthracis in their dormant state are encased in layers of tough protein shells that
protect the spores against environmental factors (Figure 24). By making use of AFM, it has been
possible to understand the roles of spore coats and different proteins, and how these coats change

as the spore is going through the process of germination®” %%

In a previous study, we
characterized morphological changes that occur during the germination and Kkilling of B.
atrophaeus spores, a surrogate of B. anthracis?’. AFM experiments allowed us to characterize

changes in spore surface morphology, cell size, and surface roughness, as the spores were made

to germinate with dodecylamine and L-alanine.

In the present study, AFM was used to quantify the spring constant of B. anthracis
exposed to chrysophsin-3 in three states: sporulated, germinated, and as a vegetative cell. Spring
constants of sporulated or germinated B. anthracis 34F2 did not change after exposure to
chrysophsin-3 (Figure 4; P>0.05). The spring constant of untreated B. anthracis 34F2 remained
the same after exposure to 0.22 mM chrysophsin-3 for 1 hour (6.03 £ 0.23 N/m and 6.03 + 0.24
N/m; respectively). Germination of B. anthracis 34F2 with 50 mM L-alanine resulted in a slight
decrease in cellular spring constant when compared to the sporulated cell (5.76 + 0.22 N/m).
However, this slight change in spring constant was not statistically different (P>0.05). Exposure

of L-alanine-treated B. anthracis to chrysophsin-3 did not cause any changes in spring constant
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and the values remained similar to the untreated L-alanine-germinated spore (5.73 £ 0.29 N/m).
Use of 5 mM inosine as the germinating agent resulted in a lower spring constant (5.07 £ 0.54
N/m) and remained the same after exposure to the AMP (5.19 £ 0.25 N/m). Treatment of B.
anthracis 34F2 with both germinants together resulted in a lower cellular spring constant and the
value remained the same after additional exposure to the peptide (4.70 + 0.49 N/m and 4.71 +

0.51 N/m; respectively).

The values of spring constants of Bacillus spores found in this study are higher than those
reported by other researchers®. The spring constant of B. subtilis has been reported to be ~0.4
N/m*®. However, the cellular spring constant reported by Volle et al. is that of bacteria that were
not in their sporulated form but in their vegetative form, since the cells were not devoid of
nutrients®®. The spring constant of the cantilever used in our study was > 40 times higher than the
one used by Volle et al., which supports the high ks values observed in our study. The cellular
spring constants observed may be due to the thickness and molecular organization of spore coats.
The sporulated form of B. anthracis has low water content, making the cell stiffer and increasing

the spring constant value compared to a vegetative bacterium.

Not surprisingly, the lowest spring constant values were observed on fully germinated B.
anthracis, which were vegetative cells. The spring constant of vegetative B. anthracis 34F2 was
451 = 0.93 N/m (Figure 24). After exposure to the AMP, the spring constant of the cell
increased significantly to 6.24 £ 0.25 N/m (P<0.05). Chrysophsin-3 seemed to only affect the
stiffness of vegetative B. anthracis, and not that of the spores. This may have been due to the
lack of spore coat proteins that would have slowed down or impeded the penetration of the AMP

into the cell.
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Figure 24. Average spring constant of B. anthracis 34F2 as a function of treatment. Spores were
germinated with 50 mM L-alanine and/or 5 mM inosine for 2 hours at 37 °C. After treatment
with germinants, the spores were exposed to 0.22 mM of chrysophsin-3 for 1 hour at 37 °C. Bars
depict the average value of 50 force profiles per condition and standard deviation. The top line
and star connect statistically distinct points (P<0.05) calculated by one way ANOVA on ranks.
The star symbol indicates the condition that is being compared to other treatments.

Fernandes et al. observed that antimicrobial chitooligosaccharides (COS), a chitin
byproduct derived from crustaceans and insects, are more effective against vegetative B. cereus
than sporulated cells®*. The slope of the constant compliance region of AFM curves taken on
vegetative B. cereus changed significantly and became steeper after treatment with the

antimicrobial compound, which indicates an increase in cellular stiffness. However, COS
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treatment on B. cereus spores did not affect the AFM force profile of the spore and stiffness
seemed to remain unchanged®. The penetration of chrysophsin-3 into vegetative B. anthracis
may cause the loss of water content from the cell, which would result in an increase of the

stiffness or spring constant of the cell.

5.4.3 Young’'s Modulus of B. anthracis 34F2 Spores and Germinated Cells after
Exposure to Chrysophsin-3

After applying the Hertz model, we found that chrysophsin-3 did not have an effect on
the Young’s moduli of the spore surfaces in their dormant form or after germination had been
initiated with L-alanine and inosine (Figure 25). The values of the elastic moduli of spores
exposed to chrysophsin-3 were similar to those reported by us in a previous study where no
AMPs were used®®. The highest Young’s modulus was obtained with the dormant spores treated
with 0.22 mM chrysophsin-3 (233 + 158 MPa; Figure 25).

The Young’s modulus decreased significantly after exposure to germinants along with
exposure to the peptide. L-alanine or inosine-treated B. anthracis 34F2 exposed to chrysophsin-3
had an elasticity of 53 + 22 MPa and 70 + 52 MPa; respectively. Treating B. anthracis 34F2 with
both germinants together with the additional exposure to chrysophsin-3 resulted in a similar
elastic modulus (45 = 26 MPa). Comparison of chrysophsin-3-treated spores with untreated
spores from our previous Study26 revealed that the Young’s moduli were not statistically different
from one other, regardless of whether AMP treatment was applied (Figure 25). Chrysophsin-3
does not affect the Young’s moduli of the spores, and the decrease in Young’s moduli observed
in our previous study occur as a result of the degradation of spore coats that takes place during

germination.

110



600

*I( I I I I I I I I
7 907 I I I I I I I I I
= * |
@ 400 - _ ) ¢
E |
g x|
o 300 - *
g 1 *
o 200 A
(@]
@
(]
>
< 100 -
O T T T T T T
& & ¢ & &
& QOQK\ v\é\\ é’é\ & 6°<§\ N
@Q ,(\C\ ‘(\‘\ ‘\6 x
d (SN
€>x ex ex \'Zro\
& & &
& v 8 &
Q X
) Q@
(\\(\
v\'b‘
Treatment

Figure 25. Average elastic modulus of B. anthracis spores as a function of treatment. Spores
were first treated with 50 mM L-alanine and/or 5 mM inosine for 2 hours at 37 °C. After
treatment with germinants, 0.22 mM of chrysophsin-3 was introduced and spores were exposed
to the AMP for an additional hour at 37 °C. Bars depict the average value of 50 spores per
condition and standard deviation. The top line and star connect statistically distinct points
(P<0.05) calculated by Kruskal-Wallis one way ANOVA on ranks with Tukey’s test to make
pairwise comparisons. The star symbol indicates the condition that is being compared to other
treatments.

The mechanisms of action of chrysophsin-3 against B. anthracis spores are not well
understood. Based on our research, it is plausible that the Young’s modulus of the spore is
changing but at levels that are not detectable through AFM. Studies done in our laboratory have
suggested that at low concentrations, chrysophsin-3 prefers insertion into a membrane over
adsorption onto the surface®. In their study, insertion of the peptide into the membrane resulted
in formation of pores and loss of mass from a lipid bilayer membrane*. Pore formation and mass
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loss from the membrane results in the destabilization of the bacterial surface. AMPs such as
magainin, alamethicin, and retrocyclins form pores in lipid membranes that have a diameter of
<10 nm? *. Retrocyclin is a synthetic defensin peptide with a molecular mass of ~25 kDa that
has been shown effective in the killing of vegetative B. anthracis®. Defensins, such as
retrocyclins, form pores (water or ion permeable structures in the membrane) with diameters
estimated at 25 A*.. Since the molecular mass of retrocyclins is ~12 times higher than that of
chrysophsin-3 (~2.2 kDa), the pores formed by chrysophsin-3 may be of a much smaller
diameter. The small diameter pores that may be formed by the peptide may be impossible to be
detected by the AFM tip during the elasticity measurement, since the radius of curvature of the
AFM tip used was > 10 nm (~8 times larger than the diameter of retrocyclin-formed pores).
There have been a number of AFM studies that have reported the formation of pores by AMPs**
- however, these studies have only investigated the effects of AMPs on supported lipid bilayers
instead of whole bacterial cells, or the diameter of the pores were > 10 nm, which would be
larger than any pores formed by a small peptide, such as chrysophsin-3. Therefore, our results
suggest that the Young’s modulus of the B. anthracis spore would be similar for chrysophsin-3-
treated and untreated spores, since the AFM tip would be too large to detect small pores formed

by the AMP.

5.4.4 Elastic Modulus of Vegetative B. anthracis 34F2 after Exposure to
Chrysophsin-3

The elastic modulus of vegetative B. anthracis exposed to chrysophsin-3 was also
investigated (Figure 25). Untreated vegetative B. anthracis 34F2 had the lowest Young’s
modulus (12 + 6 MPa), but increased significantly after exposure to 0.22 mM chrysophsin-3 (84

+17 MPa; P<0.001). A significant difference in the indentation depth was also observed for
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vegetative B. anthracis 34F2 since the value decreased from 246 = 83 nm to 108 = 14 nm after
exposure to the AMP when the tip was traveling at a loading rate of 3 x 10 N/s (Figure 26;
P<0.001). No other significant changes in indentation depths were observed between the

germinant-treated spores and the chrysophsin-3-treated spores.
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Figure 26: Average indentation depth of vegetative B. anthracis 34F2 after chrysophsin-3
treatment. Bars depict the average value of 50 spores per condition and standard deviation. The
top line and star connect statistically distinct points (P<0.05)

The 0.22 mM concentration of chrysophsin-3 may have been high enough to cause
changes in the Young’s modulus of vegetative B. anthracis but too low to cause any changes in
sporulated and germinated cells. The cell surface of vegetative B. anthracis is weaker and more
susceptible to common disinfectants, since the 100 nm coat of proteins that protects the genetic
material in spores is no longer present once the spore has germinated and outgrown into a fully
virulent bacterium®. The cell membrane of B. anthracis 34F2 in their vegetative state is only

composed of a thick peptidoglycan layer (murein sacculus) that protects the cells from
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destructive osmotic changes®. This peptidoglycan layer contains multiple pores of 41A in
diameter that are capable of allowing passage to small molecules, such as retrocyclins®.
Therefore, it is unlikely for vegetative B. anthracis to impede the passage of an even smaller
molecule, such as chrysophsin-3, into the membrane. The passage of chrysophsin-3 into the
membrane of vegetative B. anthracis may result in destabilization of the membrane due to the
formation of multiple pores that will cause the loss of cellular content from B. anthracis. Lysis of
vegetative bacteria and loss of water content would result in dehydration and hardening of the

cell.

5.4.5 Morphological Changes of B. anthracis 34F2 after Chrysophsin-3
Treatment

Since the AMP only caused significant changes in the Young’s modulus and spring
constants of vegetative B. anthracis, the morphology of B. anthracis 34F2 cells was
characterized using AFM (Figure 27). Untreated vegetative B. anthracis 34F2 had an elongated
shape typical of vegetative bacteria and were found in chains of three or four cells. Vegetative B.
anthracis cells varied in size and bacteria as long as 7 um were observed (Figure 27A).
Treatment of vegetative B. anthracis 34F2 with chrysophsin-3 resulted in lysis of the bacteria
(Figure 27B). After an hour of treatment with the AMP, bacteria appeared to have lost cellular
material and possibly water content, mostly around the edges, and were found with an irregular
cell surface. Lysis of B. anthracis was observed and was characterized by what seemed like
intracellular material being lost from the cells and cell debris that spread out around the edges of
the cells and over the mica surface, as it has been previously observed in other AFM studies on

E. coli lysis with sodium deoxycholate**.
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Figure 27. AFM amplitude images of B. anthracis Sterne before (A) and after (B)
exposure to 0.22 mM chrysophsin-3 for 1 hour at 37 °C. Imaging was done in tapping mode in
air. Scan size: 10 um x 10 pm.

While it is not completely clear how the AMP penetrates the spore coats, our results show
that chrysophsin-3 may be a suitable candidate for the eradication of threatening spores, since
germination, complete removal of spore coats, and expression of toxins are not required to allow

passage of the peptide into the spore. The layers of proteins surrounding the spore coat of
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Bacillus sp. (exosporium, spore coat, and the cortex) are composed of lipoproteins, hydrophobic
ceratin, and peptidoglycan®. Huang et al. proposed that amphiphilic AMPs can bind with
lipoprotein allowing a gradual internalization of the peptide into the spore®*. Perhaps a similar

mechanism of action takes place with chrysophsin-3.

5.5 Conclusions

Chrysophsin-3 may be a suitable candidate for the eradication of sporulated, germinated,
and vegetative B. anthracis spores. The net positive charge of the peptide, along with its
amphipathic properties, allows chrysophsin-3 to interact more strongly with microbial surfaces.
While the mechanism of action of chrysophsin-3 against spores is not well understood, our study
shows that the peptide is capable of penetrating the spore coat and killing B. anthracis. This
killing may be due to the possible interaction of chrysophsin-3 with the lipoprotein found on
spore coats, resulting in formation of pores with subsequent passage of the peptide. The
interaction of chrysophsin-3 with spore coat proteins may cause a destabilization of the
membrane, causing lysis of the cell due to loss of water content and other genetic material. This
is the first study to conclusively demonstrate that AMPs have efficacy against B. anthracis in
various states: sporulated, germinated and vegetative bacteria.
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Chapter 6

Role of Ger operons in germination of Bacillus anthracis spores
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6.1 Abstract

Germination of Bacillus anthracis is stimulated when receptors located in the inner
membrane of spores are activated by amino acids and purine ribonucleoside germinants. The
GerH and GerS germinant receptors play a role in germination inside macrophages, but their
roles on germination of B. anthracis spores are not well understood. We investigated the role of
the GerH and GerS receptor on germination of B. anthracis spores after exposure to 50 mM L-
alanine and 5 mM inosine. The parental B. anthracis Sterne 34F2, which expresses all five
receptors, mutant strains gerH™ and gerS*, which express only the GerH and GerS receptor,
respectively, and the mutant ger,,, which lacks all five receptors, were incubated in the
germinants for up to one hour at 37 °C. Germination of spores was studied by the loss of optical
density of spores in solution at 600 nm and changes in spore refractility through phase
microscopy. The presence of the GerH receptor in B. anthracis was sufficient to elicit
germination responses similar to the parental B. anthracis 34F2 strain. However, the gerS™ strain
failed to have a full germination response in L-alanine and inosine solutions. A weak but
detectable germination response of the gery, strain was observed suggesting that other
mechanisms of germination may exist in B. anthracis spores. The results of this study provide
information on the roles of individual receptors of B. anthracis spores, which may be used to
develop anti-sporal compounds that target individual receptors that prevent germination of

spores and development of anthrax infections.

6.2 Introduction
Bacillus anthracis is a Gram-positive bacterium that is capable of undergoing sporulation
under conditions of nutrient deprivation®. During sporulation, the bacterium synthesizes polymer

layers and protein coats that surround the spore’s genetic material and inhibit the passage of
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decontaminating agents into the spore core” . B. anthracis spores do not divide, have no
measurable metabolism, and are resistant to chemical and environmental factors including heat,
radiation, desiccation, and common disenfectants'. Once the spores come into contact with
nutrients, such as those found in a mammalian host, they can germinate and outgrow into the
vegetative (virulent) state”. The rapid conversion from a spore into vegetative bacteria, allow the
cells to multiply, release toxins into the host, and spread rapidly, resulting in an anthrax
infection’. Due to its ability to remain viable in a sporulated state for years, along with its ability
to regain metabolic activity in a very short time, B. anthracis spores have become a concern

during bioterrorism attacks.

The current theory of spore inactivation assumes that germination must occur before
spores can be killed by anti-sporal agents®. Germination of B. anthracis spores is triggered by
nutrients such as amino acids and purine nucleosides that interact with germinant receptors
located in the inner membrane of the spore®. During germination, the spore releases monovalent
cations, Ca®*, and dipicolinic adic (DPA), while water molecules enter and start hydrating the
cell®. Water uptake causes swelling of the spore core and the activation of cortex lytic enzymes
that hydrolyze the peptidoglycan cortex. Resumption of metabolism follows in the outgrowth

phase and macromolecular synthesis converts the spore into a virulent vegetative bacterium?.

The amino acid L-alanine triggers germination of several Bacillus species including B.
subtilis, B. cereus, B. anthracis, and B. atrophaeus’®. To trigger germination of B. anthracis,
studies have observed that L-alanine-induced germination can only occur if the amino acid is
present at very high concentrations (100 mM)°. Though physiological levels of L-alanine are
subgerminant for B. anthracis, L-alanine can serve as a primary germinant with a separate amino

acid or purine ribonucleoside functioning as cogerminant. Inosine is a purine ribonucleoside that
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is a potent germinant at low concentrations'. Inosine paired with a variety of L-isomer amino

acids, such as L-alanine, induce a greater germination response in B. anthracis spores® .

Research has suggested that germination of spores is dependent upon the binding of
germinants to germinant receptors located in the inner membrane of spores™. Activation of these
receptors results in the initiation of complex processes where intracellular protease and
extracellular hydrolases are activated to facilitate the conversion from spore to the vegetative
form®®. Five germinant receptors in B. anthracis have been found to play a role in triggering
germination of spores. These receptors are encoded by the tricistronic operons gerH, gerK, gerL,
gerS and gerX*!. Only a few studies have investigated the role of germinant receptors on spore
germination> ** 3. The gerS and gerH receptors have been shown to be necessary for spores to

13 In vitro studies showed that B. anthracis strains

germinate in murine macrophages
expressing only the gerS operon were capable of only germinating ~50% of the spores with L-
alanine'’. These results suggest that gerS and gerH may not be the only receptors necessary to

initiate germination and other receptors may work in concert to achieve germination of spores.

As the infective particle for the initiation of an anthrax infection is the spore, it is
important to identify the roles of germinant receptors that trigger the breakdown of spore
dormancy. In the present study, we investigated the role of the gerH and gerS receptor on
germination of B. anthracis Sterne by measuring the loss of optical density during the initiation
of germination. In addition, we tested the role of these germinant receptors on spore
susceptibility to surfactants, such as dodecylamine, which has been shown to have anti-sporal
activities*. Our results were compared with germination measurements taken on a B. anthracis
mutant that lacked all five germinant receptors. Our results suggest that multiple signals may be

required to break dormancy in B. anthracis.
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6.3 Materials and Methods
6.3.1 Bacterial Strains and Spore Preparation

Bacillus anthracis Sterne spores used in this study are listed in Table 4. The parental B.
anthracis Sterne 34F2 strain was kindly provided by the Edgewood Chemical Biological Center,
Edgewood, Maryland. The Sterne strain is a low virulence strain that lacks the extra
chromosomal plasmid pX02, responsible for the development of the bacterial capsule. However,
it contains the pXO1 extra chromosomal plasmid, which is responsible for the expression of
virulence factors™. The B. anthracis mutants gerS*, gerH", and gern.; were kindly provided by
Dr. Philip C. Hanna (University of Michigan Medical School, Ann Arbor, MI). The B. anthracis
mutants were characterized by having one of the five triscistronic operons found in B. anthracis
Sterne (gerS, gerH, gerK, gerL, and gerX). These mutants were created by performing allelic
exchange sequentially, knocking out the appropriate ger allele!’. For example, the gerS* strain
retained the complete gerS operon but contained the deleted forms of the other four operons. The
gernun Strain was constructed by knocking out all 5 ger alleles, resulting in a strain lacking all

five germinant receptors encoded by the ger gene.

Strains were grown on plates of sporulation media as described previously*®. Sporulation
media consisting of 8 g nutrient broth, 4 g yeast extract, 0.001 g MnCI,4H,0, 5 g of peptone and
15 g of agar in 1 L of ultrapure water (Milli-Q water, Millipore Corp. Bedford, MA) was
maintained at a pH of 7.2 and sterilized. B. anthracis plated on sporulation media were incubated
at 37 °C for 4-5 days. Spores were collected by centrifugation at 5000 rpm for 20 minutes at 4 °C
and resuspended in ultrapure water. The cells were washed eight times to separate spores from

partially sporulated cells. The washed spores were kept overnight at 4 °C and washed again until
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99% of sporulated cells (phase-bright spores) were observed through phase contrast microscopy

(Nikon Eclipse E400, Tokyo, Japan).

Table 4. Bacillus anthracis strains used in this study

Strain ~ Mutant Name Characteristics® Reference
34F, - Wild-type (pXO1*, PX02) Pinzon-Arango et al. 2010
SL115 gerH* 34F,, AgerK AgerL AgerS AgerX Carr et al. 2010
SL118 gerS” 34F,, AgerH AgerK AgerL AgerX Carr et al. 2010
SL120 gernun 34F,, AgerH AgerK AgerL AgerX AgerS Carr et al. 2010

& Mutant construction was achieved through markerless deletions of nearly the entire tricistronic
germinant receptor operon (Carr et al., 2010)

6.3.2 Spore Germination Rates and Optical Density Measurements

Spore germination was monitored spectrophotometrically where the loss of light
diffraction followed by the addition of germinants was reflected by a decrease in optical density
(OD) at 600 nm. To trigger germination, spores were heat activated for 30 min at 65 °C before
resuspension in a germinating buffer consisting of 50 mM L-alanine and 5 mM inosine in 50 mM
tris/HCI buffer (pH 8.0). To test for spontaneous germination of spores, B. anthracis strains were
also exposed to 50 mM tris/HCI without germinants. Spore solutions were mixed at 18 rpm at 37
°C and the optical density was monitored for 4 hrs. Spore germination was evaluated based on
the decrease in ODgyo at 37 °C. The germination extent at each time point was expressed as a
fraction of the actual OD divided by the OD at the beginning of germination (time O min).
Relative OD values were plotted against time and germination rates were calculated as the slope
of the linear portion following the lag phase of relative OD values over time. Every experiment

was carried out in triplicates.
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6.3.3 Phase Contrast Microscopy of Spore Suspensions

Germination of spores is associated with a loss of phase brightness or refractility caused
by hydration of all internal structural compartments, resulting in a phase dark spore when
observed under phase contrast microscopy'’. Changes in phase or loss of light refraction of
spores were evaluated by resuspending B. anthracis spores at a concentration of 10° spores/mL
in a 50 mM L-alanine and 5 mM inosine solution in 50 mM tris/HCI. The solution was vortexed
for 15 seconds to mix the germinants and spores and 5 pL of spore solution was transferred onto
a glass microscope slide. The drop was covered with a 22 x 22 mm? coverslip and sealed with
nail polish to avoid dehydration. The slides were imaged under phase-contrast microcopy (Nikon
Eclipse E400, Tokyo, Japan). Groups of single spores that were attached to the underside of the
cover slip were chosen for analysis. All spores were in a well defined local plane and
immobilized. Images were taken every 10 minutes for one hour (SPOT 4.6 Advanced Software,
Diganostic Instruments, MI). The camera was operated with manual gain and an exposure time
of one second. Images were obtained at a magnification of 1000x under oil immersion. The
percentages of dark-phase and bright-phase spores were determined for every strain at various

time points.

6.3.4 Susceptibility of B. anthracis Spores to Dodecylamine

A solution of B. anthracis spores at 10® spores/mL was centrifuged and resuspended in 1
mM dodecylamine (DDA, Sigma-Aldrich, St. Louis, MO). Spores were incubated at 37 °C for 60
minutes at 18 rpm. After treatment, the spores were washed by centrifugation for 10 minutes at
1000 rpm and resuspended in 50 mM tris/HCI. Spore solution was serially diluted and a 100 pL

of solution was inoculated onto tryptic soy agar plates and incubated at 37°C for 24 hrs. The
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number of surviving B. anthracis or colony forming units (CFU) on the agar plates was

determined. Untreated spores served as control.

6.3.5 Verification of B. anthracis Retention of Mutation after Germination

Assays

The retention of mutation following germination assays was verified for B. anthracis
gernun through a protein chain reaction (PCR) method to ensure that the deletions of the Ger
operons were permanent and no mutation had occurred during experiments. Diagnostic primers
to test knockout genes in B. anthracis mutants were obtained from Eurofins mwg/operon
(Huntsville, AL). The primers were 25 amino acids long (Table 5) and were reconstituted

according to the manufacturer’s specifications using ultrapure water.

Table 5. Sequence of diagnostic primers to test knockouts

Knockout Primers

Operon Sequence Primer 5’ Sequence Primer 3’
gerH GCATACGAGCTACATCAAGAAATGT GAGTATTTGTCACAGGATGTCCGAA
gerK TAAATATATATGATATAAAGCTGGA GGCGATACAGAATGAATAGATTGAT
gerL TCGGATCGACAAGTGGCAAAAGTAG CGGCTTTATTCTAGCTGCGTTCATT
gerS TGCTTCTTTCGCACGAGTAGAATTA TTAATGTATGACCGTGAAGCGAAAT
gerX CTGGAATCAAACTTGCAAAACAAAA CCTGAACATTCAATGATTGTGAAAA

To extract DNA from spores, a fresh plate of the B. anthracis ger,y strain was prepared
and left to incubate overnight. A small portion of a small colony was picked up from the plate

and placed in a PCR tube with 20 pL of ultrapure water. The tube was vortexed for 10 seconds at
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~13,000 rpm and incubated at 99 °C for 10 minutes. After incubation, the lysed spores were kept

on ice and 0.5 pL of solution was used as a template for PCR reactions.

In order to extend primers and amplify genes, a master mixture was prepared in a PCR
tube consisting or 10 pL of 10X standard buffer, 10 pL of 2.5 mM DNTPs (free floating
nucleotides), 1.5 yL of enzyme, 75 pL of ultrapure water, and 2.5 puL of template or lysed
spores. The mixed solution was split in 5 different tubes, corresponding to 5 operons, and 0.5 pL
of the reverse and forward primer of each operon (Table 5) was added to each tube. The tubes
were placed in the PCR instrument for amplification of genes (DNA Engine Dyad Peltier
Thermal Cycler, Bio-Rad Laboratories, Inc, Hercules, CA) and an annealing temperature of 46
°C was set with a total of 35 cycles. The reaction was left running for ~2.5 hours. After

completion of the extension of primers the samples were run using a 1% agarose gel.

6.4 Results
6.4.1 Germination Rates and Phase Contrast Microscopy of B. anthracis

B. anthracis 34F2 (spores containing all five germinant receptors) exhibited a strong
germination response when exposed to a 50 mM L-alanine and 5 mM inosine mixture (Figure
28). Within 20 minutes of exposure to germinants, the optical density of the wild-type B.
anthracis 34F2 strain decreased considerably by 30.5 + 2.8% and the spores germinated at a rate
of 1.135% OD loss/min. After an hour of exposure to the germinants, the optical density of B.
anthracis 34F2 spores dropped ~40%. Surprisingly, the gerH™ mutant exhibited a germination
profile where there was a greater loss in optical density than the one observed with the wild-type
strain. After 20 minutes of exposure to the alanine/inosine mixture, the average percent loss of

optical density in the spore solution reached 40.2 + 6.0%. Mutant spores of the gerH™ genotype
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germinated at a rate of 1.57% OD loss/min, which was significantly higher than the rate of

germination of wild-type spores.

The B. anthracis gerS™ strain exhibited some level of germination after exposure to L-
alanine and inosine. After 20 minutes of exposure to germinants, the optical density of the gerS*
strain decreased by 22.8 + 2.9% and after an hour of exposure, the level of germination remained
similar with only 27.1 + 2.0% total loss in optical density. The gerS* strain germinated at a rate
of 0.82% OD loss/min, which was significantly lower than the germination rate observed for the
B. anthracis 34F2 strain (P<0.05). While the B. anthracis gerny strain lacks all five germinant
receptors, the mutant strain showed a level of germination that was similar to the gerS™ strain
(Figure 28). The mutant gern, showed a decrease in optical density of 26.6 £ 1.9% in under 20
minutes of exposure to germinants. After an hour of being in the presence of L-alanine and
inosine, the optical density of the spores had decreased by 36.9 + 3.5% and the maximum

germination rate that was observed was 0.88% OD loss/min.

Spores that were not exposed to germinants were phase bright and appeared to have a
strong halo around the perimeter of the spore. After the addition on germinants, the process of
germination took place almost instantly and delays in preparation of microscopy slides resulted
in a few spores being phase dark at time 0 min (Figure 29). Addition of germinants resulted in
the loss of refractility and phase brightness. After 60 minutes of exposure to L-alanine and
inosine, more than half of the wild-type B. anthracis 34F2 spores had become phase dark. Phase
dark germinating B. anthracis appeared to be swollen compared to the phase bright spores

(Figure 29).
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Figure 28. Germination kinetics for B. anthracis 34F2 and its mutants in 50 mM L-alanine and 5
mM inosine for 1 hour at 37 °C. Relative OD measured at 600 nm. The mean of triplicate
experiments with standard deviation is shown.

Similarly to the response in the germination Kinetic studies, the gerH™ strain mirrored the
behavior of B. anthracis 34F2 in phase contrast microscopy experiments. The gerH™ mutant had
a comparable number of germinating spores (phase dark) after exposure to germinants when
compared to the wild-type B. anthracis 34F2. After 60 minutes of exposure, ~56% of spores
became phase dark, which was not significantly different from the number of phase dark B.
anthracis 34F2 spores (P > 0.05). The gerS™ and gern; strains showed slower responses in phase
dark conversion compared to the B. anthracis 34F2 and the gerH™ strains. After an hour of
exposure to L-alanine and inosine, only 30% of gerS™ and 31% of ger,. spores became phase-

dark.
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Figure 29. Time lapse phase contrast microscopy images of the response of B. anthracis Sterne
34F2 and its mutants to 50 mM L-alanine and 5 mM inosine. Magnification: 1000x.

6.4.2 Viability of B. anthracis after Exposure to Dodecylamine

Exposure of B. anthracis wild-type and mutant strains to 1 mM dodecylamine (DDA)
resulted in a significant decrease in surviving spores (Table 6). While lower concentrations of
DDA have been shown to induce germination of spores'® 8, 1 mM DDA killed over 99% of

spores, whether they had all or none of the germinant receptors.
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Table 6. Number of B. anthracis spores surviving after treatment with 1 mM DDA
(CFU/mL)

B. anthracis B. anthracis B. anthracis B. anthracis ger-
34F2 gerH+ gerS+ null
Untreated 7 6 7 6
1.26 x 10 8.15x 10 2.02x 10 9.75x 10
(CFUImL) X X X X
Treatedb 4 4 3 3
4.1x10 1.5x10 5x10 4.8x10
(CFUImL) X X X X
Percent Killed 99.67 99.8 99.9 99.9
Log-kill? 2.48 2.73 3.61 3.31

#Log-kill = Log(Number of original spores/Number of surviving spores)
b Spores treated with 1 mM DDA

A log-kill of 2.48 (a decrease of surviving spores by 2.48 log) was observed after
treatment of the wild-type B. anthracis spores with 1 mM DDA. A similar response was
observed with the gerH™ strain since a 2.73 log-kill was achieved after exposure to the
surfactant. A much more significant killing response was observed with the gerS™ and the geryy
strains. Exposure of gerS™ and gern, mutants to 1 mM DDA resulted in a 3.61 and a 3.31 log-

kill, respectively.

6.4.3 Retention of B. anthracis Genotype after Germination Experiments

After observing a significant germination response from the gerny strain with exposure to
L-alanine and inosine, the retention of the deletion of the Ger genes was verified through a PCR
assay. A ~1.2 kb band was observed when checking for the presence of all five receptor operons,
suggesting that the mutated B. anthracis strain retained the markerless deletion of nearly the

entire five operons (Figure 30).
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Figure 30. Verification of the gerny genotype. PCR was performed using the primers listed on
Table 2. Letters denote the germinant receptor being tested.

6.5 Discussion
6.5.1 Killing of B. anthracis Spores

While deactivation of spores is thought to be possible with initiation of germination, our
previous study suggested that B. anthracis spores can be killed effectively if they are exposed to
high concentrations of antimicrobial peptides®®. Better killing activities were observed after
germinated spores were exposed to the peptide; however, our research suggested that

germination was not a necessary step to deactivate B. anthracis spores™.

In this study we observed that all B. anthracis strains where susceptible to DDA since
more than 99% of spores were killed in one hour. Previous research has observed spore killing
with DDA, B. megaterium spores exposed to 10° M DDA were killed after 3 minutes of
incubation?®. Over 99% of B. atrophaeus were killed in 5 minutes with 1 mM DDA. In this

study , we also observed that DDA killed B. anthracis mutants more effectively than the wild-
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type B. anthracis 34F2. The gerS" strain was the most susceptible strain to the surfactant
dodecylamine (Table 6). While no research has linked spore viability with germinant receptors,
our study shows that spores that express only the GerS receptor are more susceptible to killing
than spores expressing all five germinant receptors or than spores expressing the GerH receptor.
Interactions between killing compounds and germinant receptors may take place. However,

further research is needed to establish a role between spore viability and germinant receptors.

6.5.2 GerH Receptor on B. anthracis

Germination of B. anthracis spores requires that the germinants pass through the outer
layers of the spore in order to interact with the receptor proteins of the GerA-like family in the
inner membrane of B. anthracis. Differences found between the B. anthracis Sterne strain and
the gerH™ strain in germination assays establish the role of the GerH receptor in B. anthracis
germination with commonly used germinants including L-alanine and inosine. Unlike other
studies where the expression of the GerH receptor has been compromised, leaving the other four
germinant receptors functional®, the mutant strains used in this study contained only one
receptor. Investigating the role of one germinant receptor at the time prevents us from

misinterpreting germination data that may occur by two or more receptors acting in concert.

In previous studies, the gerH™ strain exhibited wild-type colony forming efficiency and
the germination profile mirrored the germination of wild-type spores when both strains were
exposed to 0.5 mM L-alanine and 1 mM inosine*’. In our experiments, we increased the
concentration to 50 mM L-alanine and 5 mM inosine since studies have observed that maximum
germination rates are reached at these concentrations'®. The increase in germinant concentrations
resulted in a germination response from the gerH™ strain that initially mimicked the germination

of B. anthracis 34F2. However, after 10 minutes of exposure to the germinants, the gerH™ strain
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germinated more rapidly than the parental Sterne 34F2 strain since there was a significantly
higher percentage of OD loss within a specific incubation time (Figure 28). Carr et al. also
reported a higher percentage of OD loss during germination of the gerH™ strain compared to the
parental strain expressing all receptors’’. After 30 minutes of exposure to germinants, they
observed that the germination or loss of OD of gerH™ differed by 6% compared to the B.
anthracis 34F2 strain. Our germination studies indicated that 30 minutes of incubation with a
higher concentration of germinants resulted in a significant difference of 12% OD loss in the
gerH™ strain compared to the parental strain (P<0.05). This enhancement of germination
response by the gerH™ strain suggests that activation of the GerH receptor is highly dependent on

the concentrations of inosine and L-alanine.

Previous research has shown that the GerH receptor is activated by purine-nucleosides
accompanied by a variety of amino acids®* %%, Inosine alone is unable to germinate B. anthracis
spores, but accompanied by L-alanine it acts as a potent cogerminant®'. Therefore, it has been
suggested that the GerH receptor is required for inosine-dependent responses and plays a major
role in the amino acid and inosine dependent pathway-1'" 2. Other studies have also observed
that L-alanine or inosine binding to receptors increase with increasing concentrations of the
germinants’. Our results suggest that optimal activation of the GerH receptor is dependent on the
cooperation between L-alanine and inosine molecules during binding. Our results suggest that as
long as inosine and another germinant is present in the media, the presence of the GerH receptor
alone may be sufficient to trigger a full germination response of spores, since the gerH™ strain

had a comparable response to the wild-type B. anthracis 34F2 spores.
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6.5.3 GerS Receptor on B. anthracis

The gerS™ strain exhibited some level of germination after exposure to L-alanine and
inosine but at a much lower rate when compared to the germination of the wild-type B. anthracis
34F2 strain (Figure 28 and 29). The GerS receptor recognizes inosine and amino acids that are at
least partially aromatic®. Activation of the GerS receptor is achieved by interactions with inosine
and other amino acids including tryptophan, histidine, tyrosine, and proline®. Since the amino
acid L-alanine is not an aromatic compound, it is not surprising to observe the low germination
response of the gerS™ strain to the germinants in our studies. In addition, germinant receptor
proteins have been localized to the inner membrane of the spore at very low levels
(approximately 24 — 40 receptors per spore)®. Having few receptors that are not fully activated
because of their inability to react to L-alanine molecules would result in low germination levels.
Since previous studies have shown that inosine alone is unable to trigger germination of B.
anthracis spores®, our results suggest that germination of spores may involve synergy between
receptors of B. anthracis spores, and that the presence of more than one receptor is required to
achieve wild-type germination levels. Complete germination of the gerS™ strain may require the
additional presence of other receptors, such as the GerH receptor, since this receptor recognizes
L-alanine and the germination kinetics of the gerH™ strain were similar to the germination of
wild-type B. anthracis 34F2. Previous studies have observed that the presence of the GerS
receptor is important but not sufficient for germination in the presence of a variety of
germinants™. In the same study, the gerS* strain failed to cause a rapid onset of disease in mice
after subcutaneous inoculation when compared to the wild-type strain, since the gerS™ strain was

highly attenuated with LDs, values about 30-fold greater than wild-type!. This suggests that the
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gerS™ strain may have a lower response to germinants or more time may be required to achieve

full germination of spores.

6.5.4 Germination of B. antrhacis gernui

Our experiments revealed that germinant receptors were not the only means for B.
anthracis spores to initiate germination after exposure to L-alanine and inosine. The ger, strain,
which lacks all five germinant receptors of the GerA-like family, exhibited germination that was
comparable to the germination profile of the gerS™ strain (Figure 28 and 29). Since our results

with the ger,y; strain differed from those reported by Carr et al.**

, our experiments were repeated
in triplicate and at least two separate spore preparations were used. Our germination assays
revealed that gerny indeed exhibits low levels of germination when exposed to 50 mM L-alanine
and 5 mM inosine. To verify the genotype of our ger, strain, the retention of the deletion of the

five Ger genes was verified through a PCR assay. Our PCR results revealed that the gerpy strain

used for our germination assays lacked all Ger germinant receptors (Figure 30).

Previous research has suggested that variation in sporulation methods can change the
properties of spores?* %. Changes in sporulation medium composition affects the transcription of
ger operons and germination responses in B. subtilis spores?®. Changes in sporulation
temperature of B. cereus spores, a close relative of B. anthracis, resulted in spores that were
more resistant to the initiation of germination and inactivation by hydrostatic pressure®’. Spores
prepared in liquid were more susceptible that those prepared on plates®*. Spore resistance to wet
heat and hydrogen peroxide was altered by sporulation temperature?®. The differences in our
gernun results and those observed by Carr et al., may be due to differences in spore preparation
methods. Carr et al. prepared their spores using a liquid method™, while we prepared our spores

using a solid method in which B. anthracis are plated on nutritionally deprived media for 4 to 5
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days. The germination response observed in the gerny Strain suggests that germination properties
may be changed by making adjustments to sporulation methods. In addition, the concentration
of germinants used in our study was higher than the concentration used by Carr et al. High
concentrations of germinants may induce germination responses in B. anthracis strains that lack

Ger receptors.

Previous studies have reported that spores of Clostridium bifermentans germinate in the
presense of L-alanine, L-phenylalanine and L-lactate, without the presence of germinant
receptors®. Germination of B subtilis that lacks all Ger receptors has been observed after
exposure to peptidoglycan degradation products®®. This suggests that the presence of Ger
receptors may not be needed in B. anthracis with ideal concentrations of germinants or specific

germinants.

Our results suggest that the Ger receptors may be needed to achieve full germination of
spores but are not essential to initiate germination. In our studies, B. anthracis ger,,i may have
germinated with L-alanine and inosine due to a combination of i) changes of sporulation
methods, which can affect spore properties and germination responses; ii) activation of non-Ger
specific pathways after exposure to L-alanine and inosine; iii) differences in concentrations of L-
alanine and inosine present in the media; and iv) activation of a non-receptor mediated pathway.
However, further research is needed to understand any possible non-receptor mediated pathways

that may play a role in germination of B. anthracis.

6.6 Conclusions
Knowledge of the roles of specific germinant receptors on B. anthracis allows further

mechanistic studies of germination of spores and provides fundamental information for the
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development of compounds useful for blocking the germination of spores responsible for anthrax
infections. The goal of this study was to provide additional information of the germinant
receptors GerH and GerS in B. anthracis and to characterize their involvement in germination
with L-alanine and inosine acting as germinants. The GerH receptor in B. anthracis is sufficient
to stimulate L-alanine and inosine germination responses in B. anthracis since germination
profiles of our gerH™ strain mirrored the germination of the parental strain B. anthracis 34F2. In
addition, based on the lack of germination response by the gerS™ strain, our studies suggest that
the presence of more than one receptor may be needed to achieve wild-type-like germination
responses if L-alanine is used as a germinant. The interaction of L-alanine and inosine with the
Ger family of receptors may not be the only mechanism of germination in B. anthracis spores,

since the gerny strain germinated.
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Chapter 7

Role of germinant receptors of Bacillus anthracis on invasion and
cytokine response
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7.1 Abstract

During the development of an anthrax infection, Bacillus anthracis spores are
phagocytosed by macrophages and transported to regional lymph nodes where spores germinate
and become virulent bacteria. The Ger-family of operons in B. anthracis is believed to be
responsible for the germination of B. anthracis spores. However, the role of these receptors on
virulence and innate immune responses of murine macrophages is poorly understood. We
investigated the role of the GerH and GerS receptor on invasion of macrophages and virulence of
B. anthracis spores. Macrophages were infected with the wild-type B. anthracis 34F2 strain, the
gerH™ and gerS™strains, which only express GerH or GerS, respectively, and ger,y; spores that
do not express any germinant receptors. Germination and growth of B. anthracis inside
macrophages and the ability of spore mutants to elicit a cytokine response from macrophages
were determined. B. anthracis 34F2 and the gerH™ strains interacted strongly with macrophages
since these strains germinated and lysed macrophages with time post-infection. The gerS* and
ger,un mutants were phagocytosed by macrophages but failed to germinate and lyse phagocytes.
However, all strains elicited a strong cytokine response suggesting that cytokine expression is
not only due to toxins being released by vegetative B. anthracis, as it was first thought, but also
by macrophage-spore interactions. In this study, we provided evidence of the importance of B.

anthracis germinant receptors on an acute cytokine response after infection of macrophages.

7.2 Introduction
Bacillus anthracis is a virulent bacterium that in the absence of nutrients is capable of
forming spores, becoming extremely resistant to adverse environmental conditions®. While in

their dormant state, spores continuously monitor their environment so they can germinate when
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nutrients are available. Germination enables B. anthracis to proliferate, synthesize their virulence

factors, and disseminate within the host?.

During an anthrax infection, B. anthracis spores are phagocytosed by macrophages and
transported to regional lymph nodes®. Following phagocytosis of spores, B. anthracis
germinates, multiplies, and releases toxins within the phagocytes that result in lysis of the

macrophage®™ * °.

Consequentially, vegetative B. anthracis multiply within lymph nodes and
gain entry into the blood-stream, resulting in development of severe septicemia®. The rapid
progression of the disease and the difficulties in prompt diagnosis of anthrax infections, have

made B. anthracis a bioweapon”®.

Previous research has suggested that germination of B. anthracis spores is dependent
upon the binding of nutrients to germinant receptors located in the inner membrane of spores®. A
GerA-like family of germinant receptors has been found in B. anthracis, which are encoded by
tricistronic operons containing three protein-coding genes (A, B, and C subunits)™®. The gerH,
gerS, gerL, gerK, and gerX operons play a role in B. anthracis germination and each operon or
receptor responds differently to each germinant'* *2. For instance, the GerS receptor is activated

1112 Fjve distinct

by inosine and aromatic amino acids, but responds weakly to L-alanine
germination pathways have been recognized where synergy between germinant receptors has
been observed'®. Some studies have shown that the gerH and gerS operons are necessary for
spores to germinate inside murine macrophages™ **. However, these studies investigated spore
germination by measuring the amount of *°Ca released from prelabeled spores after exposure to

macrophages*> **. To our knowledge, no studies have investigated how B. anthracis expressing

one of these two receptors affect macrophage invasion by directly quantifying the number of
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spores that are phagocytosed by macrophages, and quantifying differences in germination

kinetics.

During germination, B. anthracis produce and synthesize two toxins that are encoded by
the pXO1 plasmid of the bacterium, lethal toxin (LeTx) and edema toxin (EdTx)°. Expression of
these two toxins results in the release of edema factor (EF) and lethal factor (LF) into the cytosol
of macrophages causing the disruption of normal macrophage physiology and cell death’®. The
effects of B. anthracis spores and isolated EdTx and LeTx on virulence of macrophages have
been investigated by measuring the expression of cytokines released by macrophages after
exposure to spores and toxins'® . Sublytic levels of LeTx triggers the production of tumor
necrosis factor alpha (TNF-o) and interleukin-1B (IL-1B)°. Macrophages infected with a B.
anthracis strain that produced toxins but did not express a capsule, caused the expression of
significant levels of TNF-a and IL-12, which play an important role in the activation of
inflammatory pathways and cellular recruitment'®. B. anthracis spores at a low multiplicity of
infection (spore-macrophage ratio) elicited an early cytokine mRNA response in primary
macrophages*®.While studies have observed that macrophages release cytokines after exposure
to B. anthracis, other contradicting studies have suggested that LeTx inhibits cytokine responses
to lipopolysaccharide (LPS)*" *°. Although there have been conflicting studies regarding the
cytokine response elicited by B. anthracis, no study has investigated whether the expression of

cytokines are affected by the presence of spore germinant receptors.

In the present study, we investigated the role of the germinant receptors GerH and GerS
on the invasion of murine macrophages and cytokine expression. In addition, we test the ability
of a mutant B. anthracis strain that lacks all Ger receptors to invade, and grow inside

macrophages. Our results suggest that deletion of germinant receptors affects phagocytosis of B.
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anthracis by murine macrophages and the expression of cell-signaling proteins that play an

important role in immune responses and in anthrax pathogenesis.

7.3 Materials and Methods
7.3.1 Bacillus anthracis Strains and Spore Preparation

B. anthracis Sterne spores and mutants used in this study are listed in Table 7. The
parental B. anthracis Sterne 34F2 strain was kindly provided by the Edgewood Chemical
Biological Center, Edgewood, MD. The Sterne 34F2 strain is a low virulence B. anthracis spores
that contains the pXO1 plasmid responsible for expression of toxins, but lacks the pXO2
plasmid, which is responsible for the development of the anti-phagocytic capsule?®. Two distinct
quadruple mutants, each containing only a single functional germinant receptor, gerS™ and
gerH™, and a mutant lacking all five germinant receptors, ger,, were Kindly provided by Dr.
Philip C. Hanna (University of Michigan Medical School, Ann Arbor, MI). These mutants were

created by performing allelic exchange sequentially, knocking out the appropriate Ger operon™.

Table 7. Bacillus anthracis strains used in this study

Strain Mutant Name Characteristics® Reference

34F; - Wild-type (pXO1*, PX02) Pinzon-Arango et al.
(2010)

SL115 gerH* 34F,, AgerK AgerL AgerS AgerX Carr et al. (2010)

SL118 gerS” 34F,, AgerH AgerK AgerL AgerX Carr et al. (2010)

SL120 gernun 34F,, AgerH AgerK AgerL AgerX AgerS Carr et al. (2010)

®Mutant construction was achieved through markerless deletions of nearly the entire tricistronic
germinant receptor operon (Carr et al., 2010).

Spores were grown on agar plates containing sporulation media as previously described?.

Sporulation media (8 g nutrient broth, 4 g yeast extract, 0.001 g McCI,4H,0, 5 g peptone and 15
148



g of agar in 1 L of ultrapure water) was maintained at a pH of 7.2 and sterilized. B. anthracis
spores were plated on sporulation media and left incubating at 37 °C for 5 days. Spores were
collected and washed by centrifugation at 5000 rpm for 20 minutes at 4 °C and resuspended in
ultrapure water. After each centrifugation step, the top of the pellet, consisting mainly of
vegetative and partially sporulated cells, was discarded and the bottom layer resuspended. A total
of 8 washes were performed and washed spores were kept in ultrapure water overnight at 4 °C.
Before use, spores were washed one more time or until 99% of sporulated (phase-bright spores)
were observed through phase contrast microscopy (Nikon Eclipse E400, Tokyo, Japan). Before

experiments, the spores were heat activated for 30 min at 65 °C.

7.3.2 Growth of Murine Macrophages

A culture of murine macrophage-like cells RAW 264.7 was purchased (ATCC TIB-71,
VA). Cells were recovered and kept in liquid nitrogen vapor phase according to manufacturer’s
instructions. Monolayers of macrophages were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Tissue culture flasks were kept in a
5% CO, in air atmosphere incubator at 37 °C for 6 — 7 days where the media was replaced every
48 hrs. Macrophages were detached by gentle scraping, washed by centrifugation at 1200 rpm

for 6 min, resuspended in fresh DMEM and counted using a hemocytometer.

7.3.3 Infection of Murine Macrophages by B. anthracis

Murine macrophages were seeded at 10° cells/mL and allowed to attach to 24-well plates
for 2 hrs prior to infection with spores. Monolayers of macrophages were infected with
previously heat-activated B. anthracis spores at a multiplicity of infection of 1:10 (10 spores per

macrophage) and were incubated for 30 min at 37 °C. Gentamicin at a concentration of 10
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pHg/mL was added to remove extracellular B. anthracis and left incubating for an additional 30
min. After gentamicin treatment, monolayers were washed three times with Hanks balanced salt
solution (Lonza, Walkersville, MD) and resuspended in fresh DMEM medium without

antibiotics. For all experiments this was considered to be the zero time point post-infection.

7.3.4 Growth of B. anthracis within RAW 264.7 Macrophages

After infection of macrophages with B. anthracis, counts of extracellular colony forming
units (CFU) were made by collecting the macrophage supernatants at 2, 4, 6, and 8 hrs post-
infection. Supernatants were diluted, and 100 pL of supernatant solution was plated on trypsic
soy agar. The agar plates were incubated for 24 hrs at 37 °C and the number of B. anthracis

colony forming units (CFU) was determined.

For intracellular measurements, macrophages were washed once with Hanks’ balanced
salt solution and lysed by incubation with 0.05% sodium deoxycolate solution for 15 min at 37
°C. Lysate was serially diluted and a 100 pL of lysate solution was inoculated onto tryptic soy
agar plates and incubated at 37 °C for 24 hrs. CFU counts were determined with untreated

macrophages serving as control.

7.3.5 Measurement of Cytokine Concentrations in Cell Culture Supernatants

Cytokine concentrations in cell culture supernatants were measured at 2, 5, and 8 hrs
post-infection. Aliquots were stored at -70 °C and thawed immediately prior to assay. Cytokine
concentrations in culture supernatants were measured with a mouse cytokine antibody kit
(Thermo Scientific, Rockford, IL) and a Perkin Elmer Victor3 multimode plate reader (Waltham,
MA), according to the manufacturer’s instructions. The limits of detection for each cytokine in
this assay are as follows: IL-1p =3 pg/mL, IL-6 = 7 pg/mL, and TNF-a. =9 pg/mL.
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7.3.6 Statistical Analysis

Invasion and cytokine data was analyzed using a one-way analysis of Variance
(ANOVA) for repeated measurements. The null hypothesis tested was that there were no
differences in the distribution of values between different groups. A difference was considered

significant if P < 0.05.

7.4 Results
7.4.1 Invasion and Growth of B. anthracis Spores in Murine Macrophages

The numbers of CFU inside macrophages and in culture supernatants were determined at
various time points post-infection (Figure 31). Two hours post-infection, macrophages engulfed
a significant number of B. anthracis 34F2 spores. Increasing times of incubation of macrophages
post-infection resulted in a decrease of spores inside macrophages. This decrease in B. anthracis
CFE lasted for at least 8 hrs post-infection. This suggests that either the macrophages were
killing spores effectively, or the macrophages were being lysed by B. anthracis that had
germinated and became virulent and vegetative bacteria. In culture supernatants, the number of
CFU rapidly increased with time of incubation post-infection. The CFU count in culture
supernatants increased exponentially by more than an order of magnitude, suggesting the
complete germination and outgrowth of spores in the medium. Observation of macrophages
under phase contrast revealed that the number of eukaryotic cells decreased with time and few

numbers of macrophages were visible 8 hrs post-infection (data not shown).

B. anthracis mutants gerS™, gerH™ and gern, were also investigated for their ability to
invade and grow inside macrophages. All three mutants were unable to invade macrophages at

the same level as the wild type strain (Figure 31B). While the macrophages were still able to
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engulf B. anthracis mutants, the concentration of mutant spores inside macrophages remained
the same with prolonged incubation times post-infection. This suggests that the mutant strains

were not germinating or killing macrophages the same way B. anthracis 34F2 did.

Colony Forming Units (log CFU)

—&— Parent Strain 34F2
—O— Mutant ger H+
14 —w— Mutant ger S+
—A— Mutant ger Null

1 2 3 4 5 6 7 8 9
Time (hrs)

1 —&— B. anthracis 34F2

—O— B. anthracis ger H+
—w— B. anthracis ger S+
—4— B. anthracis ger null

Colony Forming Units (log CFU)

1 2 3 4 5 6 7 8 9
Time (hrs)

Figure 31. Growth of B. anthracis 34F2 and its Ger-mutants in murine macrophages.
Macrophages were infected with B. anthracis spores at an MOI of 1:10, as described in the text.
CFU were determined and are shown as a function of time post-infection. At each time point, the
CFU number present in supernatants (A) and inside macrophages (B) were determined. The
experiment was repeated three times. Each value corresponds to the average of three samples =
the standard deviation.
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When investigating the germination and growth of B. anthracis mutants in culture
supernatants, we found that there was no significant growth of B. anthracis gerS™, gerH™, or
gernun in the supernatants when compared to the wild type B. anthracis 34F2 strain. When
examining just the mutant strains and comparing them against each other, we found that after 8
hours of incubation, the gerH™ strain grew in the supernatants better than the gerS*, and the
gerS” strain grew better than the ger,y strain (Figure 31A). However, the germination and
growth Kkinetics of these B. anthracis mutant strains was significantly lower than the germination

of B. anthracis 34F2 strain (P<0.05).

7.4.2 Cytokine Response of B. anthracis-Infected Macrophages

We examined the concentrations of IL-1p, IL-6, and TNF-a in the supernatants from B.
anthracis-infected murine macrophages at 2, 5, and 8 hours post-infection. After infection of
macrophages with B. anthracis 34F2, a high concentration of IL-1p was detected at 5 hours of
incubation post-infection, which was significantly higher than the concentrations found in the
supernatants of untreated macrophages or in the supernatants of macrophages infected with the
B. anthracis mutants (Figure 32A; P<0.05). Eight hrs post-infection, the concentration of IL-1p
decreased for macrophages infected with the wild-type 34F2 spore, but increased for

macrophages infected with the mutant strains.

Increasing concentrations of IL-6 with time post-infection were found when macrophages
were infected with all B. anthracis strains (Figure 32B). Effects of B. anthracis infections on IL-
6 concentrations levels were particularly emphasized for the gerS™ and ger, strains since the
concentrations of this cytokine increased by an order of magnitude after 8 hours of infection.
Infection of macrophages with B. anthracis gerH" resulted in a delay in the expression of IL-6

since it took 8 hrs of incubation post-infection to detect expression of the cytokine.
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Figure 32. Release of cytokines by murine macrophages in response to infection by B. anthracis
34F2 and its Ger-mutants. Concentrations of IL-1B (A), IL-6 (B), and TNF-a (C) in supernatants
collected as a function of time post-infection. Three experiments were performed, and the
average concentration + standard deviation is shown. Means were compared to those of
uninfected control group. The star symbol indicates statistical significance when compared to
untreated macrophages, P<0.05.

TNF-a was highly expressed at all times after infection with all strains of B. anthracis
(Figure 32C). An increasing level of TNF-a with time was observed when the macrophages were
infected with the B. anthracis gerH™ strain. Concentrations of TNF-o in the culture supernatant
were similar at all incubation times after infection with the gerS™ and gerny strains. While high

levels of TNF-o were detected in the supernatants of B. anthracis 34F2-infected macrophages
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after 2 and 5 hours of incubation post-infection, the concentration of the cytokine decreased

significantly after 8 hours of incubation.

7.5 Discussion
7.5.1 Germination and Growth of B. anthracis inside Macrophages

Murine macrophages readily engulfed B. anthracis 34F2 spores and the number of CFU
inside macrophages decreased with time post-infection (Figure 31). This decrease in B. anthracis
CFU with time has been observed by others> '® 22, Previous studies suggested that the drop of
viable CFU was due to an initial killing of B. anthracis by macrophages following spore
uptake?. In their study, Pickering et al. observed that following an initial killing of spores, the
number of intracellular B. anthracis recovered, resulting in an increase of CFU with time. In our
study, we did not see an increase in CFU count with time post-infection. Based on our results
and Pickering’s theory, the continuous decrease in the number of intracellular B. anthracis 34F2
suggested that the macrophages were digesting and killing spores and no recovery of B.

anthracis was taking place.

Close observation of the number of B. anthracis 34F2 present in the supernatants of
infected macrophages revealed that there was an inversely proportional increase of B. anthracis
CFU with time post-infection (Figure 31A). If the macrophages were killing B. anthracis after
spore uptake as it was first thought, we would not have observed a drastic increase of CFU
counts in supernatants. Microscopy observation of the macrophages with time post-infection
revealed that the number of macrophages attached to the surface of the 24-well plates decreased
with time. Our microscopy observations and our decrease in intracellular CFU with time suggest

that macrophages failed to kill B. anthracis. On the contrary, B. anthracis 34F2 spores
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germinated and outgrew into vegetative bacteria that multiplied to high numbers and released
toxins, which caused the lysis of macrophages and release of B. anthracis 34F2 into the media.
Lysis of macrophages by B. anthracis has also been observed in other studies™. The lack of an
exponential increase of CFU in macrophages observed in our studies suggests that lysed
macrophages may release not only vegetative B. anthracis, but sporulated bacteria and B.
anthracis that are undergoing the process of germination. The proposed sequence of events

occurring during macrophage invasion by B. anthracis is summarized in Figure 33.

e Phagocytosis of spores e Outgrowth e Replication o  Growth/replication
e Intracellular germination o Release of toxins o Lysis/death of macrophage of vegetative B.
e Replication e Escape anthracis in media
® ®
L ® === — ——l \
®© @ I @% \\\
L L %\
0. .

e Phagocytosis of Y
spores by remaining < Y
macrophages

Figure 33. Proposed sequence of events occurring during B. anthracis infection of macrophages.
B. anthracis was phagocytosed by macrophages where some spores germinated, outgrew, and
became virulent due to the release of LeTx and EdTx into the cytosol of macrophages. After
lysis of macrophages, vegetative B. anthracis remains in media replicating and sporulated B.
anthracis is phagocytosed by remaining macrophages where the cycle starts again until all
macrophages have been depleted.

The ger mutants of B. anthracis were phagocytosed but at lower numbers compared to

the wild-type B. anthracis 34F2 (Figure 31). However, when comparing the mutant strains
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among each other, macrophages engulfed significantly more B. anthracis gerS™ than gerH™ or
gernui spores. Ireland and Hanna support our findings since they observed that the GerS receptor
was required to enhanced macrophage-spore interactions™. The CFU count of B. anthracis gerS*
inside macrophages remained the same with time post-infection. Our results suggest that
phagocytosis of B. anthracis gerS™ by macrophages takes place, but outgrowth and replication of
vegetative bacteria do not. While Ireland and Hanna found that B. anthracis strains that had the
GersS receptor were capable of initiating germination of spores inside macrophages'®, our results
suggest that germination may be taking place but outgrowth of vegetative B. anthracis does not
occur. In Ireland and Hanna’s study, germination was measured by the release of **Ca from
prelabeled spores after exposure to macrophages™. Release of “*Ca from spores indicates that
spores have initiated the irreversible process of germination; however, this technique does not

test for outgrowth of germinating bacteria and release of spore coats.

The B. anthracis gerH™ and gern strains did not interact much with the macrophages
and lower CFUs were found inside and outside of the macrophage at all times. There was a small
decrease of gerH" CFU inside macrophages and a small increase in supernatants. This suggests
that even though the spores are engulfed by macrophages in small quantities, the gerH™ strain is
capable of outgrowing into vegetative bacteria and toxins are released causing lysis of
macrophages. In a previous study, we observed that the gerH™ strain had similar germination
kinetics when compared to the wild-type B. anthracis strain®>. While the macrophage does not
engulf a similar number of spores compared to the wild-type strain, their invasion and virulence
properties are similar. Other studies have also found that the GerH operon is required for spore

germination in macrophages™*.

157



Similarly to the gerS™ strain, B. anthracis ger strain did not grow inside macrophages
and comparable CFU counts were found at all times post-infection. However, low numbers of
the gerny Strain were able to germinate and grow in macrophage supernatants (Figure 31A). The
germination and growth of ger,, was nowhere near the behavior of wild-type spore, but it was
significant. While it has been suggested that the deletion of Ger receptors from B. anthracis
results in germination deficiency*!, we have observed that germination of ger,y can be initiated
with high concentrations of L-alanine and inosine?*. Germination of gery in supernatants may
occur through activation of a non-receptor mediated pathway or a non-ger-specific pathway.
However, more studies are needed to understand germination of B. anthracis in the absence of

Ger receptors.

7.5.2 Effects of B. anthracis Germinant Receptors on Cytokine Response

When macrophages were infected with B. anthracis spores, cytokines were released as
early as two hours after infection (Figure 32). We measured the levels of IL-1p, IL-6, and TNF-a
because of their importance in stimulating different components of immune response, such as
macrophages (IL-1p and TNF-a) and antibody formation (IL-6)*®. Release of these cytokines in
response to intracellular infection with B. anthracis spores has been observed by others®® & 22,
Low levels of IL-1B were detected two hours post-infection with B. anthracis 34F2 and B.
anthracis gerH™ (Figure 32A). In a previous study we observed that the gerH" strain had similar
germination kinetics when compared to the wild-type B. anthracis 34F22%. Therefore, it is not
surprising to see that these two strains were the only ones that caused the release of IL-1p at 2
hours post-infection. With prolonged time post-infection, the release of IL-1p increased for the

wild-type B. anthracis 34F2 strain by one order of magnitude and decreased by 8 hours. Based

on our invasion results, the decrease in cytokine levels from 5 to 8 hours post-infection may be
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due to a low number of macrophages available. It is also possible that with the lysis of
macrophages, proteases and other compounds are released into the supernatants, which cause the
degradation of the cytokine. A delayed IL-1p response was observed after infection with the B.
anthracis mutants since a strong cytokine response was observed only at 8 hours post-infection.
The delay in cytokine release may be due to a low or lack of a germination response by the
mutant strains since they do not have all germinant receptors present. Recent studies have
suggested that the release of cytokines is due to the production and release of LeTx after
germination of spores in macrophages® %*. In our previous study, we observed that B. anthracis
germinant receptor mutants had a delayed response in germination compared to the wild-type
strain®. Since our B. anthracis mutants take longer to germinate inside macrophages due to lack

of germinant receptors, it is not surprising to observe a delay in cytokine response.

Interestingly, the B. anthracis gerny strain released the most levels of IL-1p at 8 hours
post-infection when compared to other strains. Since our invasion experiments suggested that the
gernun Strain does not germinate and grow inside macrophages, the strong release of IL-1p
observed at 8 hours post-infection suggests that release of cytokines is not only due to the release
of lethal toxin from the vegetative B. anthracis but it may also be due to macrophage interactions
with B. anthracis in their sporulated state. While in their dormant state B. anthracis spores do not
synthesize and release toxins®*, our results suggest that expression of toxins may not be needed
to elicit a macrophage response. Basu et al. observed that B. anthracis spores of the Sterne strain
induced cytokine responses from macrophages in a dose-dependent manner and that this

response was stronger than the response elicited by heat-killed bacilli®.

The IL-6 response of macrophages to B. anthracis infection was similar to the IL-1p

response (Figure 32B). However, the wild-type B. anthracis 34F2 strain induced a low cytokine
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response at all times. Since B. anthracis 34F2 has all 5 germinant receptors present™*, the spore
germinates faster than its ger-receptor mutants. The fast germination and outgrowth of B.
anthracis 34F2 would result in a faster killing of macrophages and a low or blocked cytokine
response. Not surprisingly, the gerS™ and the gerny strains had the highest IL-6 concentrations
present in the supernatants obtained at 8 hours post-infection. From our previous study and from
our invasion experiments, these two strains fail to germinate or germinate at a slower rate inside

macrophages, causing a delay in the expression of IL-6.

A strong TNF-a response was observed at all times for all strains tested (Figure 32C).
TNF-a is a potent pro-inflammatory cytokine that was released as early as 2 hours following
infection of macrophages. There was a significant decrease of TNF-a production by B. anthracis
34F2-infected macrophages at 8 hours, which may be due to a decrease in the number of
macrophages available at that time or by a degradation of the cytokine with compounds released
after lysis of macrophages. It is also possible that the half-life of TNF-o may be short and
degrade between 5 and 8 hours post infection. Similarly to the IL-6 response, high concentrations
were observed after infection of macrophages with germinant mutants. Our results suggest that
the release of TNF-f3 by macrophages may be a result of macrophages interacting with spores,
and macrophages responding to the toxins release after germination and outgrowth of B.

anthracis.

The expression of the cytokines tested in this study behaved differently among the three
cytokines. There us a temporal sequence where TNF-o gets expressed before 1L-6 and IL-1.
This temporal sequence suggests that cytokine response to B. anthracis spores likely requires the
involvement of multiple signaling pathways that get activated at different times post-infection.

The uncontrolled release of pro-inflammatory cytokines is believed to contribute to the
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cardiovascular collapse during anthrax in a manner similar to endotoxin-mediated sepsis®. Based
on the symptoms observed during an anthrax infection, inflammation of tissues and necrosis may
be the result of an uncontrolled release of cytokines that results in cell death. Previous studies
support this theory since mice that did not express TNF receptors and IL-1 receptors were less
susceptible to B. anthracis infection than wild type mice®. It seems that not only LF and EF
cause the release of cytokines, but the presence or absence of receptors also has an effect on

cytokine response.

7.6 Conclusions

The results of this study suggest that there are at least two distinct interactions between B.
anthracis and murine macrophages during an infection: 1) the macrophage-spore interaction that
occurs during the first stage of infection where the disease would be established, and 2) the
interaction of the macrophage with spores and bacilli toxins that cause the release of cytokines
after an infection is established. The presence of germinant receptors in the inner membrane of
B. anthracis affects the germination and outgrowth of spores inside macrophages but causes little
effect on the levels of cytokines that are released during an infection. Our results suggest that not
only LeTx and EdTx cause the release of cytokines, but the interaction of macrophages with
sporulated B. anthracis is sufficient to induce a cytokine response since our ger,; strain caused a

strong cytokine response.
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Chapter 8

Thermodynamic model to predict macrophage-Bacillus anthracis
spore interactions
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8.1 Abstract

Phagocytosis of Bacillus anthracis spores by macrophages is the first step in the
development of an anthrax infection. While several researchers have focused on the ability of
spores to germinate and grow inside macrophages in vitro, no studies have investigated the
mechanisms of spore adhesion to macrophages. Decontamination of B. anthracis spores could be
significantly improved if the chemical basis of spore adherence was understood. A
thermodynamic approach was used to calculate the Gibbs free energy of adhesion changes
(AGagn) for spore-macrophage interactions, based on measuring contact angles with three probe
liquids. The role of germinant receptors on macrophage-spore interactions was also investigated.
The wild-type B. anthracis 34F2, expressing all germinant receptors, mutant strains gerH™ and
gerS™, expressing only the GerH and GerS receptor, respectively, and the mutant gernu, lacking
all germinant receptors were investigated. Strong adhesion energies were found with the gerpu
strain suggesting that the interaction of this strain with macrophages is most favorable compared
to other mutants. Low adhesion energies were observed with the wild-type 34F2 strain
suggesting that adhesion between macrophages and B. anthracis 34F2 are less favorable.
Germinant receptors on B. anthracis spores may play a role in macrophage-spore interactions.
Phagocytosis of spores that adhere too strongly to macrophages may not occur, therefore
inhibiting germination inside the macrophage. These results help form the mechanistic
explanation of how macrophages engulf spores during the onset of an anthrax infection, and may
lead to the development of anti-sporal compounds that prevent the germination of spores in

macrophages.

8.2 Introduction
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Before invasion of macrophages and germination of spores can occur, B. anthracis spores
must adhere or bind to phagocytes to allow invasion'. The interaction of bacteria and biotic
surfaces including macrophages is governed by long range forces such as steric and electrostatic
forces, and by short range forces that include hydrophobicity, surface free energy, surface
charge, and van der Waals interactions®. Furthermore, bacterial adhesion is also described by
specific interactions, such as the binding of ligands on bacterial surfaces to receptors on

eukaryotic cells, and by non-specific interactions or long range forces.

Many researchers have described bacterial adhesion in terms of surface free energy to
predict | adhesion is favorable to a determined surface® *. Thermodynamic models such as the
van Oss-Chaudhury-Good (VCG) approach, have been developed to account for the non-specific
Lifshitz-van der Waals (LW) and acid/base (AB) interactions® ®. Gibbs free energy of adhesion
can be calculated based on the contact angle of several probe liquids on a given surface or a layer
of bacterial cells®. While adhesion between B. anthracis and macrophages is receptor mediated,
the long range forces governing spore adhesion to macrophages have not been well investigated.
Studies have found that B. anthracis promotes interactions with macrophages due to the presence
of a Bacillus collagen-like protein A (BclA) in the exosporium of spores, and an S-layer protein
A (BslA) on the cell wall of vegetative B. anthracis” 8. However, the presence of germinant
receptors of B. anthracis and their role on the adhesion of spores to macrophages have not been
studied. In this paper, we describe the adhesion of B. anthracis and its ger-mutants to
macrophages using a thermodynamic model that predicts the favorability of adhesion based on
the calculations of interfacial free energies from measuring contact angles on B. anthracis and

macrophages, following the van Oss-Chaudhury-Good (VCG) approach® *°.
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8.3 Materials and Methods
8.3.1 Contact Angle Measurements

B. anthracis spores at a concentration of 10° bacteria/mL and murine macrophages RAW
264.7 at a concentration of 10° cells/mL were deposited on 0.45 pm and 8 um pore-size cellulose
acetate filters (Millipore Corp.), respectively through vacuum filtration. The filters were left to
dry for 75 min at room temperature in accordance to Liu et al.® Contact angles of droplets of
ultrapure water (Millipore Corp., Bedford, MA), diiodomethane (99% pure, Sigma-Aldrich, St.
Louis, MO), and formamide (99% pure, Sigma-Aldrich) were measured on monolayers of
bacterial and cellular lawns using the sessile drop technique with a goniometer (Ramé-Hart,
Netcong, NJ) at room temperature. Three replicate contact angles were taken per probe liquid per

filter.

8.3.2 Interfacial Tensions and Gibbs Free Energy of Adhesion
Surface thermodynamic properties of Bacillus spores have been calculated using the van
Oss-Chaudhury-Good (VCG) approach where the interfacial tensions of individual substrata are

9,12

derived from the contact angles of three probe liquids™ *“. The total surface tension, vy, is the sum

of the apolar or Lifshitz-van der Waals (LW) interactions and the acid-base (AB) interactions,

expressed as
Yrotar = v*" +y4® (6)
where the AB component of the surface tension equals
Y48 =2\yty” (7)
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where v and y* are the electron-donating and electron-accepting surface free energy parameters,
which determine the ability of the spores to exert acid-base interactions on a comparative scale

with respect to a reference liquid probe™®.

The Young-Dupré equation can be used to relate the interfacial tensions between the
liquid (L) and the solid (S), and the contact angle made by a drop of liquid deposited on a

horizontal solid surface, given by

(1+ cos8) y, =2 \/ySLWyLLW +2 \/VM[ + 2\/V§n+ (8)

Since the interfacial tension parameters of completely characterized liquids can be found

10, 13

in the literature , the parameters of the solid surface can be calculated, as we have done in

previous studies® *.

If B. anthracis spores adhere to macrophages before phagocytosis takes place, then the

Gibbs free energy of adhesion, AGagh, Can be calculated by
AGgan = Ys—mac — Vs—1L — Ymac—L (9)
or

AGaan = AGLY, + AGA, (10)

where ys.mac 1S the interfacial tension between spores and macrophages, ys.. IS the interfacial
tension for spores and liquid media, ymac-L IS the interfacial tension for macrophages and liquid

media and AG™" and AG"® are the LW and AB terms that contribute to the Gibbs free energy
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change upon adhesion in aqueous media. The methods to calculate the interfacial free energy
between 2 solids in a medium has been previously discussed® * and we have followed the same
procedures to calculate the interfacial tensions and free energies of adhesion between B.

anthracis spores and murine macrophages.

8.4 Results
8.4.1 Contact Angles and Surface Tensions

Contact angles were measured on lawns of cells that had reached equilibrium in their
drying state® '°. Allowing the lawns of cells to dry for 75 min resulted in the probing liquid to
bind only to the surface of the cells. Using measured contact angles with water, diiodomethane,
and formamide, allowed us to calculate the interfacial tension components of B. anthracis 34F2
and its mutants (Table 8). For B. anthracis spores, the water contact angles were lower for spores
expressing all germinant receptors (44 + 4° for B. anthracis 34F2) and were higher for the
mutants B. anthracis gerS*, gerH™, and ger,, with contact angles of 66 + 9°, 66 + 4°, and 63 +
59, respectively. We did not observe a trend in the dilodomethane and formamide contact angles
for any B. anthacis strains tested. For macrophages, the highest contact angle occurred when
water was being used as the probe liquid (104 * 1°), and contact angles were lower after the cells

were probed with diiodomethane and formamide (75 + 5° and 42 + 2°, respectively).

The LW components of interfacial tensions for B. anthracis spores were lower for spores
that contained all germinant receptors (B. anthracis 34F2), and increased with the partial deletion
of germinant receptors (Table 8). The electron donating component, vy, of the interfacial tension
of B. anthracis 34F2 was much greater than the electron donating component of the mutant

strains. Our electron donating value for B. anthracis 34F2 of 44.5 mJ/m? is close to the B.
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anthracis 34F2 value reported by Chen et al. of 42.5 mJ/m®.*? The electron accepting component,
v+, remained low for all B. anthracis strains with the exception of the gerH™ strain, which was
significantly higher than the value for other spore strains (1.8 mJ/m?. Since the electron
donating component of the wild-type strain was much higher than the value of the mutant strains,
this caused the value of the acid-base interfacial tension component, y*%, to be the highest value
of all B. anthracis strains (11.9 mJ/m?). Total surface tensions were calculated and the highest
value was observed for B. anthracis gerH", which was caused by the high value observed for the

electron accepting component.

Table 8. Contact angles and surface free energy components of B. anthracis and murine
macrophages

Contact angle (°)* Interfacial tension parameter value (mJ/m?)"
Sample Ow 0p 0r Y v v yA8 o
B. ant 34F2 44 + 4 47+4 48+9 |27.0 44.5 0.8 11.9 38.9
B. ant ger S+ 66+9 41+2 54+8 |329 16.9 0.4 5.3 38.3
B. ant ger H+ 66+4 364 402 |36.6 104 1.8 8.7 45.2
B.antger-null 63+5 46+2 54%+3 |299 21.5 0.6 7.0 36.9
Macrophages 104+1 75+£5 42+2 |[232 9.3 16.1 24.4 47.6

% Ow, Op, O, measured contact angles of water, diiodomethane, and formamide.

"W Lifshitz-van der Waals component of interfacial tension; v, v*, electron-donor and

electron-acceptor components of interfacial tension; y*®, Lewis acid-base component of
interfacial tension; ", total surface tension found through the VCG approach.

A significantly high electron accepting component, y+, and significantly low electron
donating component, y', were observed for murine macrophages (16.1 mJ/m? and 9.3 mJ/m?,

respectively), that resulted in the acid-base interfacial tension component to be the highest in our

171



system with a value of 24.4 mJ/m?. The total surface tension of macrophages was found to be the

highest of all cells probed with a value of 47.6 mJ/m?.

8.4.2 Interfacial Tensions and Gibbs Free Energy of Adhesion

The surface or interfacial tensions were also calculated for the three types of interfaces:
spore-liquid, macrophage-liquid, and spore-macrophages (Table 9). The interaction of the wild-
type B. anthracis 34F2 strain and water resulted in the only negative interfacial tension values
among all the B. anthracis strains tested with a value of -13.4 mJ/m?. B. anthracis gerH* had the
highest interfacial tension between the spore and water with a value of 15.4 mJ/m?, due to the
high LW and AB values of the individual surface tension components. The new interfacial
tension spore-macrophage was found to be negative for all B. anthracis strains except for the
gerH" strain, which was slightly positive (0.6 mJ/m?). The interfacial tension between
macrophages and water was found to be low compared to the B. anthracis strains with a value of

4.1 mJ/m?2.

Gibbs free energy of adhesion calculations showed that B. anthracis 34F2 has the least
negative AGygn value (-13.4 mJ/m?), indicating that adhesion would be least favorable between B.
anthracis 34F2 strain and macrophages (Table 9). Deletion of germinant receptors resulted in
mutant strains having a more negative Gibbs free energy of adhesion. After decoupling the AGagn
values into their individual AB and LW components, we found that the acid-base interactions
decreased with the deletion of germinant receptors and these interactions were much greater
compared to the Lifshitz-van de Waals interactions, suggesting that AB interactions controlled

the overall Gibbs free energy of adhesion.
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Table 9. Interfacial free energies and Gibbs free energy of adhesion

Interfacial free energy (mJ/m?) Gibbs free energy of adhesion (mJ/m?)?
Sample Spore- Macrophage Spore- AG™® AGHY AGadn
liquid -liquid Macrophage

B. ant 34F2 -13.2 - -22.4 -13.2 -0.2 -13.4
B. ant gerS” 9.3 - -6.3 -19.5 -0.4 -19.8
B. ant gerH™ 154 - 0.6 -18.5 -0.5 -18.9
B. ant gernun 4.1 - -9.9 -17.9 -0.3 -18.2
Macrophages - 4.1 - - - -

® AG™, Lewis acid-base component of the Gibbs free energy change; AG-", Lifshitz-van der
Waals component of Gibbs free energy change; AGagn, total Gibbs free energy of adhesion

8.5 Discussion
8.5.1 Thermodynamic Modeling and Favorability of Adhesion

Understanding the role that macrophages play in the initiation and propagation of a B.
anthracis infection may be critical for understanding the mechanism by which the spore causes
disease. While spore-macrophage adhesion is receptor mediated, the use of the van Oss-
Chaudhury-Good (VCG) model allowed us to study the non-specific interactions of spore
adhesion to macrophages by decoupling surface free energies into their fundamental components
and understand their interactions in order to model the onset of an anthrax infection. Differences
in contact angles were observed among the B. anthracis mutants (Table 8). The absence of some
or all germinant receptors resulted in spore surfaces that were more hydrophobic than the wild-
type B. anthracis 34F2. This change in hydrophobicity suggests that the coat and exosporium
proteins, such as BclA, are not the only proteins that contribute to spore surface properties and

that germinant receptors may play a role in spore-macrophage interactions.
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To determine the contributions of germinant receptors on spore-macrophage interactions,
the LW and AB components of interfacial tension were calculated (Table 8). All strains of B.
anthracis were found to be monopolar since the electron donating component, y,, was
approximately one order of magnitude greater than the electron accepting component y+. The B.
anthracis strain that expressed only the GerH receptor had a much higher y* value than other B.
anthracis strains suggesting that B. anthracis gerH" has a greater ability to participate in electron
acceptor interactions, such as hydrogen bonding. The high y+ caused the total interfacial tension

of B. anthracis gerH™ to be the highest among all the strains tested.

We also examined the interfacial free energies for the three types of interfaces: spore-
liquid, macrophage-liquid, and spore-macrophage (Table 9). The interfacial free energy spore-
water was found to be negative for the B. anthracis 34F2 strain but not for its mutants suggesting
that the interaction between spores and macrophages was least favorable for the B. anthracis

34F2 strain compared to the B. anthracis mutants.

After estimating the relative strengths of acid-base and Lifshitz-van der Waals
interactions we found that AG™" did not change significantly among all the B. anthracis strains.
Lifshitz-van der Waals interactions are a sum of non-polar interactions®. Since all B. anthracis
strains and macrophages presented comparable yLW values, the AG™" values were close to zero
suggesting that non-polar interactions do not play a significant role in the adhesion of B.
anthracis to macrophages. In the case of AB interactions differences were noted in the AG"®
contributions and the calculated values were more significant compared to their LW
counterparts. Based on the thermodynamic modeling, the adhesion behavior of B. anthracis
spores with macrophages is dominated by acid-base interactions, most likely due to hydrogen

bonding. Similar results have been observed when investigating the adhesion between
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Pseudomona aeruginosa and bovine serum albumin (BSA)* and the adhesion between

Escherichia coli and uroepithelial cells®.

Higher AG,gn Values were observed with the wild-type B. anthracis 34F2 and the Gibbs
free energy of adhesion became more negative with deletion of germinant receptors (Table 9).
Prior work has suggested that adhesion of B. anthracis spores to cells or inert surfaces is due to
the presence of the protein BclA on the surface of the exosporium® ™, or coat proteins'®. Our
Gibbs free energy of adhesion, AGagh, Values suggest that germinant receptors also play a role on
adhesion of spores. Adhesion was increased in the mutants since the deletion of some or all
germinant receptors caused B. anthracis spores to have a more favorable interaction with
macrophages. If the adhesion energy is too strong, the spores may stick to the surface of the
macrophage and phagocytosis may not occur. In a previous study, we observed that while gerny
and gerS* had the ability to germinate in L-alanine and inosine solutions™, the mutated strains
failed to germinate inside of macrophages but germinated outside in cell growth media®.
Phagocytosis failure may be due to the spore adhering too strongly to the surface of
macrophages. On the contrary, B. anthracis 34F2 germinated inside macrophages®®. Since low
adhesion energies were observed with the wild-type strain, these spores may come near the

macrophage and be phagocytosed.

Even though B. anthracis gern, responds weakly to germinants, as observed in our
previous study'®, this study suggests that adhesion of B. anthracis to macrophages is affected by

the presence of germinant receptors.
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8.6 Conclusions

We have presented a quantitative explanation for the role of germinant receptors on
macrophage-spore interactions through the use of a thermodynamic model. While the presence
of germinant receptors has been linked to the ability of spores to germinate, our study provides
evidence that Ger receptors also play a role on macrophage-B. anthracis interactions. Future

work is needed to develop sporicidal compounds that inhibit this interaction.
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Chapter 9

Extra Experiments

The following are experiments that were done during the course of the past few years but have

not been used for any publications
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9.1 Release of Dipicolinic Acid from Spore’s Core of B. anthracis after

Exposure to L-alanine and/or Inosine

9.2 Materials and Methods

Germination of B. anthracis was monitored by determining the amount of dipicolinic
acid (DPA) released from the core of the spore after exposure to L-alanine and/or inosine as a
function of time. All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted. DPA measurements on spores were performed as previously described.! A 50
pL solution of 4 mM terbium tri-chloride (TbCl3) were placed in each well of a 96 well-plate,
along with 100 uL of a solution of increasing concentrations of L-alanine (12.5 mM, 25 mM, 50
mM, and 100 mM) or increasing concentrations of inosine (1.25 mM, 2.5 mM, 5 mM, and 10
mM) or a mixture of both germinants (1.25 mM inosine + 12.5 mM L-alanine, 2.5 mM inosine +
25 mM L-alanine, 5 mM inosine + 50 mM L- alanine, and 10 mM inosine + 100 mM L-alanine)
in 50 mM TRIS-HCI (pH= 8.0). The TbCl; and germinant solution was combined with 50 pL of
B. anthracis spores at a concentration of 10® cells/mL. Terbium chloride reacts with DPA in
spores and forms a chelate of terbium dipicolinate, (Tb(DPA)3)*, which luminesces with UV
excitation.” DPA release was quantitatively monitored by time-resolved fluorescence with a
Gemini XPS Microplate Spectrofluorometer set at 37 °C. The microwell plate was read at
various time intervals (up to 40 minutes), and the relative fluorescence units (RFU), which

reflects the DPA release after exposure to germinants, were plotted against time.
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9.3 Results
Our results show that L-alanine and inosine are strong germinants that induce the release
of DPA from B. anthracis spores. L-alanine at concentrations of 50 and 100 mM are sufficient to

start the germination process (Figure 34).
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Figure 34. DPA release from the core of B. anthracis as a function of L-alanine concentration
monitored by time-resolved fluorescence. Spectrofluorometer was set at 270 nm excitation
wavelength, and fluorescence emission was collected at 546 nm, which corresponds to the

optimal fluorescence spectra of the DPA-terbium complex.* The increase in fluorescence of the
DPA-terbium complex was monitored over time in a microwell plate for up to 40 minutes.
Experiment done in triplicates.

After 15 minutes of exposure to the germinant, the DPA released reached a limiting
value. Low concentrations of L-alanine were not sufficient to cause the release of DPA from the
spore core. Our results suggest that alanine concentrations not only affect the DPA release rate
but also the amount of DPA released. This could be due to a smaller fraction of spores

germinating at lower concentrations.
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To allow for all the spore to germinate, we combined L-alanine with the germinant

inosine (Figure 35).
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Figure 35. DPA release from the core of B. anthracis after exposure to a mixture of both
germinants L-alanine and inosine at different concentrations. Spectrofluorometer was set at 270
nm excitation wavelength, and fluorescence emission was collected at 546 nm. The changes in
fluorescence of the DPA-terbium complex was monitored over time in a microwell plate for up
to 40 minutes. Experiment done in triplicates.

Our results showed that a higher amount of DPA was released from the spore after using
both germinants, and little difference in RFU was observed low or high concentrations of
germinants. Furthermore, the DPA release rate was similar among all concentrations tested and it
was faster compared to the sample when L-alanine was used as the only germinant source. These
results suggest that there may be a synergistic effect when both germinants are used; speeding up
the germination of B. anthracis spore. Our results also showed that after 15 minutes of exposure

to the germinant the RFU units started to decline, which could be due to sample bleaching.
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Chapter 10

Conclusions and Future Work
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10.1 Conclusions

Recent terrorism events have shown that the microorganism responsible for anthrax
infections, Bacillus anthracis, can be easily manipulated and can be used as a biological
weapon®. These recent attacks have shown that there is a weakness in our defense programs and
protection measures must be designed to understand the biology of the B. anthracis spore in
order to design and develop anti-sporal compounds. B. anthracis spores are extremely resistant
to chemical and environmental factors due to their ability to synthesize thick protein coats that
prevent disinfectants from reaching genetic material>. The current theory of spore deactivation
suggests that germination of spores is needed to kill B. anthracis. Germination of spores takes
place after B. anthracis spores detect nutrients in the environment, where germinants bind to
germinant receptors located in the inner membrane of the spore®. While germination of spores
has been intensively studied through the use of AFM where changes in spore coats can be
observed by obtaining high resolution images® °, few studies have address the germination of

spores through more gquantitative assays.

With this in mind, the studies described in this thesis combine the remarkable capabilities
of AFM together with other biological laboratory techniques to investigate the biological and

physicochemical properties of B. anthracis spores during germination, virulence, and killing.

Investigations began using Bacillus atrophaeus, which is a close relative to B. anthracis.
B. atroaphaeus was exposed to 1 mM DDA or 25 mM L-alanine for one hour. High resolution
AFM images were obtained every 5 minutes and the root-mean-squared roughness of the spore
surface was calculated. In this study, two different germination mechanisms where observed®.
Germination with L-alanine causes the release of DPA from B. atrophaeus spores in less than 30

minutes. Roughness of spores do not change during germination suggesting that during the first
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stages of germination, the spore coat remains intact and L-alanine causes internal restructuring of
the spore. This effect may work its way to the outside of the spore after all internal changes have
occurred. On the contrary, germination of B. atrophaeus with L-alanine resulted in an increase in
roughness with time where the spore coats are degrading and breaking down one at the time.
DDA starts acting from the outside of the spore and works its way in by causing the coat to
rupture and form pores on the surface. Furthermore, during this investigation, we observed that
over 99% of the spores get killed in less than 5 minutes after exposure to 1 mM DDA, suggesting

that complete germination of spores is not needed to kill the spores®.

In a second study, we used the AFM to measure changes in the mechanical properties of
B. anthracis during germination with 50 mM L-alanine and 5mM inosine. We observed that
sporulated B. anthracis had the highest elastic modulus and the lowest indentation depth by the
AFM tip suggesting that the surface of B. anthracis is very hard compared to other bacterial
species’. The elastic modulus decreased after exposure to the germinants and when B. anthracis
were exposed to both germinants, the elastic modulus had decreased significantly. Lowest elastic
moduli were observed with vegetative B. anthracis indicating that spore coats make the spore a

hard microorganism incapable of being rupture through mechanical pressure of the AFM tip.

In another study, we investigated the ability of the antimicrobial peptide (AMP)
chrysophsin-3 to change the mechanical properties of B. anthracis during germination and the
roles of the AMP in spore killing. Sporulated, germinated, and vegetative B. anthracis were
exposed to 0.22 mM chrysophsin-3 for one hour. Changes in elastic modulus were investigated
and our results suggested that the AMP does not change the surface properties of sporulated of
germinated B. anthracis. However, chrysophsin-3 had a significant effect in vegetative bacteria

since the elastic modulus of vegetative B. anthracis increased after treatment with the AMP®.
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High resolutions AFM images suggest that chrysophsin-3 penetrated the cell wall of vegetative
B. anthracis causing the lysis of the cell. Viability studies suggest that chrysophsin-3 was
capable of killing B. anthracis spores; however, spore killing was more effective if germination
of spores had commenced. This study suggests that chrysophsin-3 may be a suitable anti-sporal

compound for the deactivation of B. anthracis.

In our fourth study, the role of germinant receptors in germination of B. anthracis was
investigated. The wild-type B. anthracis 34F2 strain, which contains all germinant receptors, the
gerH™ and gerS" strain, which contain only the GerH or GerS receptor, and the gerny strain,
which lacks all germinant receptors were investigated for their ability to germinated in 50 mM L-
alanine and 5 mM inosine mixtures®. We found that the gerH* mutant had similar germination
profiles compared to the wild-type strain and the gerS* was capable of initiating germination but
at lower rates. Interestingly, the gern, mutant germinated similarly to the gerS™ strain. While it
has been suggested that ger, is incapable of germinating'®, our results suggests that this
mutants strain can germinate if concentration of germinants are high in the media. Germination
of the B. anthracis strain that lacked all germinant receptors suggests that germination may be
happening through a receptor independent pathway or through a non-Ger specific receptor
pathway. However, more research is needed to understand germination pathways of the gernu

strain.

Our last study focused on the invasion and virulence of B. anthracis after macrophages
had been infected with spores™. The wild-type strain was phagocytosed by macrophages and the
spores were able to germinate inside the phagocytes. After germination, B. anthracis grew inside
macrophages releasing toxins and causing the lysis of the cell. One the macrophage had been

lysed, B. anthracis continued multiplying in the growth media or continued to infect other
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macrophages. A similar trend was observed with the gerH™ strain; however, lower numbers of
spores where engulfed by macrophages. B. anthracis gerS™ and gern, were engulfed by the
spore. However, these two strains were not able to germinate inside macrophages or cause any
lysis. In this study, we also investigated the ability of macrophages to induce cytokine responses
after infection with B. anthracis. There was a dysregulation of IL-1p, IL-6, and TNF-a
production after infection of macrophages. The mutant strains lacking 4 of 5 receptors induced a
cytokine response at later times post-infection. Both sporulated and vegetative B. anthracis were

able to elicit an immune response from macrophages.

Finally we make an attempt at understanding macrophage-spore interactions by using a
thermodynamic approach that calculated the Gibbs free energy of adhesion, where the
favorability of adhesion is investigated. We found that the wild-type B. anthracis strain has
lower adhesion energies compared to the mutants. The highest adhesion energy was observed
with the strain that lacks all germinant receptors. Through our thermodynamic model we could
hypothesize that the gerny strain binds so strongly to the macrophage that it may be
phagocytosed but germination does not occur. Or perhaps the strong adhesion prevents
phagocytosis of the spore. This is the first study that attempts understanding macrophage-spore

interactions through a mathematical model.

The results of this research can be summarized in Figure 36, where our results suggest
that germination affects various spore surface properties, spore killing, virulence, macrophage
response and cytokine release. We also showed that germination of spores can be modified by
the presence or absence of germinant receptors and that other Ger-independent pathways may

exist in B. anthracis.
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Figure 36. Germination of B. anthracis spores and its effects on spore surface, killing, and virulence.
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10.2 Future Work
Future work will be beneficial to support the results of this thesis. First, investigation of
the roles of the remaining three Ger receptors in germination of spores and virulence after
macrophage infection can be beneficial in targeting specific receptors that inhibit the germination
response and production of virulence factors when encountered by macrophages. In vivo
experiments could help elucidate if activation of receptors is specific to the site of infection. If
this is the case, different anti-sporal compounds that target different germinant receptors may be

need to be developed.

An in-depth analysis of the adhesion or interaction that first takes place between spores
and macrophages is crucial. Investigations are needed to determine what factors govern
macrophage-spore interactions and if these interactions can be modified so the spore is engulfed

by the macrophage but germination does not take place.

In addition, previous research has suggested that it is possible to change the properties of
spores by changing the techniques employed for spore preparation'®. Our protection measures
must be designed to encompass the potential range of variability in these spore properties,
engineering through changes in sporulation environments. At this time, we know little about how

germinaton and virulence of spores depend on variation in the sporulation environment.

These are just a few directions that future work can take to improve our defense programs

and prevent the use of Bacillus anthracis as a bioterrorism agent.
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Appendix 1: MatLab scripts to determine the Young's modulus of spores

A-1.1 MatLab script to convert raw data into force data

function [sep_points,force_appr,force_retr,kc,pathname,fname] =...
force_convert(pathname,filename)

kc = 14;
% Define sensitivity of mica
Sensitivity = 34.67;

if nargin<1
[fname,pathname]=uigetfile;
end

% Open the data file for reading
fid = fopen([pathname, fname],'r);

% Read the header of the data file into memory.

i=1;

force_header(i,1)=cellstr(fgetl(fid));

while ~strcmp(char(force_header(i,1)),"\*File list end");
i=i+1;
force_header(i,1)=cellstr(fgetl(fid));

end

% Locate strings containing Sens. Deflection and Z scale.
SensDefl_force=char(getHeaderInfo( ...

force_header,\@Sens. Deflection: V',".",'string"));
Zscale_force=char(getHeaderInfo( ...

force_header,\@4:Z scale: V [Sens. Deflection]',")",'string’));
SensZscan_force=char(getHeaderInfo( ...

force_header,\@Sens. Zscan: V',":",'string"));
ramp_force=char(getHeaderInfo( ...

force_header,\@4:Ramp size: V [Sens. Zscan]',")','string"));

% Since 2 deflection curves captured, need to separate out the appropriate
% Z scale conversion factor.

Zscale_force = Zscale_force(1,:);

ramp_force = ramp_force(1,:);

% Split SensDefl and Zscale strings into component parts, separated by
% spaces.
SensDefl_force=explode(SensDefl_force,"");
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Zscale_force=explode(Zscale_force,"");
SensZscan_force = explode(SensZscan_force,'");
ramp_force=explode(ramp_force,' ");

% Now convert the conversion factors from strings to numbers
SensDefl_force = str2double(SensDefl_force{3});
Zscale_force = str2double(Zscale_force{2});

SensZscan_force = str2double(SensZscan_force{3});
ramp_force = str2double(ramp_force{2});

Z_Cal_Factor =0.99710;
ramp_size = round(SensZscan_force * ramp_force * Z_Cal_Factor);

j = length(force_header)+1;
fclose(fid);
raw_data = dimread([pathname,fname],'\t',j,0);

% Determination of the configuration/location of the deflection data in the
% force curve file via user interface.
channel_button = questdlg(...

'Please choose the channel used to capture the deflection data',...

‘Data Channel','Channel 1','Channel 2','Channel 2%);

% Based on the configuration of the data (i.e., whether the deflection data
% were captured on the first or second channel of the AFM controller. This
% snippet of code is dedicated to Arzu.
if channel_button(1,9) =="1"'

curve_length = length(raw_data)/2;

defl_appr = raw_data(1:curve_length);

defl_retr = raw_data(curve_length+1:length(raw_data));
else

curve_length = length(raw_data)/4;

defl_appr = raw_data(2*curve_length+1:3*curve_length);

defl_retr = raw_data(3*curve_length+1:4*curve_length);
end

for k = 1:curve_length;
deflection_appr(k) = (Sensitivity*defl_appr(k)*Zscale_force)/65536;
deflection_retr(k) = (Sensitivity*defl_retr(k)*Zscale_force)/65536;
end

for k = 1:curve_length;
force_appr(k) = kc*deflection_appr(k);
force_retr(k) = kc*deflection_retr(k);
end
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% Define steps for separation axis.
for | = 1:curve_length

sep_points(l) = I*(ramp_size/curve_length);
end
sep_points = sep_points’;
force_appr=force_appr’;

A-1.2 Script to find the indentation depth and Young's modulus
clear

[sep_points,force_appr,force_retr,kc,pathname,fname] = Hertz_convert;

% Define individual separation arrays for approach and retraction.
Sep_appr = sep_points;

% Force data come in as row vectors, and are transposed into columns here.
force_appr = force_appr’;

% Define an index array corresponding to the number of data points funny
% in the separation and force arrays.
i = (1:length(sep_points))’;

% Plot the unmodified approach curve.
figl = figure;
plot(sep_appr,force_appr)

% Step 1: Define non-linear portion of the curve.

h = helpdlg('Draw one line parallel to the constant compliance region and another that is parallel
to the zero separation region’);

uiwait(h);

% Turn on the data cursor to allow user to select points.
datacursormode on

dcm_obj = datacursormode(figl);
set(dcm_obj,'DisplayStyle’,'window")

% Step 2: Constant compliance in the approach curve.

h = helpdlg('Click the two points in the constant compliance region ','Step 19;
uiwait(h);

% Record points for approach curve constant compliance.
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w = waitforbuttonpress;
cc_appr(1,:)=struct2array(getCursorinfo(dcm_obj));
w = waitforbuttonpress;
cc_appr(2,:)=struct2array(getCursorinfo(dcm_obj));

% Step 2: Zero interaction in the approach curve.

h = helpdlg('Click the two points describing the zero interaction region for the approach
curve','Step 2);

uiwait(h);

% Record points for approach curve zero interaction.
w = waitforbuttonpress;
zi_appr(1,:)=struct2array(getCursorinfo(dcm_obj));
w = waitforbuttonpress;
zi_appr(2,:)=struct2array(getCursorinfo(dcm_obj));
close(figl)

% Calculate the vertical offsets for each curve based on the average
% distance from the X-axis of the previously-defined zero interaction
% region.

%force_offset_appr = mean(force_appr(zi_appr(1,5):zi_appr(2,5)));
%force_offset_retr = mean(force_retr(zi_retr(1,5):zi_retr(2,5)));
force_offset_appr = mean(force_appr(zi_appr(1,4):zi_appr(2,4)));

% Shift both curves to the X-axis using the offsets calculated above.
for i = 1:length(force_appr)

force_appr(i) = force_appr(i) - force_offset_appr;
end

% Sort separation data in ascending order.
sep_appr(:,1) = sort(sep_appr);

% Shift both curves to the Y-axis using the offsets calculated above.
for i = 1:length(force_appr)

sep_appr(i) = sep_appr(i) - zi_appr(1,2);
end

plot(sep_appr,force_appr,'b");

% Step 1: Define non-linear portion of the curve.

h = helpdlg('Draw one line parallel to the constant compliance region and another that is parallel
to the zero separation region’);

uiwait(h);

% Turn on the data cursor to allow user to select points.
datacursormode on
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dcm_obj = datacursormode(figl);
set(dcm_obj,'DisplayStyle’,'window")

% Choose two points to define non-linear region of the curve.
h = helpdlg('Choose the two points that define the non-linear region of the curve’);

uiwait(h);

% Record points for non-linear region.

w = waitforbuttonpress;
non_lin(1,:)=struct2array(getCursorinfo(dcm_obj));
w = waitforbuttonpress;
non_lin(2,:)=struct2array(getCursorinfo(dcm_obj));
close(figl);

% Export non-linear region data.
j1=non_lin(1,4);j2=non_lin(2,4);
sep_appr=sep_appr';force_appr=Fforce_appr’;
for j=j1:j2
i=j-j1+1;
x(i)=sep_appr(j);
y(i)=force_appr(j);
end
Depth=x";Force=y",
Depth=abs(Depth);
plot(Depth,Force)

E=nlinfit(Depth,Force, @young,1);
ftheory=(2/pi)*tan(pi*40/180)*(E/(1-0.5"2)).*Depth."2;
r=corrcoef(Force,ftheory);

r2=r."\2;

R2=r2(1,2);

plot(Depth,Force,'b',Depth,ftheory,'m")
legend('experiment’,'theory’)

xlabel('Indentation depth (nm));

ylabel('Force (nN)");
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Appendix 2: MatLab script to determine cellular spring constants

A-2.1 MatLab script to convert raw data into deflection data

function [sep_points,deflection_appr, pathname,fname] =...
Cell_spring_convert(pathname,filename)

% Define sensitivity of mica
Sensitivity = 34.67;

if nargin<1
[fname,pathname]=uigetfile;
end

% Open the data file for reading
fid = fopen([pathname, fname],'r");

% Read the header of the data file into memory.

i=1;

force_header(i,1)=cellstr(fgetl(fid));

while ~strcmp(char(force_header(i,1)),"\*File list end");
i=i+1;
force_header(i,1)=cellstr(fgetl(fid));

end

% Locate strings containing Sens. Deflection and Z scale.
SensDefl_force=char(getHeaderInfo( ...

force_header,\@Sens. Deflection: V',".",'string"));
Zscale_force=char(getHeaderInfo( ...

force_header,\@4:Z scale: V [Sens. Deflection]',")’",'string’));
SensZscan_force=char(getHeaderInfo( ...

force_header,\@Sens. Zscan: V',":",'string"));
ramp_force=char(getHeaderInfo( ...

force_header,\@4:Ramp size: V [Sens. Zscan]',")’,'string"));

% Since 2 deflection curves captured, need to separate out the appropriate
% Z scale conversion factor.

Zscale force = Zscale_force(1,:);

ramp_force = ramp_force(1,:);

% Split SensDefl and Zscale strings into component parts, separated by
% spaces.

SensDefl_force=explode(SensDefl_force,"");
Zscale_force=explode(Zscale_force,'");

SensZscan_force = explode(SensZscan_force,'");
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ramp_force=explode(ramp_force,"");

% Now convert the conversion factors from strings to numbers
SensDefl_force = str2double(SensDefl_force{3});
Zscale_force = str2double(Zscale_force{2});

SensZscan_force = str2double(SensZscan_force{3});
ramp_force = str2double(ramp_force{2});

Z_Cal_Factor =0.99710;
ramp_size = round(SensZscan_force * ramp_force * Z_Cal_Factor);

j = length(force_header)+1;
fclose(fid);
raw_data = dimread([pathname,fname],'\t',j,0);

% Determination of the configuration/location of the deflection data in the
% force curve file via user interface.
channel_button = questdlg(...

'Please choose the channel used to capture the deflection data',...

'‘Data Channel','Channel 1','Channel 2','Channel 2%);

% Based on the configuration of the data (i.e., whether the deflection data
% were captured on the first or second channel of the AFM controller. This
% snippet of code is dedicated to Arzu.
if channel_button(1,9) =="1"'

curve_length = length(raw_data)/2;

defl_appr = raw_data(1:curve_length);

defl_retr = raw_data(curve_length+1:length(raw_data));
else

curve_length = length(raw_data)/4;

defl_appr = raw_data(2*curve_length+1:3*curve_length);

defl_retr = raw_data(3*curve_length+1:4*curve_length);
end

for k = 1:curve_length;
deflection_appr(k) = (Sensitivity*defl_appr(k)*Zscale_force)/65536;
deflection_retr(k) = (Sensitivity*defl_retr(k)*Zscale_force)/65536;
end

% Define steps for separation axis.
for | = 1:curve_length

sep_points(l) = I*(ramp_size/curve_length);
end
sep_points=sep_points';
deflection_appr=deflection_appr";
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A-2.2 MatLab script to find cellular spring constant

[sep_points,deflection_appr,pathname,fname] = Cell_spring_convert;

kc=14;

% Define individual separation arrays for approach and retraction.
sep_appr = sep_points;

% Define an index array corresponding to the number of data points
% in the separation and force arrays.
i = (L:length(sep_points))’;

% Plot the unmodified approach curve.
figl = figure;
plot(sep_appr,deflection_appr)

% Step 1: Define non-linear portion of the curve.
h = helpdlg('Draw one line parallel to the constant compliance region’);
uiwait(h);

% Turn on the data cursor to allow user to select points.
datacursormode on

dcm_obj = datacursormode(figl);
set(dcm_obj,'DisplayStyle','window")

% Step 2: Constant compliance in the approach curve.

h = helpdlg('Click the two points in the constant compliance region to find offset ','Step 1";

uiwait(h);

% Record points for approach curve constant compliance.
w = waitforbuttonpress;
cc_appr(1,:)=struct2array(getCursorinfo(dcm_obj));

w = waitforbuttonpress;
cc_appr(2,:)=struct2array(getCursorinfo(dcm_obj));

% Step 2: Zero interaction in the approach curve.

h = helpdlg('Click the two points describing the zero interaction region for the approach
curve','Step 2);

uiwait(h);

% Record points for approach curve zero interaction.
w = waitforbuttonpress;
zi_appr(1,:)=struct2array(getCursorinfo(dcm_obj));
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w = waitforbuttonpress;
zi_appr(2,:)=struct2array(getCursorinfo(dcm_obj));
close(figl)

% Calculate the vertical offsets for each curve based on the average

% distance from the X-axis of the previously-defined zero interaction

% region.

deflection_offset_appr = mean(deflection_appr(zi_appr(1,4):zi_appr(2,4)));

% Shift both curves to the X-axis using the offsets calculated above.
for i = 1:length(deflection_appr)

deflection_appr(i) = deflection_appr(i) - deflection_offset_appr;
end

% Sort separation data in ascending order.
sep_appr(:,1) = sort(sep_appr);

% Shift both curves to the Y-axis using the offsets calculated above.
for i = 1:length(deflection_appr)

sep_appr(i) = sep_appr(i) - zi_appr(1,2);
end

plot(sep_appr,deflection_appr,'b");

% Step 1: Define slope.
h = helpdlg('Draw one line parallel to the constant compliance region’);
uiwait(h);

% Turn on the data cursor to allow user to select points.
datacursormode on

dcm_obj = datacursormode(figl);
set(dcm_obj,'DisplayStyle','window")

% Step 2: define bacteria turgor pressure by selecting two points in the constant compliance
region.

h = helpdlg('Click the two points in the constant compliance region to find slope ','Step 1;
uiwait(h);

% Record points for approach curve constant compliance.

w = waitforbuttonpress;
slope_appr(1,:)=struct2array(getCursorinfo(dcm_obj));

w = waitforbuttonpress;
slope_appr(2,:)=struct2array(getCursorinfo(dcm_obj));

% Calculate the slope of the constant compliance region.
s=(slope_appr(1,3)-slope_appr(2,3))/(slope_appr(1,2)-slope_appr(2,2));
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% Calculate Spring Constant of the Bacteria
kb=(kc*s)/(1-s);

close(figl);
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Appendix 3: Thermodynamic model to calculate interfacial free energy
of adhesion

Interfacial free energy B. anthracis spores and murine macrophages

Known Parameters

YWLW = 21.6 ywmin = 25.4 ywplus = 25.4
vydLW = 50.5 ydmin := 0 vdplus := 0.7
yfLW = 38.7 yfmin := 39.4 yfplus = 2.3

Finding the surface tension of water, diiodomethane and formamide

ywab = 2(\Jywmin ywplus ) yfab = 2(y[yfmin-yfplus )
ywab = 50.8 yfab = 19.039

YW = ywab + ywLW vf = yfab + yfLW

YW =724 yf =57.739

ydab := 2(\/ydmin ydplus )
ydab =0
vd = ydab + ydLW

vd = 50.5

Measured Contact Angles

ow 63.4

od |=| 483 (ij
180

of 54.15

ow 1.107

od | =| 0.843

of 0.945

197



Calculated Lifshitz-van der Waals and electron donor and electron

acceptor parameters

2
ysLW JYWLW  +fywmin  +/ywplus -t yw-(cos(ow) + 1)
ysplus =2 ydLW +[ydmin +[ydplus | vd-(cos(6d) + 1)
ysmin VLW Jyfmin  +fyfplus yf-(cos(of) + 1)
ysLW 28.914
ysplus | =| 0.733
ysmin 21.014

Calculation of the Acid-Base component of the surface tension
vSAB = 2~(\/ysplus -ysmin)
ySAB = 7.85

Total Surface Tension
vs =vSLW + ysAB
ys = 36.763

Interfacial Free Energy Calculations

Spore in water medium

YS_W = (\/ysTv - \/yWTV)z + 2[(\/ysplus - -\/ywplus)-(\/ysmin - -\/ywmin)]

vS_w = 4.346

Macrophage-spore interfacial tension

ymac_s = (/23150 — \/m)z + 2 (y16:077 — \yspius )-(y9.25 — fysmin) ]

ymac_s =-9.404
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Appendix 4: Publications in support of this thesis
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Bacterial spores such a4 Bocill us atrophaeus are one of the most resigtant life forms known and are extremady reist ant
o chemical and envir snmen tal factors in the dormant state, During gemin stion, a5 bacterial spore progress towards
the vegetative state they become susceptible to anti-spora sgents. B afrophoeus spores were exposed to the
non-nut itive germinant dodecylamine (DDA, & cationic surfactant that can also be used as a killing agent, for upto
60min, or to the nutrient germinant -alanine In kinetic studies, 99% of the spores were killed within 5 min of
ipoiure to DDA, Atomic force microscopy (AFM] can be uied &5 & senditive tool to assess how the stru cture of the
spore coat changes upon exposure to g erminants or killing agents. Changes in cell height and roughness over time of
exposure to DDA were examined wsin g AFM. DDA csused the spore height to decrease by >50%, which may have been
due toa partial breakd own of the spore coat. Treatment of B. atrophaeus with the nutrent germinant resulted in a
decresse in haght of spores after 2 h of incubation, from 0.7 £ 0.1 pm to 0.3 £ 0.2 pm. However, treatment with
r-slanine did not change the surface roughness of the spores, indicating that the changes that ocour during
germination take place undemeath the spore coat. We propose that expo sure to DDA at high concentrations causes
pores to form in the coat layer, killing B. atrophoews without the need to fully germinate sp ores. Published 2009 by

Johin Wiley B Sond, Lbd.
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INTRODUCTION

Under nutrient deprivation, vegetative cells of Badllus spp. and
Chemidivm spp. are able to undergo a restneturing and
differentiation process known as sporulstion (Atih and Foster,
2002 Chada ef al, 2003; Giorno ef al, 2007). Bactedal spornes are
metabolically dormant and are the most resistant life forms
kv Theesir inuneer Celll membrane sunrownds and protects the
core of the spore, which contains is chromesome and ofher
celllar contents. This membrane is protectsd fom edernal
envvimnm ental factors by amearly 100 nm barrier consisting of 2
polymer Layer and protein coat [Figure 1) {Henrigues and Moran,
2000). Because of their uniguee structune and monphology, s podes
can ovencome environmental and chemical fciors such a2
radiation, dedocation, heat, changes in pH and exposune o toode
chemicals Sheman and Nichobkon, 2001; Setlow. 2003; Plomp
ef al, 2007). Dormant spones are able to consmntly monitor feir
surfounding emironmen o that when nulfiens become
availabde, they can mium o 8 vegetstive state alter pasing
thircugh the stages of germination and cwbgrowth |Sethow, 2003).
Because of their vindent pathogenic nature, B. anthracis and
other spoms are problematic since they can be wed a5
bicwarame and bideroism agents cauding severe and fre-
quently lethal foodborne and  sirborne  diseases, such 2
pulmonary anthrax {Atrfih and Fosted 2002; Akoachere ef al,
2007).

The current theory of spone inactivation assemes that in most
dheactivation techmnologies germination must ooour before 5 pores
can be killed by anti-sporal agents | Atril and Foster, 2007), whiile
some examples of spor kiling, even in the absence of
germination, also exint (Tennen ef o, 2000) Germination can

e tricpipened i res ponse o nutrients, such &8 amino acids, sugars
and purine nucleodides, or by non-nutrient fctos such 2
hysesry me, Ca” *-DPA, cationic surlactants, high pressures or salts
(aethow, 2003). During the first phase o germination, the spare
redeaves HT, monovalent cations and 7', which cames an
alavation of pH in the core |Jed rejas and Setow, 2001; 5ethow,
2003). This is followed by the reems of Ca™ and pyridine-2
G-dicarboscylic acid (dipicolinic acid (DPA]L accounting for
approximately] 0% of the spores dry weight [Setlow, 2003). As
DFA i mleased, water molecules enter and hydrate e core
cauring a loss of heat mdsance (Sieman and Nicholson, 2001).
Dufing the second stage, further water uptake allows for
hydrolysis of the spore comex and swelling of the core and
germ cell wall Afer expansion of the core, metabadism begins
and macramolecular synthesis converts the spore into a
germinated cell, by breaking of the spore coat and final release
of a vegetative cell (outgrowth] (Atih and Foster, 2002).
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G call _
wel

Inner
membrane

Figure 1. Schematic representaion of 8 atophorus spoe strucium.
Commaon dimension of the diffesent kayers of spore struchune ane- fpare
mat {60-100nm), spore mbex (50-100 nm), germ cell wall {2-10nm),
ner membrane (3-4nmj and spore oo {07 to 1uml

Dodecylamine (DDA is & cationic suractant that has been
wsad a5 a chemical agent to stimulate spore germinaton (Fods
and Foster, 196 1; Sethow et al, 2003 ). Previows work with B. subrilis
indicated that the mechanism by which DDA trigges germina-
tion is different fom how other nurients and non-nutrient
facton, such a5 Ca™"DPA (Setlow ef o, 2003). Rather than
binding o nutrient germinant receplors of 1o corex lytic
enryimes, DDA may 2008 gaindt nd ¢ om promise the Spores i mer
membrane |Sethow e al, 2003). B megatesium spores expoded o
6x107°M DDA for mom than 3Imin could be killed =
germination was taking place, ssggesting that DDA both
germinates and deactivates B. megaieninm {Rode and Foster,
19611,

Traditicnal methods to stdy s pore genmination rely on bulk o
indirect meassrements. For example spore gemination i
monitored by quantifying the amount of DPA released, through
optical density measurements |Setow of al, 2003 Spare activity
can abio be monitored, such 8% aseament o the percentage of
mammalian cells killed due to germination of spores [Akoachers
et al, A7) One direct method 1o study spore germination is to
rse e chion Microd cogy 1o examine how the morphaogy of the
spores changes during germination [Faman ef al, 2005
Hiowoever, this techniguee has limitations since sample prep aration
dehy detes cells and can alfect morphology, which would lead 1o
misinterpremtion o the images

Atomic force microdcopy (AFM) is a technigue thatcan be wed
o excamiine individual spares with minimal sample prep aration
and it has been widaly wed to study epithelial cells, bacteria,
viruses and fungi in their native conditions (Dufrene, 20032).
Changpes in monpholodgy and uhtrastrus tene of several Brcilli spp.
Ibefore and sher expossne 1o different nutfent germinants wene
studied wsing AFM, such a5 determining how mutations in
particular coat proteins affect gemination (Chada er al, 2003).
Modt of these studies forused on a qualitative unders & nding of
how the spone coat changes during germinaon and how thess
chandges affect spare sre [Flomp eral, 2005b; Zaman ef al, 2005;
Fobocket o, X006; Plompet al, 207). Toowr kiowdedge, nostudy
has assessed the monphodegical changes that spores undengo
when treated with non-nutrient genminants, such as DDA, and
how different trestments affect the roughness of the spore
surface a5 itis being germinated.

In this stedy AFM wa used to guantify spofe surface
roughness a5 8 function of incubation time in nutient and
nod-mtrient germinants, and to measue changesin the heights

of the spores, during the process of germinaton with DDA and
L-alanine. Ouwr results swggest that DDA klls B, atophaeds 5 pores
before outgrowth ocows. Therefos, DDA may serve 2 &
deactivation agent against a broad spectrum of normal and
mutant Bacilkes spp., dince complete genminaon is not reguined
in order fior deactivation i eoowt

MATERIALS AND METHODS

Bacterial strains and spore preparation

Bacilks atraphaews, previously classified a5 Bocills subrilis var
riges, Bacillus miger, or Bacillus ghobigii |Fritee and Pukall, 2001 isa
Gem-positive, serobic, spore-foming baceriom that has been
widely wsed a5 a nonpathogenic sunogate fo B anthacis and as
& biological indicater for decontamination and Rerilization
priocesses and envisonmental biotracers {Burke f al, 2004; Plomp
e al, 2005bL B atrophaews NRRL B-9418 was purchased
({American Tiee Culue Calection, ATOC 6455). B atrophaeus
cultures wene grown on plates of sporulstion media, consist ng of
Bg nutrient broth, 4g yeast extract, 0001 g MnChaH,O 5g
peptone and 159 agar in 1L of ultrapure water (Milli-0 water,
Millipore Conp., Bedford, MA) and maintsined st 8 pH of 72.

Plates weere incubsated at 37°C for 4 dayd Spores were collected
by centrifegaton st 5000 RPM for 20 min and resuspended in
e puere water. The cells were washed eight times to separaste
the spores from vegetative and partially sponslated cells and
aored At 4°C The spores were allowed B remain in water
overnight and then washed two maore times 1o emove any
resimgining vegelative celli o semi-sparulsted cells

Kinetics studies of spore killing by DDA

Asoluion of B_atraphaews at 107 spores'mL was centrifuged and
resuspendad in 1 mb DDA {Sigma-Aldrich, St Lowis, MOL Spores
were incubsted at 37°C for0, 1, 5, 10, 20,25, 30, 40, 50 and 60 min
anedd keptin an ultrasonica on bath [Brondgan, 1510, 40 kHe, 130W,
Bransen Ulirasenics Conp., Danbury CT) to pravent satfing The
action of DDA on the spores 21 the end of the incubation period
was terminated by immerson o spore sspension into an ice
bath.

To determine the efect of DDA on spore viability, the trested
spore solution was senially diluted and aliquots of s pore solution
wene incoulated onio sporulstion sgar plates and cultured in an
incubsator st 37°C The number of surviving spores o colony
forming wnis (cfu) that became vegetafive cellk on the agar
plates was determined after 18h

Monitoring the germination of B. st rophaeus spore

Germination of B. arophdeus was monitored by determining the
amaunt of DPA eleased fom the core o the spore, wing lime
resodved fluomscence intensity meaiumments A spore solution
of approsimately 107 chml was incubsted st 37°C in the
presence of Lalanine or DDA &t various concentrations, for 0, 2,
13, 20, 30, 40, 50, 90 and 100min The spoe solution was
combined with a ftock sadution of terbiem chloride (Thily;
Sigma-Aldrich, 5L Louis, MO) 1o yidd a 1mM Thil, Terbiem
chioride reacts with DPA and forms the chelate, terbium
dipicelinate, | THDPAL T, which luminesces with LV axcitation
[Rosen ef al, 1997] Afer sddition of ThCl in a micmtiter 96-well
plate, 200 pl of spore soluBon were placed in each well and the
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AFM STUDY ON BACTERAL SPORES

Bl

mied ftem wai escited st 270nm. Photdemine cence
exrittion and emimion spectra wene measwred from each
sample with a Gemini XPS microplate Spectraluonometer
Maleculsr Devices, now pant of MDS Anshticsl Technologies
lInc, Tasronvtey, Canada).

Imaging of B atrophaeus spores with AFM

AFM was wed 1o stedy the momphological dhanges of B
atraphaeus spoms slter exposne 1o 1 md DDA for 0.1, 5, 15, 20,
25, 30,40, 50 &nd 60 miin, or after ex poswne 1o 25 mM c-alanine for
120 min. Droplets. of teated 5. atrgphaeus spoms |5 pl) were
deposited directly onto freshly clesved mica and allowed to sif
diry for imaging wunder ambient conditions.

Images were collected wing an somic foroe microscope
Digital Instrements Dimension 3100 with Namscope s
conteller; Vesco Metrology, Santa Barbara CAl that was
operated in imanmittent contact mode 1o minim ize latensl fonoes
on the wmple during imaging Fectangular cantikevers with
conical silicon tips having fonce constants of approodmately 40N/
m and resonance freguendcies of approsimately 300kHe were
wed (Applied Nanoatrectwes: Santa Clata, CA) Imsges wene
captured with scan amas of 05, 1, 5,10 and 20 pm”. Images of
langer areas (10 and 20 wm?) wer acquired wsing hard tapping,
where the propartional snd integral gaing were 12-15 and
Q8-1.0, respectively and low amplitede sstpoints Smaller
scanmed areas (05, 1 and 5pm?) wers probed wsing light
Lapping, whese the proporionsl and  inlegeal gaing were
decreassd to 15-0.8 and 0_2-0.4, respactively and the amplitsds
seipoint was moderaiely incmased 1o swoid mising important
surface structures_Allimages wem captured ata scan rate of 1 Hz
and with & resoluion of 512 x 512 points

Off-line image analysis

AFM height and amplitude images were callected simul
taneously. At baast 10 imaspes were obtsined per time period
and condition. Height images wene used for guantitative analysis
of thee: resot-mean-5q uaned roughness {Fml, 23 well a5 height and
length profiles of the ipores. Amplitude images were wed to
obtsin gqualitstive iflormation. Height images were flattened
wsing & zero onder filter to mmove the 7 difset between scan lines
before caloulsting R, values. The B, values were aoquired on
areas ranging from 0.05 1o 0.5 ™.

Between 10 and 20 spores were analyzed per image and the
caleulsted height and rosghness valoes of the spoms wee
analymd wsing SigmaStst 203 stafstical software. Statistical
analyss wa s perfamed by one-way analyds of variance (ANDWA)
for repeaed messurements. Tukeys B was wied for muliple
compafiions among treatment groups, while Dunnet  and
Duncans best wed wsed for comparisons between Teatment
and contrd groups. A difference wes considered significant i
g 005,

RESULTS

Antisporal activity of DDA againit B. atrophasus

Expodwre o B atroghdes to 1 mM DDA resulted in 2 significant
decrease in surviving spones with incnea sing exposune tim e tothe
anti-gporal agent [Figure 2). Afer 1 min of treatment with DDA,
the msimber of ofu decreased lrom approximatey 5 < 107 ofute

ws'ﬁ"""""”"""""""""'a
- Baciis Sirophasus s pores 1
107 1 mM dodecylamine =
£ ]
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Rgure 2. Knetics of 8 atropharus spore kdlling by DDA Mumber of
gpom ofu 25 a fundhon of Bme of epaosue to 1mM DDA Eror s
mpmsent the standard devistion Osgind spore moodum was at
1 107 sparesiml

appiosimataly 2 < 10° o, commsponding to 90% of the spares
Iesing killed. After 5 min of expodsure, 99% of the spomes had been
killed and only 107 ofu remained after exposure to DDA for
alimin

Since genminated spores are more susceptible 1o anti-sporal
agents, the germinaton of B, atrgehaeds Spones was monitomed in
terms of DPA redeaie from the core Bxposure of B. dirophdes to
different concentration o L-alanine camed DPA 1o be released
within 30 min {Figure 3A] The madimum concentation of DPA
redeased from the core was obined by exposing spores 1o a
concentration of 25 mM L-alanine. Exposure of B. arophdeus to
variows concentration of DDA esufted in 2 slower DPA mlaase
wiven compared to the effects of -alanine. Total redease of DPA
ok 100 min when bacteria were expoded © DDA {Figure 3H.
The effect of DDA concentration on genmina tion is complex and
is affected by the salf-awembly behaviowr of DDA in solution {the
critical concentration for aggregation is between 05 and 1 mM]
and alio by the promation of dustering of spores with inoeasing
DDA comoentration.

B. atrophaeus size and surface mor phol ogy

The morphology of B atrgphaeus was characterized via AFM and
images showed rodiet sructunes typically observed for these
spored [Figure 4A). Drying of the B sroghders on mica sunfaces
resuslted in some clumping. Even when the spore concentration
was decreaied, ipores shays aggregated during the drying
[proscesss. oo mica, B it was difficult to observe isolated spones
Spore marpholegy changed after treatment with 1 mM DDA for
15 of 30min (Figure 48 and 40) Spores trested for 15min
appeared dehydrated and the images showed mone creates or
folds on the spore surface [Figure 48] The spores treated with
DDA for 30 miin did not show & much evidence of dehydration,
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@m was d by teshium enhanced fk Ik
ment. Orignal spore noculum was at 1x lo’spaesknL

but we noticed that no rodiets were prsent on the surface
compared to the contrd case.

R values were measwred for 8. atrophaeus expased to DDA
for several time points. Spores that were not treated with DDA
had an average R, value of 2504 23nm when areas of
500nm” covering the surface of the spores were analyzed
(Figure SA). After treating the spares for 1min with DDA
the average R value increased 1o 282 4+ 41 nm. The average
roughness of the spores continued to incease with time,
reaching a local maximum R, comresponding to 1mM DDA

0
o 2.5 $.00
-

Fgure 4. fepmsenttive ampitude AFM images of 4 atophoous afer
epaoum © 1 mM DDA for (A) Omin, 8) 15min and () 20min. images
miiected n nermittent contact mode.
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Figure 5. 8. of & atmphoaus 25 2 function of expasum time to 1 mM
DOA, forscan amas of (A) Sum’mdmujpm’,(bnuwmedaﬁe

ge R with dard o et AMM mage mpmsents how
mughness analyss was camied out Sor scan arex of Sum’, 3 00 nm”
ama bax covering the surface of e sparewas anahzed For san arexs of
as um’,the mughness within 250 m’mbmofﬁewsuﬁmwa

anhzed

trestment for 15min, which was 445 £ 29nm. At 20min R
decreased 1 an average of 147+ 36 nm, but bagan to increase
again after 2Smin, and continued increasing until 60 min.
Statistical analysis showed that R, values from tmes 5, 15,
20, 25,30 and 60 minwere significantly different when compared
to the contrd group {untreated spores; p < 0001).

Roughness values wem also obtained using smaller scan amas
of 50nm” on a 05 pm” image Sampled at a different scals, the
roughness values decraased compared b the 5um’ sanned
image {Figure 5B). The roughness measured at this scale showed
the same tend we observed for the larger scale, with roughness
increaging until 15min, then dropping and increasing again.
Statistical analysis showed that the R, values at times 15, 40, 50
and 60 min were Sgnificantly different compased to the control
growp {p< Q0011

Morphology changes were observed for spoms exposed to
c-alanine, as quantified by height measurements. Chemical
treatments affected spore morphology (Figure 6A and 68) and
the height of spores decreased after veatment with DDA or
c-alanine. After exposure to -alaning, the height of the spores
decreased from an average of Q7+ Q1 pm to 03402 pm

Fgure 6. Aepmsentatve amplitude AFM images of 4 atophocus
befor and after exposure to L-danine or DDA for (A) dead spares after
1mM DDA and (8 g d spoms after 25 mM abnine
teatnent. images callecied in intesmitient contact mode

Trestment with DDA resuted in a similar decease of pare
height, from an average of 0.7 £0.1 pm to 026 £ Q.1 pm. The
differences in height were significant against the control group
{p <005). However the gh of the calani

spores did not increase (data not shown) in cont@ast with the
spores exposed to DDA

traatad

DISCUSSION

Previous studies have addressed the effecss that nutrient and
nonnutrient germinants have on Bacills and Clostridium cedls
Powell and Strange, 1953; Anda 1980 Cursnt theory suggests
that germination of spores must occur before killing, since the
peptidoglycan layerof vegetative calls is easier 1o penetrate than
the thick multilay ered strue ture of the spore coat{Figure 1). There
are several studies that examined how nutdéent and non i

germinants affect spores [Rode and Faster, 1961; Barlass ef o,
2002 Akacachere ef al, 2007) While most studfies focused on
germination of spares using nutrients, such as c-alanine and
inosine (Barlass et al, 2002; Zaman et al, 2005; Plompertal, 2007),
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the use of non-nutdent gemminants, such a3 DDA, have not been
weell studied The mechanism of action of nulient germinants
such a8 c-alanine has Besn investigated and it i known that
martent genminants bind to recepiors located in the spores imer
membrane, which causes the opening o jon/DPA channels
[Sethow, 20031 In this shedy, we expoded B arophasis s pored 1o
the mutrient geminant c-aslanine and 1o the non-nutrient
germinant DDA We propose the mechanism o action of DDA
againdgt bacterial spores and disows how it i different from
genmination with L-alanine.

Germination mechanisms of B o rophaeus after exposune
o L-alani ne

L-alandne has been widely used to study chandges in monphology
& wiedl &5 biochemical alterations during germination {Rode and
Foster, 1961 :Barlas f al, 2002).In B derews the major recepior for
alanine gemmination was identified as Gerl, from the GerA family
&t thee inneer membrane Barlass ef al, 2002). LUsing u-alanine a8 the
germinant, we abierved that them i a rapid reeate of DPA and
by 30min all DPA was redeasad (Figune 3A].

Treatment with L-alanine caced a >50% decrease in the
hesght of the spores after 2 h of treatment, which is due in pan to
DFA redease from the core Prior work showed that the rapid
redeate of DPA from the cone due toL-alanine germination caused
an edimated 32% bss of dry weight in bacterial spores (Rode
and Foster, 19611 A flatening of B snbtilis spores and collapse
ancound spone center was observed afier expodune to Lalanine for
1 h, sccording to a previows optical mioosoopy study [Leusdhner
et al, 2003). Although thess spores were considersd b be
genminating, au abwerved gualitstively by the decreass in phase
Irightness, no swelling of the spoe could be detected.

Although DPA release supports that genmination bagan in our
sty withiv-ala nine, we did not deree outgevwth sithin the 2 b
period, a5 no vegetstive bacteds were observed in the AFM
images_ This may be because a lomger time would be necessary 1o
trandliorm the spore ko the vegetative aate, which could vary
within Bacilks spp. For instance, Zaman ef al, found B anthracis
became vegetative after treatment with -alanine for 3 b (Zaman
&l al, 2005) since the length of the spors incressed fom 08-09
to 34-38 pm However, another study showed that approsi-
mately 30% of 8 B arophaers populstion did not proceed to
ouigrowth after exposure to -alanine for 3 to 7h (Plamp er al,
2007). The percentage of cutgrowing cells was even kower in a
different stady where vegetative cells were only observed in a
few cases, seggedting that c-alanine initistes the process of
germination and metabalic acfvity but not the synthesis of
macnimolecubes, such &8 call wall peptidoglycan, for all the spore
populstion {Lewschner ef al, AWEL

The roughnes of calanine-dreated spores was Smilar to the
roughness of untrested spores, suggeting that the affecs of
L-allanine on the spone ooowr underneath the coat Lryer. This was
confirmed by the AFM images, showing similar monphology for
trested and control spores (Figues 44 and 6B) These findings
sugpgest that dufing the first stages of germination the spore coat
refmaing intact and L-alanine causes internal restructuring of the
spore_ Since there s no degradation of the coat, this layer is a
limiting barrier for outgrowing spores, which may explain why
vegetative cells were not observed and why outgrowth did not
ooowr condistently in previoms stedies One ecent study
suggested that the spore coat has to orack laterally on one or
Iseth sices o a llow the vagetative cell to expand (Lewschner of ol

X3, L-alanine may Start genming tion by changing the intemal
sructure o the spore and this effect may work its way 1o the
ourtide of the spore after all internal changes, such 2 DPA release
an hypdrobysis of the cones, have ocownmed.

Germination mechanisms of B strophasus after exposre
to DDA

Ahthowgh some studies have investigated the proces of spore
germination using a non-nufient germinant, such as DDA (Fode
and Fodted, 196 1; Sethow of 4, 2003; Parede-Sabia &f al, 2004),
the efficacy of this cationic surfactant &5 a sporicide has not been
well studied. In the early 19604, Rode and Foster reportad that
exposing B megaterium spores o 1077 M DDA for mor than
thiree min resulted in loss of heat resismnce for 397% o the spore
population and exposure to DDA for 10 min cawsed the killing of
approcimately 96% o the spores (Rode and Foster, 19611 In our
sudies, we have observed that approsimaely %5% of killed
spores can be obtained wnder 1 min and 99% after 5min il they
are exposed to 1mM DDA Figure 2

Even though spore killing ccows with exposure to 1 mM DDA,
wee atisdied the germination o spores by meaiuring the amount
of DPA released from the core 25 8 function of time (Figure 38
Expoding spores o 125mM DDA msuhted in complete DEA
redeaie within 100 min. In a previous study, resaschers using
1mM DDA to germinate B, swbdlis spores showed that it took
approcimately 3h for the DPA 1o be redeased from the core
{Setlow ef al, 20031 This differnce in DPA redease rate may be
related tovariability within the Badllus spp., growth conditions, or
treatment. For instance, Setlow ef a boiled spore cultures for
30 min 1o detenming DPA releate while we did not (Sethow er al,
2003).

The spore heights were sgnificantly lower for DDA-treated
spores, companed to enteated sponss. We seggest that these
Ihesight changes are de b decreased hydration of the cone and a
lbreakdown of the spore coat A previous study showed that
expodure of Bacilke spores to DDA resuhs in 2 45 to 55% los of
diry wight, which could have contributed to the reduced height
of spoms (Rode and Foster, 1961). In another stody, it was
observed that spores germinated with DDA did not rehydrate
well and core water content in thede spoms was low, which
prevented them from expanding normally {Setlow er al, 2003).
[ cetar resughaness s analy sis we also observed that the outer coat
of the spone was affected by DDA treatments since there was an
initial incrase in roughnes valees This increase in rosghnes
inddicates that the coat of the spore is rupturing and disintegrat-
iy Thee inuneer and outer cost of spores can be up to 130 nm thick
fHemtigues and Moran, 2000) which could lead 1o a diameter
decrease of 260 nm. When spoae coat breakdown and kss of
Iydration simultaneowsly oconmed, we obderved a decreaie in
Ihesight and increase in rowghness of the spores

Based on ow roughness, height and DPA releaie measune
ments, we considered a mechanism of action of DDA against
Iacterial spores. DDA does ot interact with any rece ptos in the
inmer membrane of spores, a5 eported previowsly (Setlow ef al,
X3 Frosm our rowdghrness imaas nem ents we can state that DDA
St acting from the outside of the spore and works its way in by
causing the coat to ruptere and form pores on the suface The
drop in roughness observed after 15 min of treatment with DDA
indficates that the aner coat layer was compleely emoved;
leaving behind another smesther coat that will be subseguenty

whwrwLinterscience sibeycom jowmal fmr

Putlished 2009 by John Wiey & Sams, td

4 Mol Becognir, (3009

205



AFM STUDY ON BACTERIAL SPORES

i,

ruptued or disintegrated after prolonged treatment with DDA
With pralonged DDA trestment, the protective oot layers of the
spone were compomised, decmasing the overall call height.
While most of the cells were killed within 1 min of exposue 1o
DDA, this happened during e first seges of germination since
there was & continuos release of DPA from the core. However,
germination was interupted and spores were killed without
ourgprowing. Using DDA a5 & germinamt o sporicide may be a
more effective mechanism to deactivee B atophders and
jperhaps other hazandows species such as B antharcis, since DDA

can acl againdl spores that have not progresed o the fuly
vegelative flate.
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Thesu e of dormant BadBus anthrads spons conssts of & multibver of protem coats and a thack peptadoglyean
layer that albow the cells bo ressit chermcal and envir anmental msults. Durng germination, thespone coil 5 degraded,
makmg the s pone s ucepd e (o chemasal mastnvatson by anfspora ] apens as well a5 (o mechanscsl mactnaton by logh-
pressune or mechanscal shrason procsises. While chemacal changes dunng germmation, speenally the relese of the
germmation marker, dipacolnic acad (DPA), have been extersively studed, there % a5 vel no mvestigaton of the
carnsponding changs: m the mechamnical praperies of thespore. In this work, weuse atamic fonce macroscopy (AFM )
1o charseterme the mecharmeal propenies of the suface of Bacillys anthracis spons durmg germanstion. The Herlz
made] of continuum mechanscs of conteel was wed Lo evaluate the Young's modub of the spore before and afler
germmation by apply mg the model Lo load —indentation curves. The toghest moduluswas observed for dormant s pores,
with aversge elasiacaly values of 197 £ 81 M Pa. The elastscity decreased mgnificanily after meubation of the spores with
the germmant L-abarmne or mesme (475 £ 4 1.7 and 35.4 & 158 M Pa, respectinely). Exposure of B anfirach spors lod
mavture af both germmants resulied m 2 syner geitsc effact wath even lower elstaty, witha Youngs modube of 23,5 +
148 MPa_ The ebastacaly of the vegetative B ansrachs el was pearly 15 tmes bower than that of the dommant spares
(124 = 63 MPavs 197.0 & 805 MPa, respectnedly). Indeed lrom a mechameal strength pomit af view, the germmated
q-n-ms werecloser o the vegetaiive cell than to the dormant spores. Furiher, the decrease mihe elasticaly of the cell was

d by me £ AFM tmpinde degihs an the cell surfices. Indentatson degihs of up to 2462 nm were
Mun-nd for vegelative B antirachs compared 1o 20,5 nm for the dommant spores. Thee resulis provide quantilatve
miarmabon on how the mechanca | properises of the cell wall change durmg germmation, which mayeaplun how spares
hecome susceplible to mactrvation proce s hased on mechanical forees durmg germmatiom and oulgrow ih. The study

of spare ebagtacaty may be a valuatle oolin the design of mnproved anisporal treatmenis.

It roscduee Gom

Bar@us and Clostridinscells ane someof the most nesistant life
forme known dueto ther zhdity to undergo the restructuning 2nd
differentistion process of sporulstion under nutrent deprive-
thon.! During this proces, vepetstive cells synthesize & series of
polymer and protein layers that encese the cdlular contents and
geneticinformsti on ina ~100—200 nmbamer, which protects the
el from extemal enviromm entsl stresens > Sposes e metsbo-
lically dormant, bt they maintan the shdity to germinste and
tranaform into vegetstive cells once nuiriens are available
In their vepetative state, orgeniames such a3 Bacilus anrthrads
{B. anthracis) are highly virolent, and they are considered a3
potent biologcal threst apems since they cause aitical or faizl
airbome disease, such a2 pulmonary anthesx *

The firstatep of the process in which the spores retwm to 2 fully
vegetaitive, pathopenic state s known a3 germinstion. Germins-
tien is usually imtizted in responss to avalzbdity of nuirients,

*Coomrespomad] imeg ot oo P 508 831 5330 Fax 504 231 $380; e <mail temmici@
i edn
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such & aming &cids and sugar, non-nuirient chemicals such a3
dodecylamine and dipicolimc agd {DPA}. or by other factorns
guch 23 high pressureand tempers e, ** Germination invelves
aeries of siepa where the rdezse of monova lent cati ons,, dipicolinic
add (DPA), caleium, and the intake of water molecules reault in
the legs of hest mesitanc: and indtiation of metabolic t::muE
converting the spore into & vepststive, fully virulent bactermm **
The meechanizm of germinstion it gpered by nuirient involves
the presence of spore-germination recepton on the surface or
inner membrane of the spore, which stimulste the cdl to germd-
nzte and to schieve vepetative grovth.'” L-Alsning & an sming
add that interzcts with 2 recepior on the inner membrane of the
aporeat! and i3 & wellanudied moksede for the gemanation of
aeversl Boedius species, such & B abriis, B eoreus, B. anthracis,
and B, arrophaes, 2 Inosine B2 purineribonucleoside that has
been shown tobe a strong germinant of B, serews spore. ™ Whils
cither germinant, 1—dﬁ|ﬁ13mm:hmsmmmﬂs
perminztion of B. ceraus, for B, anthacis spones, ahmar%'
of the germinanis has been shown to be maone effective. ™
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In contrast to the considerable sttention paid to investigating
ithe effects of nutrents on germination of apones, there are fewer
atudies in the Berastme on the effects of phy scal imols, such as
pressune. ™ Whiks it & widely known that the microbizl cell wall
s & sirwcturz] role inomaintad mng the el holsr shapeand resisting
turgor mu:a"chminﬂwmhm properties of the odl
wall during permdnation remaing essentially unknown. 8. sibedis
apores exposed to 100 and 550 MPz nesulied in the killing of
< 25% and = 50% spores, reapectively.! | Trestment presures st
550 MP2 were able i inducs the germination of spores without
the newd of activation of germdnant receplons, 23 wes confirmed
by the number of viabl: colonies in Luriz broth mediom apsr
plates. However, spones treated 2t 100 MP2 produced very few
coloniss on agar plaies, suggesting that there may be & critical
mazchanica | foncs necesgary to indliste permination in the 2bsence
of nuirient. Understanding the mechamcsl properties of
B, antirads apones, such as cell wall elsticity, may hdp us
understand how germinstion aflects the spone swrfsce and wli-
mszidy how the cell nesiais chemdcal and phy scal insulis,

Crermination of sposes is ususlly monitoned by changs in
aﬂhﬂ]dmmmﬂmuasmﬁ 5 ez sed firom the spone cone
after additi on of germinanis. Eb:mmﬁmpymhl}hﬂaha
een used to siudy changes in morphology of the spores during.
permination.'” While EM explicily demonsirates changes in cdl
airuwciune, sample prepars ton necessitstes dehydration and coat-
ing with & reflective matenial, which can cause antifacis.

At ¢ foroe mdaroscopy (AFM) i 2 technique thathas proven
practical for the physical charscterzstion of individual spores,
sinoe it provides high-raolution imeging of the sample and the
ahility i obtzn the adhesion forces present between the AFM
probe and the cdl aurface under mtive conditions."® By atudying
ithe imteraction of the AFM tip 23 it approaches or retracts from
the spore surface, it is posibe to study specific physical and
chermical properties of theapone, such 2 el ticity, adhesion, and
length of surface polymens. A few APM studies available in the
litersture have addressed how nutrent germinzanis, such as
1-zlaning, affect the morpholegy of Bacdls apedes.™9
AFM has been used i obizin high-resohution imepes of the spone
coat of Bacflluy spores and understand how proten cost byers
change during germanation.'™!

ez il v el ity mes surerment with AFM i3 2 new way to
characterime how germinants affect the mechanical propenties of
ithe spone surface. Using the AFM probe 23 2 nanaindentation
o, AFM deflection data can be converted intoload va indents-
tion depth plot and amalysed using theoretical model that
provide quantitative infomsation on ﬂ!: clasticity of the sample
{repreaented by the Yomg's moduhs). * Thise model have been
applied toward bacteria, swch a2 E. colf, whene it wes sugpes tod

that the elssticity of the cell can change significantly depending

{14) Padbusgaz, M Sedow, .. Dasies, W_ B Hooves, [1; Papafragion, E;
Sedow, P Agpd Fviron. Miewbial 2002, 68 (8),3173-5
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on the slvent in which the cells are exposed ** The elasticity for
E. coli in water was ~12.8 MPz, while the el ticity of the same
bessciter um in & moore paolar sobvent, such 2 formamdde, decresod
10 ~(L8 MPa" The same techmque has been applial with other
types of cell, auch 2 the yeast Seaharonyaes sereviviee, when
the Young s moduhus was-~006 MPa st the cellwall but~4.1 MPz
atthe site of cellular division.™ While theseelasticity studies help
charscterine the physicsl properies of some bacterial strsim,
none of the cdlb sudied possess the complex protein ayers and
coat strwciure that is common in sporulated B, auhracis
Therefore, owr ohjective was to e AFM to charactenze how
the nutrent germinanis L-alaning andfor inmine affected the
Young's moduls of B anthracs spores. These resulis wene
compared with elasticity meswement on the doman spones
and sko on the vepetative B. anfiraas celk, thess being the two

limuting stztes of the spore subjected to perminants.

Experimental Section

Bacterial Strain and Preparation of Spores Bacillus av
thracis Sterne({refrned 1o herealler & B, awhrach™) wa kmdly
provdded by the ULS. Ammy Matick Sokler Fesearch, Develop-
menl & Engmeening Cener, Matck, MA. The Sterne slram is &
low wvirulknos sirsin that lscks the pXO2 extra chromosomal
plasmid, which foms and develops the bacterial capsule; how-
ever, il condams the pXO1 exin dwomosomal plasmod, whichis
responaible for the expressen of varulent faciors'”

Becierisl siradm were grown mn sporulstion medis & desoribed
previcsly? A solution of sponilation medis condsting of § g of
mudrend broth, 4 g of vessl exiract, 0001 g of MoCh-d4H20, 5g o
peplone, snd 15 g of zgarm 1 L of ultrapune water (Milk-C) water,
Milkparre Corp, Bedlond, MA) was mssntamed st 2 pH of 72 and
stesrited for 60 mon, Tollowed by prepanstion m Petr dihes.

Fresh culiunes of B, anthracis Stemne were oblamed by adding
100 ul. of spores lrom & glwoerol stock soluion mio a Mk with
25m Lo sberil zoed nudrent beoth {Himedia, Mum bad, lndia). The
sk was agiisted 21200 rpm &1 37 °C lor ~20 h. Thas culiume was
e Lo maoculate plaies of spor ulstion media wmg 50 uLabguots,
amd the plates were moubsted =t 37 °C for 4 das o allow
vegelaine cells Lo sporulsie. Harvesimg of spones was done m
adoctaved witrapune water, and spones wens collected by cenin-
lugation &t 5000 mm for 20 mon and resuspended in ultrapune
waler, The cells were washed aght times Lo separate spones from
vegelaine and partially sporubsied cells smee thene & & & gnalicant
difference m densily beiween these twe cell iypes™ The spores
wereslonsd overnight 2t 4°C. Aller ~18 h, the cell were washed
Lwe mire Limes Lo remove any remaning vegelative B, anthracis
cells.

Spore Germination Assaysand Atomic Foroe Microsoopy
(AFM). Thesurface el ty of dormant &nd ger mnated spones
and of vegelative celk of B. anthracis was mvestigaied. To germ-
nabe the spores, 8. anthracis were expaied o 50 mM L-alanine
(Sagmma-Adkdrd ch, 51 Louss, MO), 5 mM mosne (5 gms-Aldnch),
o both germinants logether, m 50 mM T HO budler (pH 820),
and incubated 2t 37 °C for 2 &nd 4 h. The fnal comcentnti o
of the spore solution was ~107 cdliiml. Asa control condition,
dormant B, anthracis spores wers meubated lor 4 h m 50 mM
Trig'HO bufler &1 37 °C. To siundy the elasiscty of vegetaiive
B. anthraciscells, & 1 mL sample of doman spone solution was
suspended in bryplc soy broth (30 gL, Sigme-Aklnch), supple-
mended with 1% yeasl extracl, and grown lfor & h & 37 °C wath
rolahon &l 18 rpom.

Tir el the alect of germdnant concentraiion on the elstcly
of the spores, addidonsl experments wene carmed oul when
B. anthrads spores wene germanaled with 25 m M L-alanme and)
or 2.5 mM mosine for 2 h. The elasticaiy values obiamned wen

(241 Taemis, HCilvasg, © 1 Sl Cham 1988, 340 (51, 108550,
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comparel with those obianed &1 higher concentrstions of germs-
nanis (50 mM L-alanme andfor 5m M mosme).

AFM was wed Lo sludy changes m the elastacily of B, anthracis
apores inclwoed by exposure Lo difTensnt geminanis. Aler incuba-
om with L-glanme andor inodine, the spone sduion was cm-
trifuged &t S000 rpm for 5 man and resuspended in wlirspune water
Lo stop Lrestment. Droplets of tested B, anthracis spores (5 ul)
were deposited onio lreshly cleaved mica and dried for 18h.

AFM s permments wens carmed oul with @ Dimengon 3100
with Manooope [la controller (Veeco Metrology, Santa Bar-
bara, CA) thal was opersted in lapping mode m & o represent
condiionsof arborne spores. B, anthracizane commaonly found in
sail 2l concentrations of up lo 3000 spores per gram T
Smee germmation czn be allecied by humadiy,”” AFM messune-
menls were mken 21 30=35% nelative humadily m ar. A smgle
reciangular cantibever with & conscal slicon Up having & spring
constantof 14 M/m and aresonant fregquency of 315 kHz was used
(Mikromasch, San Jase, CA). Samples wene scamed ai & rste of
1 He, andl once & spone was locsted, 11 was centensd so that forae
measurements could be performed on the cdl sway from ihe
edlges, Fornoes wene measured on five spores, and ten lorce cycles
were recorded per spone for & todal of 50 force curves obiadned for
each tresiment. The len lome gycles oblamed withm each spone
were laken ai the same lezxtion of the odl (cenier of the sporne
away lrom edges) Lo ensure that no deformss ton of the s ur face was
taking place. The lome cgycle was el 0 the Up stayed m contac
withthesample for 1 ms bedore relracting snd the fp would travel
212 gamfs with & leading rate of 3 = 1077 MJs during the force
cyele. Data m ASCI lormst were exporied Lo spresdshest amd
comverted from deflection to lonse.

Hlasticity of B. antbracis Spores Otained from Foree—
Tndentation Depth Curves, The conversion of cantilever dellec
o kil Lo lorce st a lhovws Tor the & sessment of the el asticity of
the surfzse of the spores in response Lo exposure Lo germinanis,
AFM daia were cnveried o foroe—indenistion depith curves
Tollowing proceduns described :|'|u'E\.-:'u:m'u:’d'_l,-.z u Briedly, the de
Mection of the cantilever, d, 25 il approaches and retracs lrom the
surfmceis ploted & & lunoton of Up-sample separ stion dislance,
z. Smce there was some scamer hyslensss and drifll m the
detection system, weolten observed thaiihe deflection of the free
cantilever was mod equal o pero. To cenect ths, a deflection
T, oy, wiss subtrscted from all deflection values, The dellec
i Tt wiaes cleter mamed (rom the cantilever deflecti on—sample
separalion dslance plod by calculsting the sverage canlilever
deflect on when the AFM probe was lar away from the sample
surfsce, This was observed a5 & homeontal Ene, whereno repuliive
or atiractive lonces were expenienced by the AFM tp. The
cantilever deflection was converled Lo force or lozd (F) usmg
Haoroke's law

Fo=lkeld=di) (n

where k15 the spring constaml

Smidlar lo the dellection ollsel, & separaiion distance offsel, zg,
was defined. The value of this offsel wasihe il poinl whens the
lp makes comad with the sample surlsce or mone specilically,
when the deflection of the cantilever begim Lo menssse rom the
horteonial bne that mepresents the zero cantibever deflection
{deflection offset). The distance ofleel was subiracted from all
iz tames valus.
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Mext, the lonoe—mdents tion curves wene cragted by takng ino
account the comphance of the sample surface. On & hard surface,
such a5 mica, the dope of the compliance region of the caniilever
dedlection—separation dstance curveis equal to 1, bl this sla;u:ia
expecied Lo decresie for baolgicsl samples, such 23 baclena >
The dillerence between the separstion distance on & hard surface
amd the separation distance on the surfice of the sporne i3 the
meleniziion depth of the sample, &, and & defmed by

&=z )= (d = dy) {2

Fromeqs 1 &nd 2, the cantilever deflection —separs bion ds e nee
curves were converled inlo load, F, versis indenistion depih, 4.
Foroe curves wene made on reshly cleaved moca fiee of spones
bediore any mess wnements wene laken on cells inorder Lo calibraie
ithe senstivity of the photodetecior.

Young's Modulus of B, anrfracds, The tenadle el s mood-
whus or Young's modulus was obtsned by appdying the Herlz
mirdlel of continuum mechanics of cntsct & the ad=indenis
o depihielsta =# The Hertz model can be used lorsampl e that
ane elsmise, isolropic, homogeneos, &nd semd-milimie alihough i
dleres et take inder secound Lp—surfsce adhesion ™" Since there
were nod dgnilican adhesion fomces olserved durmg the loroe
eycle, the modd was applcable.

From Herizman theory, the model describes the indenistion
{withoul permement deformstion) of an mdenter (the silicm
AFM probe) mio an infinitely defrmable elasie hall-space
{sporne surface). The geometry of the mdenter was taken imo
accounl, &nd il was rdated Lo the losad—mdenttion deplh
curves by

Fome =§mul—fv5é’ (3

whene @ % the halFopening angle of the conscal tip wed, laken as
AiF gasped Bed by themanuficlurer, Eisthe Young s modulus or
lensle el modulus of the spone, @nd v & the Posson ratio of
ithe spore, isken 2 0,522

A MatLab soript was wiillen Lo analyee sl raw data obianed
with the AFM and calculaie the elastic modulus of the spores lor
all iremiments (MatLab Works Inc., Natide, MA)

Statistieal Analysis Young s maodul e gnd mdentation depth
vadues were analyzed usng ihe Krskal-Walls one-way analyas
of vananoe (AMNOVA) on rmks lor repesied measurements snoe
ithe samples dad nod have equal varmnces. The null hypothess
fesled was that there were mo diffensnces m the disinbution of
vadues between dillenend groups. Tukey's tesl was used for mulis-
ple compansons among irestment groups. A dillerence was
consdensd significant i P < 005,

Results aml Discussion

Ratimale for Germinaton Conditions, Cemdnation of
Barifhes spores has been extensively studied over the past few
decades. 1-Alanine has been shown to influence the germination
of apores of many Boae@iusapeds 24 For Boellus anfirag, it
has been shown that L-alanine is 2 strongly independent germd-
nant 2t concenirations > 10 mM and that rapid germd nation nes-
o ane obaerved st high 1-als ning concentrs tions { 100 n ). '
T the sammee study, it was olserved that lower L-zlanins concen-
trations could germinaie B. anrhrads spores 23 long 23 there was
another germinznt present, such 23 inpaine.” 1-Alanine 3t 2 con-
cenirgtion of 10 mM acting topether with inosine &t 2 concenirs-
tion of 1 mb wene sble o germinate 73% of B. an thrads spones in
less than 15 min' Tn another study, optins] germinafion condi-
tions for B. anthracis wene observed when sposes wene exposed to

(A1) Mumirshi, M Y oshida, W Bda, K Kemaso 5 Komysh, T Wada,
H. Awis Mawr, Lavyax Nide, J3(71 14657,
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15-150 mM r-alamne, and over 9% of the spome populstion
had germinsted within 24 h'® Clements and Moir observed
that 50 mM r-zlanine and 5 mM inosing were concentrz-
tions &t which the germinstion rates wene the meximum for
B. cerews, which 8 2 close genetic nelstive of B anthracic "
In another study, inosine concentrations that ranged from 1 o
10 mM mesulied in comparzble ination proess & mes
sured by the fall in opitical density.” Whils inogine has been shown
o e & weak germinant whilzacting alone companed toL-alanine,
it has been suggested that inogine & & coperminant is ablk to
indwce sironggermina on reaponaes in B an thraeix. Germ instion
with L-alanine 23 the sole perminant has been shown to involve 2
singhe receptor whils inosine 23 & sole germinant has been shown
to requie theinkeraction of two different receptorns in 8. aeeus
O the basis of these findings, and knowing that germdnants st
high enough concentrations mesulied in optimal perminstion
reaponses, we chose high concentrations of L-alanine znd inosine
for our elasticity studies. To s whether germinant concentrs-
tion had &n effect on elastcity, AFM experiments were ako
carned out on spones that wene exposed to different concentra-
tions of L-alaning &ndor inosine.

Flasticity of B. anthracis alter Exposure to Germinan s
Cantilever defloction va tip—sampls separation cunes were con-
verted to boad va indentsti on depth plots to quantify the elasticity
of B. anthracis apones after expoguie b0 L-2lanine andor inosine
(Figure 1 A). A distinet nonlinesr region of the curve was obasrved
for all zamples, which allowed for the detection of ddflection and
separstion distence offsets. Once these offsets wens defined, the
plet was converted to leading force v indentstion depih
(Figure 1 B). When we probed & hard surface, such 23 mics, the
nonlinezr egion of the curve was sbaent, so the deflection and
sepear stion offsets wene defined & ihe point whene 2 sudden jump
o conted was olserved in the approsch curve.™ The Young's
modulus of the spons was oblained by fiting the nonlinesr
portion of the loading force va indentstion depth curves to the
Hertz model. A quasi-quadratic relation was olaerved betwesn
the loading foroe 2nd the indentation depih (Figure 18), which
was predicted by the model for 2 condcal AFM probe. Therewasa
good sprecment between the Hertz mode] and the experimenial
data obtsined, which suggests that this modd can be used for the
maagurement of elasticity of celk with harder surfaces such as
Bl s and Clos tridium species. Furthermone, for 2l treatmenis,
no adhesi on foroes were observed during 2 pproach or retradion
of the AFM tip, allowing for the anslysi of the dats using
the Herte modd. The leck of adheive intersctions during AFM
fonce cycles has been smsodsted with the crysizlline natwne
of the surfece of microorganiams, such 23 the one present in
Lastobasilli®* & crystalling ool surface proein, S-lyer, has been
obaerved in the structure of Basfis species™ which may consist
of compactly folded prodeins that prevent the AFM tip from
cxperiencing adhesion during foroe mesureaments.

The slopz of the bad va indentstion depth curve was higher
when taling AFM messurements on the dormant B ancheads
apones that wens not expossd to any permd nants of yeast extrad
and decressed significantly after incubetion with either L-alenine
of inogine (Figure 2). Based on the shape of the loading force va
indentation depith curve, fewer data polnts wene 2 vaibsble to it the
Hertz modd for the el that showed harder surfaces idormant,
unirested sposes), since the nonlinesr portion of the curve that
dezcribes the indentstion of the AFM probe ino the umtnezied

(A7) Schaer Fammares, P Ubtiak, . [eavdwseagy 208, 57 (1-4,
19%9—201

(39) Kaimamn, A Hmpmsabo, M2 Kot K Kermeo, B Olsen, 15 Sorsa, T
Mewmmas, I H; Lowssoman, K- fect Trvvaa 19, 66 (10), 2995 -902
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Figure L. (A} Fepresenistive AFM approach curve oblamned
when a slicon AFM tip approaches and indents a 8. antfracis
Stemne spare. The deflection offset 4y and the offet i the separa.
tion distance z; used tocalibrate the deflection vs distance plot ane
shown. The nonlinear pontion of the curve is depicted within the
twn X marks. (B Loanding force —mdeniation depth curve comre-
sponding to the dedlection—dstane curve in (AL The open
iriangles correspond 1o the best it oblzined after applying the
Herizmadel o the nonlnear portion of the approach curves (ag 3.

B anthrarix el was signifi cantly smsller. This may be due to the
multiple prodein Byers that swround the cell, maling the spone
surface harder than the cell wall of vepetstive bacteria,

Treatrent of spones with TSB supplemenied with yeast extract
reaulied in vegetative cells with wealer surfices since very low
lads were required to substantially indent the sample with the
AFM tip. The slope ofthe load va indentstion depth curve for the
vepetative B, anthracis resulting from the TSB and yeast extract
trezstment was the lowest of &l conditions (Figure 2). Since
untrested B. anthracis apones ane coverad by multiple layers of
protein costs, higher loading forces wene mequinsd to cause
indentstion of thespore. This sugeestathatthe probein cost byers
of dormant spores strengthen the surfice and meaist applied
presswne, such & the one crested by the AFM probe dusing foroe
cycles. Simidlar changes in the shope of the load v indentstion
plot have been observed for other miooorgenisms, such as
£ eereviviae™ During the division of 5. cerevidiae, 3 acar is
formed on the cell wall where the bud emerges, resuliing in 2
sigeper dope inthe AFM dsta, which sugpests strengthening of
the surface and higher loading forces being requined to indent the
cell with an AFM probe.

Langmuir W10, 36 {9}, 6535-6541
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Figure I. Fepreseniztive load ws mdeniation depth curves of
B. anthracis Stane before and afler meoubation with 50 mM
Lsalanine amdfor 5 mM mosme or try plic soy broth supplemented
with 1% yeastexiract {vegeiztive control). Eachlineis the average
of 50 approach curves measured between 5. anthracy Stemeand a
silicon AFM probe.

The effeds of pressune on the germd nation of spones have been
previgasly smdied ! Exposure of spores to ligh pressure can
imfiate the proces of germinsiion. " Bxpoue of Bacillur spores
o pressures of 550 MPa msulied in indtiztion of inztion
withaut the invelvement of any germinznt receptors.’ However,
treatment &t lower pressures (100 MP2) did not indtizte permins-
tion, unless one of the spore’s germimant receplon was activated
by nutrients. Since the presswne applied by the AFM tip to the
apones was much lower than 100 MPa, 2 pressure-indwced
germination of untrested spores probaly did not eccur in our
siudy.

The highest Young's moduli were obtsined with dormsnt
apones that wens not exposed to germinants or yeast exbradt
(19702 + 8048 MPx2; Figure 3). The high ebsficity value may
b due to the thickness of the inner and ouer costs of ihe
sporulated cells, which can be up i 130 nm. This thickness
msay reauht in 2 hardening of the spore surface, prowecting it from
envirommentz] insuli. Youngs moduli of B. anthracis apones
decressnd significently after incubation for 4 h with 1-zlznine,
inoaing, of both germinants (4754 4 41,79, 3541 4 1588, and
2550 4 1487 MPs, rapectively, P < 005 Incubstion of
B. i thra s with both germinants resulted in > %0% of the apones
having an elmtic modulu lower than 50 MPa. Them was no
stmtitically sigmificent difference between the Young's modulus
of apores trested with L-alanine for 2 or 4 h; inthe case of inosine,
the elasticity decressed from 66,42 & 2590 MPa after 2 h of
incubation to 3541 & 1588 MPa after 4 h of incubation (P =
005 The rather terpe standard deviztion values obtzined forall
conditions sugpest that there may be heterogensity of the dis-
trbution of proténs on the spore surface, especially in the
dommsnt spores. The germinstion of spores using only inosine
23 the tr geering maleculs has been shown to requne the interac-
tion of the germinant with two different recepton in B, coraus
apones, Ger] and Gerd), sinoe the activation of only one of them
does not provide sulficent activation of the spom o cary on
with the germination process." B. cereus i 2 close melstive of
B. anithracix, snd the gar( and gerl operons sre ako present in
B. anthracivand recognize inoging & 2 germinant ™ Besed on our

(34) Halle, L. Hitts 5 T, PoCan G L Roses, (.M. FEWS Wirakial
Jea JWS, HE(1)L T[-E
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Figure 3. Ebstidty of F. anshiracl Steme spores as a funcion of
ireal 1. Spores germi dwith 50 mM L-alanine and ior Smh
masine for 2 or 4 h. Bars depict the average elasticity of 50 spores
per condition. Error bars show the standard devision. The top
Ene comect statistically dsting points (P < 0005) caloulsted by
Erskal-Wallis one-way ANCVA on ranks with Tuley's test o
make padrovie comparisons The star symbal indicates the conds-
tion that & hang compared 1o other treatments.

results, germination with inogine may mequire longer exposune
e of the oell to the benudemide to allow for the interaction
with bath receptons. Our investigation ako sugpests that whil
other studies have shown that inosine acting slone B 2 weak
germinant for B. anhracis spores a3 measued by the rate of
optical density change, it does display 2 sironger impact on the
mechanical properties of the cdbk sinee the surfece elsticity
decresses gignificant]y compared to the dormsant spone.

The elasticity values of B. anthracis incubated with both ger-
mdn&nts wene significantly lower compared to the spores inar-
etz with each of the individusl nutrents (P < 0005) Tt has baen
auggeated in the bterstune that B. anhracis may not germinate in
the presence of inosing alone bul mey require coupling with
another germinant, such 23 2naming scd % Trdand and Hanna
ahowed that highconcentrations of inosine (up to 50 m M) did not
trgper & germhnstion ma{mdm from B. anthraci even when
incubated for up to 16 b In the same study, it was concluded
that L-alanine is & sirong perminant only at high concentrations
{5 10 mM), but the presence of 2 sscond coperminant, such a3
inogine, will result in & sronger perminstion reaponse.'t Owur
results sugpeat that 2 weakening of the spone surfece is mking
place after incubation of B. anrhrads with L-2lanine and inosine,
ainoe the elasticity values decressod significantly (P < 005). The
use of two germimanis may not only wesken the surfece of
ithe apone but speed up the degradstion of the spone coat and
ithe peptidoglycan cortex that protedts the spore core, which
would change the mechanical propenties of the cell,

Spores trezted with lower conoentrafions of L-alanine andor
inogine (25 and/or 25 mM, rapectivdy) did not show signifi-
cantly different Young's moduli when comparad to the values
obtzned with higher concentrations of L-alanine 2ndor inosine
(50 andor 5 mM, respectivel y; Table 1) Clements znd Mar have
ahown that comparzble perminstion rtes of Bae@us s pores wene
achieved over inmine concenirzions ranging from 1 to 30 mM
and over L-alaning concentrations ranging from 10 to 100 mb. "
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Tahle 1. Effects of Germinamt Concen iration om Yo mng's Moduls and Indemtation Depths of Bad s andhracis

average Young's averige mdentaiion
FETMITANt Concen Tasoan s chull s WP} P value depth {mm) Pyalne*”
258 mM realamine S5T2319 0244 13TT£318 s
S0 mM r-alanine MI=Ne 13502406
15 mM mosire E55= 164 Q608 12182097 0458
LM inosme Ghd=159 HTE2251
2EmM realamine 4 X5 mM inoeine AX1= 042 [LE= M T80 [N i
S mM realamne + 5 mM mosne EIREC IR XrgLEr |

Comparsons of Young's modubs and indentation depth data between germimnt concentrations were done wsng one-way aml wis of varance
{AMOYA) forrepeated mess uremen . Tukey's test was wsed formultip ke compar mons among reatment groups. A difference was con adered significant
i P < (LE ‘P value obained when comparmg average Young's modufi. ‘P vabue abiained when comparing average indentation deptis.

In another study, spone permdnation was mesured by studying
the decresae of optical density of spore sus penaions after addition
of perminants, and it was determdned that ines ne concentr stions
of 1 or 10 mM and v-2laning concentration of 10 or 100 mb
caused the same decresse of optical density of apore suapensiom *
Based on these studies, the concemntrations of L-almine and
inosine chosen for our elasticity experiments f2ll within the range
whene optimal spore germination rates oocur. In dhis study we
observe surface dagticty values for B antheacis that ane unaf-
fecied by the change in germinant concentration when the spones
are exposad to high concentrations of L-alanine (25 and 50mM)
or inogine (2.5 znd § mM). Similarly, mixiwes of both germinanis
at concentrations of 50 mM L-alanine and 5 mM inogine or 25
mM L-alanine znd 2.5 mM inosine vielded comparable Young's
moduli,. These results sugpest that once the spones have been
cxposed to high enough concentrstions of the germinants, the
changes in el sstici ty will be the zame independent of the 2mount
of L-akanine &nd for inosine in the spone suspension. The elsiicity
of vegetative B. anrhrads showed the lowest Young's modulus
with &n sverage of 1259 + 6352 MPz, and the valus wene
significamily different when compansd to other trestments (P <
005), cxcept when the cdbk were trested with L-zlanine and
inoaine for 4 b (P > (L05. This eleticity value is cloas to the
clastic modulis of other wegetztive bacteria. For E. oli, &
Young's modulus of ~12.5 MPa was estimated * Once 2 spore
has completely permdnated, thereis an outgrowth process leading
o the vegetstive odl where the spone cost 8 loat, kaving the odl
with & membrane that is much thinner and sllows for the
transport of nutdents and rdesse of wasie products. ™ The
degradstion of the spone coat resulied in 2 odl that could be mone
caily indented by the AFM probe, 23 wes olserved onvegeliive
bactenia (Figun 4).

TIndemation Depths of B amthracs a5 a Function of
Treatment. Indentstion depihs wene sigm ficently lower for the
untrested apones than for thaee treated with -z lenine, inogine, or
TSB supplemented with yeast extract (P < 0050 For ihe
domant spores (untrested spores), the depth indented by the
AFM probe was 2045 £ 1488 nm. However, this indentstion
depih inaressed s gnificantly after incubstion of germdnants for 2
or 4 h. Higher indentstion depth values wene observed for spones
trezied with L-alanine compared to inmine. For the germdnani-
trezied spones, the highest indentzation depths wene observed for
apones treaisd with both L-alanine and inosine for 2 h (22397 +
204 mm) or with incubstion of the celk in L-alanine for 4 h
(22557 & 9865 nm). Lower concentrations of L-alanine andfor
inosine (25 and 2.5 mM, respedtively) showad simdlar indentsti on
depih vahies, sugeesting that there & no appreciable effect of
germinant conoentration on surfaee elsticity and indentstion
depith, onoe 2n oplimsal germdnation condition has baen achieved
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Figure 4. Average mdentation depths of B.amrthraa sSteme spores
prohed with a silcon AFM tip a5 a fundion of iresiment. Spores
germinated with 50mM Labnineand for 5 mM inosine for 2 ord h.
Emor bars show the standard devistion of 3 measuranents
ohizmed for each condition. The top Enes comect siatistically
disfinct points (F < (U05) caloulsted by Kruskal—"Wallis one-way
AMNOVA onranks The star symbol indicaies the condifion that =
hemg compared to other treat %

(Tabk 1) The incubation of B. aithracis spores in TSH supple-
mented with yesst exirsct resulted in the highest indentstion
depihs (286,23 £ 5431 nam). Our resultszugpest that the surfacoe of
dormant (mtreated) B. anthrads spore i harder and therdiore
higher loading forces are mequined to indent the cell Cnce
germinztion & imtisted, there B 2 degradation of the apone cost
that allows the spore to outerow and become 3 vepetative cell.*
Vegetative B, an thraas niead to have & much thinner cell wall with
mode fexibility to sllow the melease of waste products 23 well a3
touing during infection and invasion of macrophages " Because
of the mone flexible and thinmer surfsce, the APM probe can
indent the vegetative cell more than the sporulated el Anzlo-
gous changes in the dasticity havebeen chaerved for £, cereviviae
&bt bocation wheene the bud emerpes dwflgcd]djwmﬂ“"}m
the cell undergoes cellular division, 2 chitin ring of polysaccharide
of (§1=dp-linked N-scetylghcosamine forms to srengthen the
bud scar, marking the divisien site ™ The proteins that form this
chitin ring ane ghly slycosylated peptides that am 5095 wi %
carbohydrate, which msa kes chitin fibers insoluble, causi ngatiffen-
ing of the bud scar ™ Becsuse of the reidity of the difinring, the
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portion of the cell that had the bud scar had higher Young's
meodulus values and lower indentztion depths miade by the AFM
probe compared to the rest of the cell swrface. In another study,
the spring comitant of the £ serevidae cell body and the bud
scar were determined from the dope of the linear portion of
the force—ditance curve, and the bud scar displayed higher
mﬂqﬁiﬁmmtdmmmsﬁmaddﬁﬁnmmtnf
the zrea’

Condusions

The rgidity of the spore cost of dormant B awhrads cells &
serverely com promised by & poswne Lo germd nants or mutsents, such
& TSH and yesst extrzct During permination, the spoes st
losing their cost, meking the oell's surfice more flzxible, lowering
the surface dasticity, and sllowing the AFM probe o indent the
surface mone during the foroe cyde. Vegetstive B, anthrads showed
the weakest cell surface with elasticity vahwes that were 15 times
lower thansporubsted celk. This decreaseinelk=i iy sccompamred
Ty & dhecoreszse i the thi doneas of the spone cost, which we previewly
cheerved,! would mplsin why weestive cdb ar semitive o
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aporicidal compounds. Based on our findings, thesudy of dasticity
of apores mey be & valusble tool to predict how o wealen spones,
ithis meaking them more susceptille i spone insctivetion procsssss
ez on meechamical forces, such 2 the igh-pressure, high-tem-
eyt e vation medhod practiosd inthe feod industry. Indeed,
on the hasi of owr e, we antidpete that the decresse in the
elasticity of the apones caused by germinstors such & -alamne,
inoaineg, dodecylamd ne, sic., either alone o in md xiues, woukd mabe
ap0ne insctivation possble st lower pressunes companed to that in
ithe zbaemcs of such germnators. Tt may sho by possible o reduoe
ithe sl populstion of “difficult o kil” or “superd oman™ 5 pones
that often survive the cument high-pressure inzdivation methods
by the use of perminants in the hgh-pressune spone inactivation
PR,
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