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AFIT-ENP-MS-17-M-100
Abstract

Deinococcus radiodurans is a robust bacterium that is known for its extraordinary
resistance to ionizing radiation. In general, many of the investigations of this bacterium’s
resistance have revolved around low linear energy transfer radiation, such as gamma and
electron radiation. This study explored Deinococcus radiodurans’s ability to survive
high linear energy transfer radiation, specifically proton and neutron radiation.
Deinococcus radiodurans was dehydrated to reduce the effects of low linear energy
transfer radiation. The bacteria were exposed to both neutron and proton radiation of
varying amounts and rehydrated. The resulting colonies were counted and compared to
colonies of non-irradiated control samples using a two population, t-statistic test. With
few, non-trend forming exceptions, the results of these comparisons showed, with 95%
certainty, that there was no statistical difference between the non-irradiated controls and

the irradiated samples.
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CHARACTERIZATION OF NEUTRON AND PROTON EXPOSURE ON

THE RADIATION RESISTANT BACTERIUM, DEINOCOCCUS RADIODURANS

I. Introduction

General Issue

Successfully surviving and navigating an irradiated battlefield, searching for
survivors at the location of a nuclear reactor meltdown, or continuing to explore our solar
system all involve exposure to ionizing radiation. As such, there continues to be a need
within the United States Department of Defense and other governmental organizations to
develop medical capabilities to either prevent or neutralize the biological damage caused
by ionizing radiation. The Defense Threat Reduction Agency has a multiyear BAA for
Basic Research for Combating Weapons of Mass Destruction (HDTRA-11-12-
BRCWMD-BAA) to include “advancing knowledge to protect life.”[1] The National
Institute of Health also has research goals aligned to this endeavor, with “Determining
mechanisms for radiation protection, mitigation and treatment.”[1]

By investigating the mechanisms behind Deinococcus radiodurans’s (Dr)
remarkable ability to resist ionizing radiation, we may further the understanding of how
to protect human cells from the dangers of ionizing radiation. Specifically, investigations
will be made into Dr’s survivability in a neutron and proton environment, experiencing

high linear energy transfer (LET) radiation.
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Problem Statement

The purpose of this research is to develop an understanding of Dr’s ability to deal
with varying levels of heavy charged particle (HCP) and neutron radiation measured in
Grays (Gy). In Sl units, the Gy is a Joule per kilogram (J/kg). Specifically, the type of
HCP radiation to be researched is proton radiation. The overarching goal of this
research is to test Dr’s survivability in both neutron and proton environments.
Populations exposed to varying levels of both neutron and proton radiation will be

compared with non-irradiated control groups.

Hypothesis

The objective of these series of experiments is to test Dr’s resistance to both
neutron and proton radiation, at varying doses. The hypothesis: Dr demonstrates
resistance to gamma induced ionizing radiation (low LET), but will not show similar
resistance to neutron nor proton radiation (high LET). The null hypothesis: The
populations of the experimental group (neutron or proton irradiated) and control group

(no radiation) will not be statistically different.

Research Objectives
The research objectives are as follows:
1. Compare untreated samples of wild type Dr to samples with varying irradiation
treatments of neutrons and protons.
2. Compare untreated samples of Dr mutants to samples with varying irradiation

treatments of neutrons and protons.

www.manaraa.com



Assumptions/Limitations

There is no specifically known Relative Biological Effectiveness (RBE) for Dr,
however the International Commission on Radiological Protection (ICRP) created a
standard RBE based on the type of radiation and in some cases, such as neutrons, the
particles’ energy. Another way to measure radiation in addition to the Gy is the Sievert
(Sv), which is also J/kg. However, Sieverts include a RBE. This RBE contains different
weights depending on the type of radiation. For photons and electrons, a weighting factor
of 1is used. This means for low LET radiation, there is no difference between Gy and
Sv.

However, there is a weight factor for both HCP and neutrons. In the case of HCP,
such as the protons used in this experiment, the weighting factor is 20. This means that
unlike radiations involving electrons and photons, where Gy and Sv are the same, the
equivalent dose of proton radiation in Sv will be twenty times that of the absorbed dose in
Gy. The weighting factor is slightly different for neutrons because it is based on their
energy. For this experiment, a weighting factor of 10 corresponds to the neutrons of
energy 2.45 MeV.[2]

For the experiments conducted on Dr, the intent is to look at how Dr reacts to
high linear energy transfer (LET) as a result of the bombardment of protons and neutrons.
In order to minimize the effects of low LET and radicals created in water, the samples are
desiccated. In previous experiments it has been shown Dr is fairly impervious to
desiccation and can be revived with few losses even after several weeks. All samples are

expected to be desiccated for around two weeks or less. Further, they will be shipped in
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sterile containers to prevent contamination. However, they will be subjected to slight
jarring and temperature fluctuations associated with shipping.

During the proton experiment, samples will need to be exposed to the
environment of the ion beam laboratory while shifting their holder plate onto the stage of
the ion beam. There is some risk of contamination during these periods, but will be
mediated by as short as possible exposures and the samples will be covered following the
end of proton irradiation.

Finally, there are only a limited number of samples that will be able to be radiated
due time constraints of neutron generator / particle beam use. This will affect the depth

of statistical data that can be gleaned from the experiments.

Il. Literature Review

Chapter Overview

The purpose of this chapter is to enlighten the reader on the basic biology of Dr
and its ability to repair itself following radiation treatment. The discussion will also
delve into radiation itself by describing the differences of high and low LET. Finally, it

will explain some of the Dr mutants used in the experiments.

A Brief Description of Deinococcus radiodurans

Deinococcus radiodurans is a robust bacterium that is known for its extraordinary
resistance to ionizing radiation in the form of gamma radiation. In fact, this biological
adaptation led to its discovery as a contaminant in radiation-sterilized corned beef cans in

the mid-20th Century. This organism has the capacity to withstand massive DNA
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damage inflicted by ionizing radiation. For example, Bruch, et al. tested a Mn(Il)
speciation of Dr with doses up to 10 kGy of gamma rays with only a two log kill
lethality.[3] “Well-aerated, exponential-phase cultures...will survive 5000 Gy of gamma
radiation without loss of viability, and survivors are routinely recovered from cultures
exposed to as much as 20 kGy”.[4] The mechanisms for this biological adaptation are
still being investigated, though they are suspected to be related to its DNA, its protective
proteins, or as a by-product of its ability to overcome severe desiccation.[5]

Some of the features of this particular bacteria include two large chromosomes,
and two smaller plasmids.[5] This genetic material is toroid in form. Dr is gram-positive,
pigmented, and non-motile. Additionally, it is a non-spore forming, spherical bacterium
whose size ranges of 1.5 to 3.5 microns in diameter, and exists in tetrads. It is capable of

growing with a doubling time of about 80 minutes in a rich nutrient environment. [6]

SEI  10kV WD9mm SS50 x7,000 2 _—
05 Dec 2016

Figure 1. Deinococcus radiodurans taken by SEM at USAFSAM.

5
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High LET and Low LET

Linear energy transfer can be described as the “average energy locally imparted to
the medium by a charged particle of specific energy traversing a distance.”[7] In low
LET, “the average spacing between energy transfer events along the track of the charged
particle will be on the order of hundreds of nanometers.” This means for low LET, you
may only see an order of magnitude of 10 energy transfer events per um. Examples of
low LET radiation are gamma and electrons.

However, for high LET, “the formation of regions of ionization will be close
together and will, in the limit, form a continuous chain, or column, of ionization
damage.”[7] Therefore, for high LET, one might see an order of magnitude of as high as
1000s of energy transfer events per um. Examples of high LET radiation include alpha
particles, protons, and neutrons.

Neutrons are not charged particles. However, neutrons will cause elastic,
inelastic, non-elastic, neutron capture, and spallation events involving charged
particles.[7] A charged particle has the intrinsic property of an electric charge and can be
either positive or negative. An atom for example is made of protons which have a
positive charge, electrons which have a negative charge, and neutrons which do not carry
a charge. Atoms themselves are neutral as well, but may become ionized. This process
happens when an electron is stripped off the atom and the resulting ion will have an
overall positive charge.

Since we will be dealing with mono-energetic neutrons of 2.45 MeV, the events
we will be concerned with include elastic, inelastic, and non-elastic scatter. A neutron

elastic scatter is “the kinetic interaction of an energetic neutron with a nucleus of the
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absorbing medium in which classical kinematics describes the energy transfer. The
elastic scattering process is important for neutrons with energies up to 14 MeV or s0.”[7]
For neutrons that undergo inelastic scatter, the process is slightly different. In this case,
an initial neutron will be absorbed within a target nucleus, creating a short-lived
compound nucleus which then re-emits a neutron. This reaction will only occur if the
initial neutron’s energy “is greater than the threshold energy necessary for conservation
of energy and momentum.”[7] Finally, a non-elastic scatter is similar to an inelastic
scatter, but after the neutron is captured, the re-emitted particle is not another neutron.[7]
At this time, there has been very little experimentation involving high LET radiation and

Dr.

Direct and Indirect Action

Both high LET and low LET can result in either direct or indirect action. In the
case of indirect damage, the ionization and excitation of water by beta (electrons),
gamma (photons), and HCP radiation result in the creation of radical species. For
example, energetic photons may cause water to enter an excited state, then dissociate in
H- and OH- radicals. Likewise, ionization of water results in H20" and e". These products
will go on to interact with other water molecules and hydrogen to form other radicals
such as H20", H-, and eaq™.[7] These radicals then attack cellular components including
DNA.

In regards to direct damage, Alpen states, “Of greater importance with high LET

radiations is the high likelihood that an ionizing event will occur directly in the important
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target bioactive molecule.”[7] In this study, the bioactive molecule of consideration is

deoxyribonucleic acid (DNA).

DNA

DNA is the genetic code found in all living organisms. The complex molecule’s
shape is that of a double-helix whose spiral is made up of two strands of monomer
nucleotides. These nucleotides consist of a deoxyribose sugar molecule that is covalently
bonded to a phosphate molecule, forming a sort of phosphate-sugar backbone. Like the
rungs on a twisted ladder, this backbone also has base pair steps. Each base pair is a
combination of a purine and a pyrimidine bound through hydrogen bonding. The purine
Adenine bonds with the pyrimidine Thymine. Likewise, the purine Guanine bonds with
the pyrimidine Cytosine. The order of the bases pairs forms the genetic code which tells
a cell how to form the proteins necessary for cellular functions.[8]

The bases and sugar molecules of the DNA present targets, which both can
undergo chemical reactions from the radicals mentioned in the previous section. The
more damaging attack however, is when these radicals break the covalent bond between
the sugar and phosphate molecules on the backbone. If this type of damage occurs to the
DNA, the result may be either a single strand break (SSB) or a double strand break
(DSB). In the case of a SSB, one of the two strands of DNA are severed. For DSBs,
both DNA strands are severed in proximity of each other, usually within 10 base pairs or
less. If a cell is unable to repair either a SSB or a DSB, the genetic code may be unusable
by the cell. Without this information, mutations may occur or the cell may be unable to

produce proteins needed for survival, resulting in cell death. Specifically, “for simpler
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organisms, such as bacteriophages and viruses...measurement of DSBs in organisms with

double-stranded DNA precisely correlate with biological inactivation.”[7]

DNA Damage from Direct and Indirect Actions

DNA damage may result from either direct or indirect damage. In general, a
cell’s DNA exposed to high LET often receives numerous DSBs, which completely sever
the DNA. This is due to the more numerous events per distance as mentioned earlier.
DSBs are “far more serious in the consequences for a cell...and repair of DSBs is an
error-prone process that will frequently lead to mutation in the genome and/or loss of
reproductive capacity.”[7]

Indirect damage to DNA is the result of radicals created during indirect events.
Low LET is usually the cause of the “indirect action of the products of radiolysis” which
can result in SSBs.[7] SSBs are more readily repaired, though multiple SSBs in
proximity can result in DSBs. Alpen further states, “it has been suggested that the high
LET radiation...produces its damaging effect by production of double-strand breaks as
single events, whereas low LET radiation is thought to produce a preponderance of
damage through interaction of two sublethal events.”[7]

Numerous studies involving low LET radiation (such as gamma and electrons)
have led to further questions about Dr’s radio-resistance. Is Dr able to survive due to
having several copies of DNA available, the production of unique proteins which provide
more protection to the DNA from radicals, a higher amount of scavengers which remove

the radicals before they can attack its DNA, a higher functionality of repair enzymes
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capable of high fidelity DSB repair, presence of Manganese which seems to provide

resistance, or some combination of the above?

Deinococcus radiodurans DNA Damage and Repair

Both high LET and low LET radiation affect a cell’s DNA, causing either SSBs
or DSBs. In order to repair SSBs, Dr uses a method of repair called excision repair. In
this method, “the nucleotide excision repair removes pyrimidine dimers and oxidatively
damaged DNA.”[9] This is accomplished when the UvrA-UvrB protein complex, found
in bacteria, locates and verifies the damage. The damaged area is removed and is filled
by polymerase I. The repair is completed when DNA ligase | “seals the nick.”[10]
Polymerase | and ligase are enzymes involved in DNA repair.

Dr exhibits a two phase reconstruction of its DNA following DSBs. The first
phase involves “a process dubbed extended synthesis-dependent single-strand DNA
annealing (ESDSA).”[11]. In this process, shown in Figure 2, “chromosomal fragments
with overlapping homologies are used both as primers and as templates for massive
synthesis of complementary strands” and “depends on DNA polymerase | and
incorporates more nucleotides than does normal replication in intact cells.” [12] These
newly created strands, which are complementary, become high-precision extensions
which are able “join together contiguous DNA fragments into long, linear, double
stranded intermediates.”

This then leads into the second phase, which “involves RecA protein-mediated
double strand break repair.”[11] At this point, “these intermediates require RecA-

dependent crossovers to mature into circular chromosomes that comprise double-stranded

10
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patchworks of numerous DNA blocks synthesized before radiation, connected by DNA

blocks synthesized after radiation.”[12]

Phase | ESDSA Phase Il RecA Mediated DSB Repair

l Nuclease /
3, —
3
lReccmbination (RecA/RadA) i RecA
l Polymerase
A

Polymerase,
l Helicase/Annealing i

Helicase,
Nuclease

<

l Polymerase/Ligase

Figure 2. Two stages of genome reconstitution in Deinococcus radiodurans.[11]

Deinococcus radiodurans and Mutant Strains

The Deinococcus radiodurans R1 strain selected for this experiment was acquired
from the American Type Culture Collection (ATCC) for use by United States Air Force
School of Aerospace Medicine (USAFSAM). In addition to this wild-type (WT) strain,
the laboratory staff, at USASAM, created 11 mutant strains. Three of these strains were

selected for testing during both neutron and proton exposure and are listed in the Table 1.

11
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Table 1. Deinococcus radiodurans R1 Stain List

# Gene KO Common Name Proper Genotype
1 none WT
5 DR_1279 Mn SOD ADR_1279::mlox
8 DR_1546 Cu/Zn SOD ADR_1546::KAN
DR_A0202 | Cu/Zn SOD ADR_A0202::NAT
11 | BshA Bacillithiol Biosynthesis | AbshA::mlox

Each of the mutants in the study has one or two genes removed that are suspected
to have a role in the radio-resistance of Dr. This resistance involves the radicals created
from the interaction of ionizing, low LET radiation and water as previously mentioned.
In the case of Mutants #5 and #8, a superoxide dismutase (SOD) was removed or
“knocked out” (KO). A SOD is an antioxidant enzyme which can break down a
superoxide radical to a chemical less damaging to a cell. For Mutants #5 and #8, the
metal cofactors are manganese (Mn) and copper (Cu) / zinc (Zn).

For Mutant #11, the gene KO is not a SOD. Instead it is bacillithiol A (BshA),
which is “responsible for the first committed step in bacillithiol biosynthesis.”[13] This
compound is found in many Gram-positive bacteria, such as Dr. “It is involved in
maintaining cellular redox balance as well as the destruction of reactive oxygen

species.”[13]
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Additionally, a laboratory strain of Escherichia coli (EC), common name DH5A,
acquired from Protein Express, Inc. was used during the 3™ neutron irradiation

experiment.

I11. Methodology

Chapter Overview

The purpose of this chapter is to describe the methods used to conduct
experimental procedures on Dr to test the hypothesis listed in the first chapter. This
section begins with how Dr was prepared prior to irradiation. Next, a brief description of
both neutron and proton generation is given. The next subsection looks at irradiation and
rehydration of samples. Finally, an explanation on the methods of statistical analysis is

given.

Deinococcus Radiodurans Sample Preparation
Initial Sample Growth
The bacteria preparation consisted of several steps, ultimately yielding a Dr

sample that was 2-5 x 108 CFU/ml. These steps were conducted at USAFSAM. Initially,
WT and the selected mutants were grown in a tryptone-glucose-yeast extract (TGY, with
antibiotic selection of Nourseothricin (NAT) and Kanamycin (KAN) for mutant #8 only)
culture medium (0.5 % tryptone, 0.3% yeast extract, 0.1% glucose). Colonies were
streaked for isolation and incubated for 48 hours at 32 °C in unsealed plastic bags in
order to prevent drying. After the 48 hours, a single colony per strain was inoculated into

5 ml of TGY culture medium using 14 ml round bottom tubes, again with antibiotics for
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mutant #8. The inoculated colonies were incubated overnight at 32 °C and 220 RPM for
aeration. The following day, the cultures were diluted 1:100 (200 pl of overnight cell
culture) into 20 ml of fresh TGY culture medium within a 150 ml flask with appropriate
selection of antibiotics for mutant #8. The flasks were incubated overnight at 32 °C and
220 RPM.

After approximately 24 hours, the cultures were diluted to an optical density
(ODe0o) of 0.25 in 40 ml of TGY culture medium into 250 ml flasks. This was achieved
using the Thermo Scientific NanoDrop 2000c Spectrophotometer and accompanying
software. A 1:10 dilution sample of each Dr strain (100 ul of culture, 900 ul TGY) was
added to a cuvette. The NanoDrop 2000c then took readings based on a 10mm
pathlength of light. Below is a sample calculation showing how much culture needed to
be added to achieve the ODsoo 0f 0.25. The initial ODeoo was multiplied by 10 to account
for a 1:10 dilution. Tables of these measurements for each experiment appear in

Appendix A.

40 ml * 25 =2.0ml
497
The flasks were then incubated four hours at 32 °C and 220 RPM to achieve early log
phase.
After the incubation period was completed, the cultures were concentrated 10x by
centrifugation, with 30 ml of the cultures transferred into 50 ml conical tubes, set to 3500

RPM for 20 minutes in a table top centrifuge. During the spin, ODsoo readings were

taken to determine the CFU/mlI post four hour incubation. A calculation was done to
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determine the amount of media to achieve an ODeoo 0f 5. Tables of these calculations are

found in Appendix A.

4
30 ml * =3.7ml

Next, the supernatant was poured off completely and the remaining pellets were re-
suspended into fresh TGY culture media to achieve an ODsoo Of 5, which corresponds to
2-5 x 108 CFU/m.

Sample Plate Preparation

In a biosafety cabinet, the samples were transferred to the wells of a 96 well plate
column in order to easily deposit the samples onto the 96 well, flat bottom plate lids. The
procedure was utilized for the first and second neutron experiments.

Using a multi-channel pipet, 60 ul of cells were transferred to the lid “wells” of
three 96 well, flat bottom plate lids as shown in Figure 3. One plate lid was used as an
untreated control, while the other two plate lids were irradiated. The lid wells were used
instead of the actual wells because of the follow on experiments. Specifically, at Sandia
National Lab using the QASPR-3 (Qualification Alternative to the Sandia Pulse Reactor
3) tandem ion beam, only a 96 well plate lid, not the plate, was initially thought to fit the
sample stage in the QASPR-3’s irradiation chamber, so all experimentation was

completed using the lid wells.
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1 2 3 4 5 6 7 8 9 10 11 12
A 1 1 1 1 1 1 1 1 1 1 1 1
B
C 5 5 5 5 5 5 5 5 5 5 5 5
D
E 8 8 8 8 8 8 8 8 8 8 8 8
F
G 11 11 11 11 11 11 11 11 11 11 11 11
H

Figure 3. This array depicts the location of each strain of Dr. Each strain (represented by number, i.e. 1 is

WT, 5 is Mutant #5, etc.) was separated from the others by a row. This setup allowed for twelve samples

the most level, even surface compared to other drop sizes. The plate lids were left within

per strain.

After reviewing several sample sizes, 60 ul drops were chosen as they provided

the BSL cabinet’s laminar flow hood in order to dry overnight. After 24 hours of drying,

the plate lids were placed on their respective plates and sealed with parafilm. They then

sat desiccated for a day awaiting treatment. This was done in order to simulate shipping

to Sandia National Laboratory for the proton experiment.
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SEl. - 10kV WD10mm. SS50 X750 20pIN ;- S——
09 Nov 2016

Figure 4. 60ul drop of Deinococcus radiodurans at 2-5 x 108 CFUs / ml count taken by SEM at

USAFSAM.

A remaining 96 well, flat bottom plate with 40 pl of TGY in row A and 180 pl of
TGY culture media in rows B-H was next used as a control to determine an initial CFU
baseline. This baseline, referred to as a CFU input, provides a control for un-desiccated,
non-irradiated bacteria. 60 pl drops of culture were added to row A, with the strains as
follows: 111|555|888|11 11 11. The cells were then diluted 10 fold, seven times in
series down the plate column by transferring 20 pl into the 180 pl of TGY media in rows
B through H. Finally, 5 pl spots were transferred to TGY agar trays, which were then

incubated for 48 hours at 32 °C in unsealed plastic bags in order to prevent drying.
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For the 3™ neutron experiment, EC was added. The cell culture media used for EC
was LB broth (1.0 % tryptone, 0.5% yeast extract, and 0.5% sodium chloride) and EC
was incubated in 37 °C. The procedures above were followed with the additional of EC.

A modification from the procedure occurred when placing the samples onto the
plate. Instead of using a multi-channel pipette, a single channel pipette was used in order
to gain more precision when placing the drops in the center of their wells. Figure 5
shows how the samples were arrayed for the 3™ neutron experiment. Four plates were

created for irradiation, with a fifth plate as an un-irradiated control.

G 11 11 11 11

H

Figure 5. For this experiment, fewer samples were used, but EC was included. Four samples per strain of

bacteria were placed on each plate.

The plate setup for the proton experiment was modified as well. Two sets of

plates (A & B) were created in the event any plate was damaged during shipping. Each
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set consisted of WT, and mutants 5, 8, and 11, with an untreated control plate. This time,
each row of the samples were designated to receive varying amounts of proton
irradiation. Another non-irradiated control was on the plate designated for irradiation
that would also experience the same environmental condition inside the QASPR-3, minus
irradiation. The untreated control plates of sets A and B had eight samples per strain.

These setups are depicted in Figures 6 and 7, using WT as an example.

1 2 3 4 5 6 7 8 9 10 11 12
A 1 1 1 1 1 1 1 1 100 Gy 1
B
C 1 1 1 1 1 1 1 1 500 Gy 1
D
E 1 1 1 1 1 1 1 1 1000 Gy 1
F
G 1 1 1 1 1 1 1 1 2500 Gy 1
H

Figure 6. The samples in columns 1-8, rows A, C, E, and G were set to receive various amounts of
irradiation. These rows set to receive 100, 500, 1000, 2500 Gy respectively. All samples in column 12 did
not receive any radiation. The 1 in each box represents wild type, but plates with the other mutants were

also constructed.
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Figure 7. Rows A, C, E, and G held WT, mutant 5, 8, and 11 respectively.

Neutron Generation

The Adelphi Technology, Inc. DD109.1 Neutron Generator was the source of
neutrons for the irradiation of Dr. This neutron generator produces the neutrons via a
Deuteron-Deuteron (D-D) reaction. It is capable of a neutron output of up to 1x10°
neutrons per second and can operate in a continuous or pulsed manner. The fast neutrons
are produced mono-energetically at 2.45 MeV and the source size is approximately
16mm in diameter. This neutron generator operates with an ion beam supplied by a
microwave plasma source. Microwave power is supplied by a magnetron. The ion
source uses the electron cyclotron resonance effect to produce a high plasma density for
the high current and high D+ content.[14]

The reaction of interest for neutron generation is the following:

20

www.manaraa.com



2D + 2D — 3He (0.87 MeV) + n (2.45 MeV)

The generator is able to do this by using a titanium hydride target, which is
impregnated with deuterium atoms. Deuterium gas is injected into the plasma chamber,
which is ionized by the microwave source. A sufficient voltage, which overcomes the
Coulomb barrier, is applied between the ion chamber and target. This accelerates the
deuterium ions to the target, enabling them to fuse with the deuterons in the titanium.
The products of this fusion are the 2.45 MeV neutrons and He. However, this reaction
only occurs 50% of the time. The other 50% of the time the following reaction occurs
[15]:

2D+2D—->T+H

Neutron Dose Calculations

In order to calculate the dose of radiation via neutron exposures, the method as
outlined by Cember in Introduction to Health Physics was followed. [16] Using N, the
number of atoms/kg, f, the mean fractional energy transferred from neutron to scattered
atom during collision with the neutron, and o, the scattering cross section of the element
for neutrons of energy E (2.45 MeV), the following value was found, as shown in Table

2.
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Table 2. Deinococcus radiodurans Cell Composition

% Mass N,
Element atoms/kg f o, cm? Nof
Oxygen 0.13 2.69E+25 0.111 8.45410E-25 | 2.524E+00
Carbon 0.31 6.41E+24 0.142 1.58290E-24 | 1.441E+00

Hydrogen 0.49 5.98E+25 0.5 2.59131E-24 | 7.748E+01

Nitrogen 0.07 1.49E+24 0.124 1.30501E-24 | 2.411E-01

Iz Nof 8.169E+01 | cm?/kg

The following references apply to the values on this table: % Mass[17], N [16], f[16], and c[18]

Because the generator is able to produce a 1x10° neutrons per second and
geometry of the neutron generator results in a solid angle (©/4x) of 0.16, the result is a
geometric attenuated source, S, of 1.60x108 neutrons per second. The next consideration
was the area, A, of a flat bottom, 96 well plate lid, whose total area is 109.269 cm?. The

following is calculated:
. 1
D(E) = S*Z*E*ZNof

1

) n
D245 MeV) = (1.60x10°2) x (T

cm?
) x (2.45 MeV) (81.69 —)
kg

G
* 1.6x10_13L = 4.689x10°5 i
Mev S

However, the dose rate is per the entire plate lid and the samples are per well of

the plate lid. Each well represents 1.35% of the surface area of the sample plate.
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Therefore, the dose rate per well is reduced to 6.344x107 Gy/s. The following table

depicts the dose per well based on the how the bacteria was irradiated.

Table 3. Neutron Dose per Well

Hours Dose (Gy) Dose (Sv)
5 1.1E-02 1.1E-01
Dose Per Well 2.3E-02 2.3E-01
(sample) 10
15 3.4E-02 3.4E-01
20 4.6E-02 4.6E-01

Neutron Irradiation of Samples

For the 1% neutron experiment, three plates were taken to the neutron generator,
located in Building 470 on Area B of Wright Patterson Air Force Base. The untreated
plate was left outside of the neutron generator room, which is in the basement level of
Building 470. The two treated plates were subjected to 5 hour and 10 hour neutron
irradiation treatments, respectively. These plates were placed on the large cylinder of the
neutron generator as close as possible to the source. The generator was run for five hours
and the 5 hour treatment plate was removed and placed beside the untreated plate. The
10 hour treated plate received an additional 5 hours of neutron irradiation for a total of 10
hours. The same procedure was followed during the 2" neutron experiment, only this

time the first plate was removed at 15 hours and the second plate received a total of 20
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hours of irradiation. After both iterations, all three plates (untreated plus the two treated

plates) were taken back to USAFSAM.

it

Figure 8. Two samples plates on the neutron generator.

For the 3" neutron experiment, unlike the previous two neutron experiments, all

four plates were irradiated during the same session. A specified plate was removed and
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placed outside the neutron generator room when the proper time of irradiation was

achieved.

Figure 9. 4 treatment plates for irradiation by the neutron generator.
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Rehydration of Samples and Spotting Post Neutron Irradiation

After an approximate 24 hour waiting period to again to simulate shipping
conditions, all three sample plates for the first and second neutron experiments were
rehydrated with 60 pl of fresh TGY medium. The medium was pipetted up and down 20
times to re-suspend the cells. Next, the re-hydrated cells were pipetted up and down an
additional 20 times to further re-suspend then transferred to a new 96 well, flat bottom
plate. Another 40 ul of fresh TGY culture medium was added for a total of 100 pl of cell
culture. The bacteria were then diluted 10 fold, seven times in series by transferring 20
pl in the 180 pl of TGY media. Finally, 5 ul spots were transferred to TGY agar trays,
which were then incubated for 48 hours at 32 °C in unsealed plastic bags in order to
prevent drying. The resulting colonies were then counted. This was the same serial
dilution procedure as previously mentioned for the CFU input control.

In the case of the 3" neutron experiment, a modification involved the re-hydration
of the cells. The cells were diluted 10 fold, seven times in series down the plate column
as previously mentioned. However, the additional 40 pl of TGY was not added to the 60
ul rehydrated spots in row A of the column well plate this time, resulting in all counts
conducted at the 10°, not 10 dilution. Next, EC was spotted in 5 pl spots on LB agar,
incubated for 24 hours, then the resulting colonies were counted. In addition to the 5 pl
spots, 100 ul of Dr was spread on round TGY plates. This was done in order to decrease

the variability of the experiment if possible. These trays were incubated for 48 hours.
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Colony Counting Post Neutron Irradiation

After the 48 hour incubation period, cell colonies were counted at the 4" dilution
of each sample tray for the first and second neutron experiment. The cells were counted
via visual inspection. The number of colonies per each sample was then recorded.

Following the 3" neutron experiment, the 100 pl spread plates were counted and

recorded.

Figure 10. Wild Type Deinococcus radiodurans following a five hour neutron treatment in the 1 Neutron

experiment.
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Proton Generation

The protons used for irradiation of Dr samples were generated by one of the
Sandia National Laboratory’s ion beams, QASPR-3. This device is a located at the
Sandia National Laboratory’s lon Beam Lab located on Kirtland Air Force Base, New
Mexico. This lab was opened in 2010 and is a “state-of-the-art facility using ion and
electron accelerators to study and modify materials.”[19] The QASPR-3 isa HVE 6 MV
Tandem ion accelerator which “can accelerate most elements from hydrogen to gold. It
is used for in-situ electrical testing, optical testing, and mechanical testing to determine
the response of materials to radiation damage at various temperatures from -230 °C to
1200 °C. There is also a microbeam with a spot size of approximately 1 um.” [19] In

the case of this experiment, the ion beam was used as proton radiation source.

Proton Dose Calculations

As mentioned earlier, a 60 ul drop, desiccated, is the target layer for the beam.
Since the cells are spherical, ranging from 1.5 to 3.5 um in diameter, an average diameter
of 2.5 um and an average radius is 1.25 um was used for calculations. The 60 ul drop is
taken from concentration of 2-5x108 CFU/mI. Again, taking the average, the concentration

is 3.5x10% CFU/m.
60 ul —1 ml 3.5x 108 —CFU 2.1x107CFU
* * 0. = 4.
K 1000 ul X T x

So, in a 60 pl drop, it is expected to have 2.1 x 107 CFUs. Based on the average

size and shape of Dr, the volume Dr in the drop is determined by the following:

4
Volume of Dr = FHT (1.25x107%m)3 x4« 2.1x107 = 6.87 x 10710 m3
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Assuming, at most, the layer will take up the entire lid plate well, whose area is
3.165 x 10 m?, the layer depth is demonstrated via the follow equation:

Volume of Dr

L D Dr = = 0. 217
ayer Depth of Dr 3165 x 105 2 0.0000 m

This means that the 60 pl drop as a layer depth of 21.7 um. The polystyrene plate lid has a
thickness of 1.27 mm. The density of Dr is 0.9392 g/cm?. [17]
Inputting the above layer measurements into SRIM and TRIM [20], it was

determined that 4.5 MeV protons would deposit .85 eV/Angstrom into the Dr layer.

Read
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Figure 11. Input screen for TRIM, with the first layer of Dr and the second layer the plate lid.
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Figure 12. Based on the inputs in the previous figure, TRIM simulation of 4.5 MeV proton ions irradiating

the Dr sample.
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Figure 13. Chart created by TRIM showing the ionization in both Dr and the polystyrene lid. This shows

the ionization in the Dr layer to be around 0.85 eV / Angstrom.

Knowing this ionization allows one to determine the fluence needed to achieve a

certain dose of irradiation.

Ionization
Dose = —— x Fluence
Density
0.85 ev , Le022x 10719y o X 108 Angstrom . cm3 o 12% 10° Ions , 10009 _
Angstrom—Ion leV lcm 0.9392 g 1 cm? 1kg
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Table 4. Proton Dose per Well

Fluence (lon/cm?) Dose (Gy) Dose (Sv)
7.20E+08 1.0E+01 2.1E+02
Dose Per Well
(sample) 7.20E+09 1.0E+02 2.1E+03
3.60E+10 5.2E+02 1.0E+04
7.20E+10 1.0E+03 2.1E+04
1.80E+11 2.6E+03 5.2E+04
7.20E+11 1.0E+04 2.1E+05

Proton Irradiation of Samples

The dehydrated samples were shipped to the lon Beam Lab which took two days.
The radiation experiment lasted three days, which took place five days after the samples
arrived at the lon Beam Lab. Wild type Dr and mutants #5 and #8 were both irradiated
with protons as shown in Figure 10 below, however mutant #11 was not due to time
constraints. On a second Wild Type plate, one row was irradiated for a dose of 10 Gy
and another row was irradiated for a dose 10,000 Gy.

The three controls mentioned earlier were devised for this experiment because Dr
would experience longer times in a dehydrated state than experienced for the previous

experiments.
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Each sample plate was adhered to the stage on the QASPR-3, which had limited
mobility to move in the x and y directions, rotate, and move along the radius. Because of
this, the ion beam’s vacuum had to be evacuated and the plate repositioned for each row

of irradiation.

Figure 13. Dr sample plate attached to the stage of the QASPR-3.
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Figure 14. The QASPR-3 proton beam was able to hit the total area each well by firing shots in a grid

pattern based on the area of the beam. Top Row: Shots 1-4; Center Row: Shots 5-8; Bottom Row: Shots

9-12.

At the beginning of each day of experimentation the beams conditions such as the
beam current and area were validated. The beam itself was calibrated using a phosphorus
target situated on the stage above the sample lid as shown in Figure 13. This enabled the
operator of the beam to both validate the fluence in ions/cm? and the beam’s width, which
would determine the grid pattern of shots, such in Figure 14. The ion beam’s fluence was
always within ten percent of the requested fluence. The QASPR-3 was able to accelerate
the protons in a directed beam so that the entire well was evenly covered with no overlap,
with an example of a well in Figure 14. The samples were shipped the next day

following the end of the experiment and arrived back at USAFSAM two days later.
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Rehydration of Samples and Spotting Post Proton Irradiation

After arriving back at USAFAM, the samples were rehydrated five days later.
The process was similar to the rehydration of samples following the neutron experiments.
All irradiated sample and control plates were rehydrated with 60 pl of fresh TGY
medium. The medium was pipetted up and down 20 times to re-suspend the cells. Next,
the re-hydrated cells were pipetted up and down an additional 20 times to further re-
suspend then transferred to a new 96 well, flat bottom plate. The bacteria were then
diluted 10 fold, seven times in series by transferring 20 pl in the 180 pl of TGY media.
Finally, 5 ul spots were transferred to TGY agar trays, which were then incubated for 48
hours at 32 °C in unsealed plastic bags in order to prevent drying. The resulting colonies

were then counted.

Colony Counting Post Proton Irradiation
After a 72 hour incubation period, cell colonies were counted at the 5™ dilution of
each sample tray for the proton experiment. The cells were counted via visual inspection.

The number of colonies per each sample was then recorded.
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Figure 15. Wild Type Dr re-growth after 500 Gy irradiation. Colonies were counted at the 107 dilution.

Statistical Methods of Comparison

A statistical analysis was conducted between the following samples - CFU input
control to non-irradiated control, and non-irradiated control to the irradiated sample
populations. The statistical analysis consisted of a small, independent sample test of
hypothesis for a population, pi, to another population, p2, using the Student’s t-
Statistic.[21] This method was chosen because of the small sample size (< 30 samples),
with the following assumptions: 1 — the two samples are randomly selected in an

independent manner from the two target populations, 2 — both samples’ populations have
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distributions that are approximately normal, and 3 — the population variances are equal.
Due to this, a pooled sample estimator, sp?, was used. This was calculated the following
way:

(ny — 1)sf + (np — 1)s3
Tll + le - 2

2
Sp =

where n is the number of samples per strain irradiation treatment and sz is the sample
variance.

The populations were then compared using a one-tailed test, with the subsequent
equations showing the null hypothesis, Ho, the alternate hypothesis, Ha, the test statistic, t,
each samples mean colony counts, x-bar1 and x-barz, and the rejection region, ta, which is
based on (n1 + n2 — 2) degrees of freedom. The variable, a, was 0.05 to reflect a 95 %
confidence.[21]

Ho: (g —p4) =0
Hg:(py —p1) >0
(X1 — X3)

f 1 1
2 F—
Sp (n1 nz)

Rejection Region:t > t,

t =

IV. Analysis and Results

Chapter Overview
The purpose of this chapter is to review the statistical analysis conducted between
the irradiated sample colonies and their controls. All populations were compared with

95% certainty. The comparisons are broken down by experiment, with only the cases of
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statistical difference or close to statistical difference appearing the Tables 5 - 8. Close to
statistical difference is defined as a difference of 0.1 or less between the t-statistics and

the rejection region.

15t and 2"d Neutron Experiments

For the 1%t and 2" neutron experiments, the CFU input control and the non-
irradiated sample control were compared. Then, the irradiated samples were compared to
the non-irradiated controls for each strain. Figures 16 and 19 shows the total CFU count

for each control and irradiated strain. Tables 5 and 6 depicts cases of statistical

1000000

difference or cases that were close to statistical difference.
CFU Comparisons for 1st Neutron Experiment

Figure 16. Total CFU comparison for the 1%t Neutron Experiment.
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Table 5. 1% Neutron Experiment Statistically Significant Population Comparisons

Populations 1 Populations 2 Strain
Non-Irradiated Control | 5 Hour Dose — 1.1 cGy WT
Non-Irradiated Control | 10 Hour Dose — 2.3 cGy WT
CFU input Control Non-Irradiated Control 5

The populations for the 5 and 10 hour irradiations of WT showed statistical

differences from the non-irradiated controls. In each case, the test statistics were greater

than the rejection region. In the listed comparison for Mutant #5, the test statistic was

close to the border of the rejection region, but did not go into the rejection region.
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CFU Comparisons for 2nd Neutron Experiment
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Figure 19. Total CFU comparison for the 2" Neutron Experiment.

Table 6. 2" Neutron Experiment Statistically Significant Population Comparisons

Populations 1 Populations 2 Strain
CFU input Control | Non-Irradiated Control 5
CFU input Control | Non-Irradiated Control 8

In regards to the control vs control comparison of Mutant #5, the test statistic was
found to be in the rejection region. The control versus control comparison of Mutant #8
also demonstrated a difference in populations, where the test statistic was deep into the
rejection region.

Upon reviewing the tables for the 1% and 2" Neutron Experiments it can be seen

that there does not seem to be any trends forming at these amounts of neutron radiation.
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Of all comparisons that showed a statistical difference or close to a statistical difference
populations for these first two experiments, the latter two did not involve radiation, only

dehydration.

3rd Neutron Experiment
The results from the third neutron radiation experiment are depicted next. For

these comparisons, the CFU input control was not compared as it completed with 5 pl

spots, not 100 pl spreads. This set of input controls was countable at the expected
dilution.
CFU Comparisons for 3rd Neutron Experiment

T E Y E E T £ E E E T £
£ 323 g = g -
g = g g8
- T T
= = =
L] ] =
2 z 2
= s s
g g g
< c c

WT Mutant #5 Mutant #8 Mutant #11 EC

100000000

10000000

1000000

100000

10000

.}
10
15 hr |
20k |
15 |
20 |

1k
15hi
20hi
10hr
*5hr*

*10he* I
*15hr I

*200hr*

Total CFU
- = & &
nonirradiated control I

non-rradiated control  |IEEEEG_—S—

Figure 20. Total CFU comparison for the 3 Neutron Experiment.
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Table 7. 3" Neutron Experiment Statistically Significant Population Comparisons

Populations 1 Populations 2 Strain
Non-Irradiated Control 10 Hour Dose — 2.3 cGy 5
Non-Irradiated Control 5 Hour Dose — 1.1 cGy EC
Non-Irradiated Control 10 Hour Dose — 2.3 cGy EC
Non-Irradiated Control 15 Hour Dose — 3.4 cGy EC
Non-Irradiated Control 20 Hour Dose — 4.6 cGy EC

In regards to Mutant #5’s entry, the test statistic was deeply within the rejection

region. Like the previous experiments, no trends are readily apparent. This time, the

only the difference between populations occurred between the non-irradiated control and

10 hour dose to Mutant #5°s samples. However, E. coli did show a sensitivity to both

desiccation and neutron treatment. EC’s CFU input controls showed countable colonies

starting at a 10”° dilution, but the untreated control only had countable colonies at the 102

dilution. Additionally, the neutron radiation also had an effect on EC, unlike Dr.
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Figure 21. EC CFU input control, with countable colonies at the 10-° dilution

Figure 22. EC untreated control, with countable colonies at the 102 dilution.
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In every case of irradiation treatment, there was difference between that dose and
the non-irradiated control. An interesting result in these comparisons is that while the
test statistics for the 5, 10, and 15 hours irradiation treatments were extremely into the
rejection region, the final dose, which was a higher irradiation, was not nearly as far in

the rejection region as the others.

Figure 23. EC at 5 hours of neutron treatment.

15t, 2nd 3rd Neutron Experiments Findings
For neutron radiation at this dose (cGy), it has been demonstrated that the
hypothesis, which stated Dr would not resist neutron (high LET) radiation, was not

upheld. Instead, in the vast majority of population comparisons, the null hypothesis,
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which stated the populations of the experimental groups (neutron radiated) and control

groups (no radiation) would not be statistically different, could not be disproved.

Proton Experiment

The proton experiment had a total of three controls that were compared to each
other, and the 3™ control was then compared to all the irradiated samples. These controls
consisted of a CFU input control (Control 1), a Non-Irradiated Control — No Vaccum
(NV, Control 2), and a Non-Irradiated Control — Vacuum (V, Control 3). This third
control was on the plate with the treated samples, but was not treated itself. It did

experience the same conditions inside the chamber of the QASPR-3, minus proton
radiation.
CFU Comparisons for Proton Experiment
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Figure 24. Total CFU comparison for the Proton Experiment.
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Table 8. Proton Experiment Statistically Significant Population Comparisons

Populations 1

Populations 2

Strain

Non-Irradiated Control (NV)

Non-Irradiated Control (V)

WT

CFU Input Control

Non-Irradiated Control (NV)

Non-Irradiated Control (NV)

Non-Irradiated Control (V)

For the Wild Type, the comparison showed a difference between the controls.

Likewise, Mutant #5 also showed a difference in a control versus control comparison.

This time, it was between the CFU input control and the Non-Irradiated Control — (NV).

Finally, for Mutant #8, the t-statistics was well within the rejection region. Interestingly,

there were no statistical differences between radiated and non-irradiation populations.

Much like the neutron experiments, it has been demonstrated that the hypothesis,

which stated Dr would not resist proton (high LET) radiation, was not upheld. Instead,

all of the population comparisons between the irradiated samples and the non-irradiated

control in the vacuum supported the null hypothesis, which stated the populations of the

experimental groups (proton radiated) and control groups (no radiation) would not be

statistically different, could not be disproved.

47

www.manaraa.com



V. Conclusions and Recommendations

Conclusions of Research

These experiments have shown that not only is Dr resistant low LET radiation,
but high LET radiation as well. For the neutron experiments, the low amount of radiation
(no greater than cGy), seems to account for the lack of consistent effect of neutron
irradiation. It was already demonstrated that Dr can receive a dose of 5 kGy of ionizing
radiation of low LET with no lethality. [11] Likewise, previous experiments have shown
a gamma dose of 10 kGy will still result in survival close to only 102 lethality.[3] It is
reasonable to assume that the low amount of radiation is why the neutron irradiation
resulted in no lethality.

However, at the surface, the proton experiment seems to be at odds with the
findings of Paulino-Lima et al. In their study in regards to proton irradiation found in
solar winds, the researchers used lower energy protons (200 keV protons, not 4.5 MeV
protons) and had a greater LET (6.24 eV / Angstrom, compared to .86 eV / Angstrom).
Taking this a step further, researchers found that dried plasmids exposed to 10 MeV
protons, with 6.39 keV/um LET resulted in 2.8 DSB/1000 Mbp-Gy.[22] The Mbp is the
number of mega base pairs per plasmid. If you combine Dr’s number of base pairs per
DNA (3.06 Mbp) and plasmids (233 Kbp)[5], you get a total of 3.293 Mbp. Since both
the energy and LET of the protons are on about the same order of magnitude (the LET for
the proton experiment was .85 eV/Angstrom = 8.5 keV/ um, and the energy of the

protons was 4.5 MeV), an estimate of the number of DSB based on the number of Dr’s
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Mbp and the irradiation dosage it received. This estimate is an upper level estimate, as
the plasmids presented no other biological targets, unlike the cells of Dr.

2.8 DSB
1000 Mbp — Gy

% 3.293 Mbp * 10 Gy = .09 DSB

So, at 10 Gy, the Dr sample only incurred a faction of a DSB. Table 9 depicts the
number of DSB estimated to have occurred based on the dose in Gy.

Table 9. Estimated Number of Deinococcus radiodurans DSBs at an LET of 8.5 keV/um

Dose (Gy) # of DSBs
10 .09
100 .90
500 4.6
1000 9.2
2500 23
10000 92

Minton and Daly have stated that “D.radiodurans exposed to 1.0 to 1.5 Mrad (1
rad = .01 Gy, so 1.0 to 1.5 Mrad = 10,000 to 15,000 Gy) gamma-irradiation sustains >120
DNA double strand per chromosome (In Minton and Daly’s work, the term chromosome
appears to equal the term genome); these double strand breaks are mended over a period
of hours with 100% survival and virtually no mutagenesis.[23] At the maximum proton

dose of 10000 Gy used for this experiment, only 92 DSBs are estimated to occur, so this
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may be why there were no differences between the non-irradiated controls and the proton
irradiated samples.

In the solar wind experiment, a LET of 6.24 eV/Angstrom (62.4 keV), from 200
keV protons, was used.[17] This is an order of magnitude above what was done in the
plasmid experiment. Assuming a linear relationship between LET and number of DSBs,
it may be estimated that the Dr of that experiment experienced DSBs at an order of

magnitude greater as well. Using the previous computational frame work:

28 DSB
1000 Mbp — Gy

* 3.293 Mbp * 10 Gy = .90 DSB

Table 10. Estimated Number of Deinococcus radiodurans DSBs at an LET of 62.4

keV/um
Dose (Gy) # of DSBs
10 .90
100 9.2
1000 92
10000 920

This may explain why data from this experiment showed a reduced survival rate at 1000
Gy (less than 2 log kill) and 10000 Gy (about 3 log kill). So one possible explanation for
Dr’s survival is that even though more energetic protons were used, an order of

magnitude less of LET may have resulted in less damage overall to Dr’s DNA.
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Interestingly, no single mutant stood out as being more sensitive to the proton
irradiation. The mutant gene KOs were devised to disrupt pathways which protected
against radicals resulting from indirect damage caused by low LET. This adds validity to
the idea that indirect damage is more detrimental to Dr’s ability to repair itself than direct
damage.[22] Because of the ability to survive around a hundred DSBs, the protective
mechanism at play seems to be Dr’s capability to repair DNA DSBs.

Another major difference between the experiments was in the method used to
create a sample. The researchers in Survival of Deinococcus radiodurans Against
Laboratory-Simulated Solar Wind Charged Particles used a monolayer of cells. This
was done to prevent irradiation shielding from dead cells. Because this experiment had
more layers, there may have been some shielding. Likewise, some shielding may have
occurred from the organic molecules of the TGY cell medium that did not evaporate
while Dr was left to dehydrate under the biosafety cabinet.

Finally, the mechanisms normally associated with desiccation may have already
been up-regulated during the de-hydration process. As such, this may have given Dr an

advantage in repair during rehydration and re-growth.

Recommendations for Future Research

The results of these experiments certainly lead to more questions for future
research. On such question is in regards to the neutron research. The neutron generator
available at the Air Force Institute of Technology was somewhat limited in that it could
only produce a 10° neutrons per second, without consideration of geometric attenuation.

If possible, subjecting Dr to greater neutron fluxes may result in greater lethality than
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demonstrated in this experiment. Possible neutron sources include the Ohio State
University Research Reactor, which is capable of neutron fluxes in the order of
magnitude of 10% n/cm?/s, though these neutrons are thermal neutrons, not fast neutrons
like those used in this experiment.[24] Another venue for greater neutron flux is the
Spallation Neutron Source located at Oak Ridge National Laboratory.

Another interesting aspect of this research would be looking at another type of
high LET radiation, such as alpha particles, which are essentially helium ions. The
QASAR-3 is also able to produce this type of ion as well. If feasible, changing the
sample preparation to a monolayer and washing of the cells to prevent shielding may also
yield different results then were shown in the proton experiment during this research.
Further researcher may also need to consider the LET, not the just the energy of the

particles used for irradiation.
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Appendix A: Optical Density Measurements

Table 11. Initial Dr Optical Densities and Required Culture for an ODsoo of 0.25 for 1%

Neutron Experiment

Strain Initial ODeoo Amount of Culture to Add
to 40 ml TGY to achieve
ODeoo of 0.25
WT (1) .566 1.8 ml
Mutant #5 .382 2.6 ml
Mutant #8 497 2.0ml
Mutant #11 .527 1.9 ml

Table 12. Initial Dr Optical Densities and Required Culture for an ODsoo of 0.25 for 2"

Neutron Experiment

Strain Initial ODeoo Amount of Culture to Add
to 40 ml TGY to achieve
ODeoo of 0.25
WT (1) 497 2.0 ml
Mutant #5 .390 2.6 ml
Mutant #8 463 2.2 ml
Mutant #11 .508 2.0ml
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Table 13. Initial Dr Optical Densities and Required Culture for an ODeoo of 0.25 for 3™

Neutron Experiment

Strain Initial ODegoo Amount of Culture to Add
to40 mI TGY /LB to

achieve ODeggo of .25

WT (1) .542 1.9 ml
Mutant #5 .385 2.6 ml
Mutant #8 .342 2.9 ml
Mutant #11 .501 2.0ml
EC 424 24 ml

Table 14. Initial Dr Optical Densities and Required Culture for an ODeoo of 0.25 for

Proton Irradiation Experiment

Strain Initial ODeoo Amount of Culture to Add
to40 mI TGY /LB to

achieve ODeggo of .25

WT (1) .510 2.0 ml

Mutant #5 .326 3.1 ml

Mutant #8 .349 2.9 ml

Mutant #11 491 2.0 ml
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Table 15. Post 4 Hour Incubation Optical Density and Amount of TGY required to

achieve an ODeoo of 5 for 1% Neutron Experiment

Strain Post 4 Hour Incubation Amount of TGY to Add to
ODsoo pellet to achieve ODgoo of
5
WT (1) 624 3.7ml
Mutant #5 712 4.3 ml
Mutant #8 .549 3.3 ml
Mutant #11 .761 4.6 ml

Table 16. Post 4 Hour Incubation Optical Density and Amount of TGY required to

achieve an ODeoo of 5 for 2" Neutron Experiment

Strain Post 4 Hour Incubation Amount of TGY to Add to
ODsoo pellet to achieve ODgoo of
5
WT (1) .569 3.4ml
Mutant #5 574 3.4 ml
Mutant #8 .503 3.0ml
Mutant #11 .681 4.1ml
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Table 17. Post 4 Hour Incubation Optical Density and Amount of TGY required to

achieve an ODeoo of 5 for 3" Neutron Experiment

Strain Post 4 Hour Incubation Amount of TGY / LB to
ODsoo Add to pellet to achieve
ODgoo of 5
WT (1) 524 3.1ml
Mutant #5 .620 3.7 ml
Mutant #8 .585 3.5ml
Mutant #11 .787 4.7 ml
EC 2.133 12.8 ml

Table 18. Post 4 Hour Incubation Optical Density and Amount of TGY required to

achieve an ODeoo of 5 for Proton Irradiation Experiment

Strain Post 4 Hour Incubation Amount of TGY to Add to
ODsoo pellet to achieve ODgoo of
5
WT (1) .636 3.8 ml
Mutant #5 773 4.6 ml
Mutant #8 .630 3.8 ml
Mutant #11 .765 4.6 ml
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Appendix B: Neutron Dose Calculations

2.45 MeV Neutrons
Element % Mass N, atoms/kg f g, cm® Nof g, cm ENDF/B-VII.1 http://www.nndc.bnl.gov/exfor/endf00.jsp
0-16 0.13 2.69E+25 0.111 8.45410E-25 2.524E+00 % Mass  Drand Solar Wind article
co 0.31 6.41E+24 0.142 1.58290E-24 1.441E+00
H-1 0.49 5.98E+25 0.5 2.59131E-24 7.748E+01 other Intro to Health Physics
N-14 0.07 1.49E+24 0.124 1.30501E-24 2.411E-01 Cember
Jsnot 8.169E+01 cm’/kg |
E 2.45 Mev
Q/4n 0.16
S(from Generator) 1.00E+09 neutrons/s
S(geometric attenuation) 1.60E+08 neutrons/s
Plate Length 12.78 cm https://fscimage.fishersci.com/images/D17414~.pdf
Plate Width 8.55 cm
Plate Area 109.269 cm”2
Well Top Diameter 0.686 cm
Well Top Area 1.478421 cm”2
Surface Area Per Well 0.0135
Dose Rate Per Plate 4.689E-05 Gy/s
Dose Rate Per Well (sample) = 6.344E-07 Gy/s
Hours Dose (Gy) |Dose(Sv)

Dose Per Well (sample) 5 1.1E-02  1.1E-01

10 2.3E-02  2.3E-01

15 3.4E-02  3.4E-01

20 4.6E-02  4.6E-01
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Appendix C: Proton Dose Calculations

lonization 0.85 eV/A-lon

evto) 1.60E-19 J/eV Fluence ( lons / cm”2) Dose (Gy) Dose (Sv)
Angstromtocm 1.00E+08 Angstrom / cm 7.20E+08 1.0E+01 2.1E+02
Dr density 0.9392 g/cm”3 7.20E+09 1.0E+02 2.1E+03
gtokg 1000 g/kg 3.60E+10 5.2E+02 1.0E+04

7.20E+10 1.0E+03  2.1E+04
1.80E+11 2.6E+03  5.2E+04
7.20E+11 1.0E+04  2.1E+05
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Appendix D: QASAR-3 Parameters

. o teker
or damGont
eeerstrconations
smey »
peces " i
L e
sesmine e
i o
sinsgnec ccac
Sdegemsenes 12 s
Banker o
e ke o
st a2 stto 0uscutsesgament
st o s 22y ees 122
"
S —
s DRt
e sear Otumior
e 1000
resoutse e
e sowonen
e arent asotar e sooeion
e conions
s e psiionsonow 1 masiglocn
e [ b s i
n st onenheiet
2k m e oo s e
oo s e Ve VR vRC-IvGe IvACh - 1vsl)
o oA AT
st fow 1.
scshos
fougesz ot 0
- iz ey ik
ehargeste 2
fesshort i fonce /w2 ave e e (nom) pie ekl g (V4 s (mes) K faclll i) nden
o e Lo0eot oy o
h Loty mees oot fren e
ot
onbugas i imadston_smatix s v ysep 3
o el e g Lo
e et 729640 fam2
ot Shivene Touiriuene s wie e n e e Kol ) index
sowor ool
o eio Lo Jowjorrowjor 20t sovior sl
1 Do s w0 s/ 2 w0 eual
2 o s sowior ool 200 sowior sl
5 Daeio anen w0 /ol 20 wio st
. Lstio ssein sowior /ol 21 sowior wus
s paeno e w0 ool 2im sovior sl
. o s w0 sonjor 2 o sl
; s st sowo ool 2 oo sl
. R T WO o/ 2 w0 sl
s FE R sowjooniol 2 ]
0 1wt 1xen w0 ron/o 20 w0 Al
n S sowiorowjor 2 sovior wus
o
ombugrs vz r imedatonsnaix s anm o sem
s e i soces
e Loseasse e 75600 e
fhocs ot ence Toul e e wie e geutyfo) b el o) index
P o o ] o
o et e 7o 7 ool w0 wuau
) Lo 220 Cowo [ roior sem [ sowjor [ wawrl
2 Loeo w0 [ rovior usew oo eual
5 oo e Tiowo [ ool sem 7 sowjor [ wawn
p Loeo . w0 [ soviol ssiem i e
s el e Do T oo aseim T sowjor [ waw
. Toeio e w0 [ ool 1seiem soior 7 sl
; EETTI. e Do T oo seiim 7 sowjor [ wauwl
p Toen s Caowo [ monior sewem 7 sowjol [ mauwrl
s Dol et Teowo T oo assiem 7 sowjor [ maw
0 s e Cowo [ douior seem T sowjor [ mawl
n oe0 men Taowo T oo assem 7 sowjol | maw
o
ombugrs w3 ,. imedatonsnaix s znm o sem
s e i soces
e Loseasse e 75600 e
bhocs ot ence Toul e IS Vi R Gn geulle bk el faee)index
5 o oo 7wl
o 0 e 7w T oo s oo wua
) E S Jowior 7 toniol amsm ] sowjor [ wawl
2 a0 e w0 [ sl 10ssm wior | sl
5 EE R Dowo [ rouior mem ] sowjor [ wawn
. a0 e w0 [ soviol s w0 musl
s sta0 e owo T s mem D sowjo [ wawn
. a0 ssen sowio [ rowiol w0y oo sl
2 T Jono T oo e T sowjor [ waw
p R Diowo [ s mesm 7 sowo [ e
s ST Teowo T oo s 7 sowor [ mawr
0 w0 e Diowo [ mouo mesm [ sowo [ maw
n a0 e Taowo T sonio aossm 7 sowo | maw
o
ombugas e ,. imedatonsnatix s znm o sem
o s e i soces
e Loseasse e 75600 e
bhocs ot rience ToulHana i ViR Gn  gaulle bk Kol o) index
5 o oo [ sl
o oo Towo [ oo sssm w07 sl
) oo 2w Dowo [ roior ssssm ] sowjo [ wawn
2 om0 s w0 [ roviol s oo eual
5 T Tiowo [ roior sssm ] sowjor [ wawn
p 1o som w0 [ soviol s o et
s eei0assen Do T eonior s T sowjor [ waw
. o et w0 [ ool 1553 ool ]
; FE T e Do T oo ssssm 7 sowjor [ wawl
p e omen iowo [ mouiol e 7 sowo [ el
s 0 e Teowo T oo asssm 7 sowjor [ mawn
0 o men Tiowo [ douior e ] sowor [ maw
n e s w7 oo s wior T skl

{225 o sl o o

el

avgfuence s
72009 208,08

g fuenes avgenr

g fuence averr

a0 200608
7009 2006008
e

7009 20008
73009 2606408
T35 2606408
73005 2006108
73009 2006008

g fuence avferr

T 20008
a0 7secn
admi0 7escin
a0 7secin
a

a0 7secin
dmsi0 7secin

avgfuence avierr

aase) a1
aase) 21708
259 217008
2t 21708
725605 27408
225609 2708
25605 2708

2asei09 217008

Geviien puseerr e cld _fvencofuseror_alclfserr
7508 11450 15615603 oomx. oo
evtienpusmerrpls el fvensfus e cius e
E ) g0l
[ 200pe rowvjor g0
i 2oome0s sovion g0l
fro 200pc rowvjor oo
i 2001 ool g0
frm 200c rowjor oo
o 2ooees ool g0
88768 160 20 oo o
.6 1640 200 ool g0
BE0s 1o 20 ool o
e 2one movjo woresor
8708 1640 2omees ool oo
0 1 2wpem oo woegor

Geviien _puseerrpulse [l fuencouserror_llfserr

e 7w o

m e o
om0 soor v v

06 130 Lo s [ v
arccs 30 PV
areen 0 ssme wovn [ v
sricas i FECT V]
areen 0 smme movn | oo
arccn 30 isor s [ v
om0 s ol oo
sreeas i 1o s [ o
an 0 ismey wovm | oo
arecn 0 e )

Geviien puseenrpulse [l fuencouserror_gllfsert

ool oo
a8 020 isssieos” /ol [ ool
108 1053 o] woujol [ wonjor
2636009 1053 oseas” v T sowor
265600 10530 Lowco] i [ sowjor
2656009 1053 ostos il [ songol
205609 10530 1w, moujo [ sowjor
26509 1053 st wovjol [ oo
265609 1059 oo mnjo [ o
20105 1o, wovjo ] ool
243609 10590 st wnio [ oo
2600 1050 Loee] wovjo [ aowjor
263609 1059 1oseos” v oo,

Geviien _puseerrpulse i) fuencouserror_lclfuserr

o Lsssieos” il [ o

asiea 3t Lossics] mowjor g0
o LossieosT  soniol soefor
asicios 994 Lossicos] woujor [ sonjor
oo Lossieos” il [ sonsol
e 94 Lsssicor] sonjol [ wonjor
o osiens” mowiol T wowio
5089940 issseeos” monjo [ o

o sssiea! monjol [ wonjor
5089040 issseeos” o[ ool
asiea 3, sssicos] monjol [ wonjor
assen 94 Lsssieos” oo T w0,

i

L5160

59

www.manharaa.com



ot
g S

alctsen
T

alctsen

atctfsen

atctsen

etetjusen
g0l

aletjusen

radistionaamatis e mm e n
Swev e 1 1o,
e o e 75609 2
hors shorivence Toence i wRC e Gan ey puse Kfoeit) b foen) e avgfvence e devfien puiseerr pule el fuencefus o
o Caovio s o P 7 oo
o 0t T oo 7 ronjor sersn oo 7 wawe i e 2t s serses” ronfon
1 TR T ) v T s ioesm 7 sonjor [ wawel 2 e 213608 50108 13280 Loeeas)  mir
2 toto e wovio 7 rowio s ¢ wowjor [ wauwm 3 et 2t sowas serse”  ronfon
3 Lo asen Jaowio T rovio oemm 7 sonjor [ wawel l T 218 90168 1328w 1960, ool
i pre ) oo [ rowio s 7 wowjor [ wawe s s 276000 oo’ ool
s et esen Jaowio T s 1o 7 sonjor [ wawel o Tae 2res 9366 128 LoD ool
. toeo amen oo [ mowio s 7 sowjor [ wauwm E sty 27669 000n 1200 Loomeas”  rowior
7 et s oo 7 ronio 1ssoum oo T wae . T 27es  930ei8 128 Lo as” ool
s TR ) oo [ v isom 7 sowjo [ waw 5 aici) 27668 510048 13250 Leoteas, ool
s e oo 7 roior 1scoum oo T wawe ] T 27 93es 2 oo’ rowior
) o0 e Daovio T e isom 7 sonjor [ wawel n T4ty 2768 510048 13280 LoicasT  woior
n mewwen oo 7 oo 1scoum oo 7 wawe 2 Tt 27w 90ce -l
ot
Reugas s r dsion_acmatin e an yiep 3w
o 45 ey =9 1 Lo,
pue ose et fuen 72965 famz
hors shoriuence Toafence_vie e Gan ey e Kot b foen) e avgfvence e deviien puiseerr pule e fuencefusror
Caovio oo o Pene 7 i
o Lwen e oo 7 ronior seren oo i 1 s Lot s 15 Looreas” ool
i s 10 oo [ e isemm 7 wonjo [ wawel 2 754609 1956008 873008 1506 Loemeas,  woior
2 rueao e oo 7 rowior oo [ sowjor [ wawe 3 rsies o5t a7 15 Loomeas” ool
5 s 10 oo T oo 1o 7 oo [ skl El 754609 195600 87308 15060 LoeTEasT ool
) v ) v 7 rowio  rsomm ¢ sowjor [ waw s i 1ot e 7 rown
s TR Jaowio T sl oo 7 sonjor [ wawel o Tstes 19508 87368 150 1670, ool
. v fre) oo [ rowio  somm 7 wowjor [ wawe b i o5 amieas 1soe Loomeas” ool
b tweo smen rowio T sl oosm 7 sonjor [ wawer . Tste 1958 8730 150 LooTEas” ool
f e s oo [ v som 7 sowjor [ wawe s s 1 s Loomeas”  rowior
5 e uen oo 7 ronio 1s67em oo T wawe » Tste 1958 870 150 1 rowior
) e st oo T v ismm 7 sonjo T wawe n 75469 155008 873008 150680 rsomeas” ool
n tuen  1wen o wiol oo o et 2 Tsicn 155c00 a7itcs 150 Looreas ool
ot
forsupnsrawr r imsdatnacmatix s amm yep =
Gswev e g ioes,
pue Lot taerfuen 729645 fam2
ot shorluence Toaflence Vi VRC VR Gan ey puse Kot b fan) e avefvence efien deviien ouiseer puse e fvncefus ror
o oo oo o e wio
o e e oo oo 1ssetm o ki 1 Tt 19w 87 1 ool
1 v 10 oo oo 1seem oo s 2 754609 1550008 B7SE08 1030 isescas il
2 tueo e oo roior e oo wawe 3 s Lot a7its 1o oo rowior
5 L0 10 oo oo 1seem oo Ak El 540 155008 a7 )
. oo seen oo oo 1seeam oo wawe 5 73w Lot aTiecs 1o Lo rowior
s L0 emen oo w00 1s6em oo wae e 754609 159600 BTIE08 1030 )
. st rssen oo | ronjor 10z oo wawe bl s 1t e Looeas rowior
7 Lo aren oo s 1s66m oo wae o Tstes 19%a8 8738 180 L9660 ool
. I oo oo 1seezm oo wawe o s Lo e oo rowior
5 e e oo oo 1566 oo wawe 1 Tste 198 8730 100 sesseor  rovf
o oo e oo oo 1seem oo wae n s 1 e oo rowor
n twenn  1wen oo oo 1seeam wior | wonwel 2 Tstem 19 87 0 it
ot
forouprs e I imdsion_acmatin xses zm yien 3w
prive =3 g ioeis.
puse Loscsee tagetfien 7296 famz
hors shorlvence Toafence VA VRC VR Gan ey Pue Kot b fon) e avefvence vefien deviien ouiseer e sl fvencefus o
oo oo o et wior
o ipei0 1men oo oo e oo wae 1 Tt 22ieae s 7 Loweds ool
i Py Jowiorowjor 1seam oo wae 2 st 2ait  asseos 27 e
2 ot e oo oo 1 oo wawe 5 Tsiew 22 soskis 27 s ot
3 LBt asen oo oo seen oo s p Tsic 22 asseas 1272 Loaras i
‘ ot seen oo oo e oo wawe 5 s 2zt asstos 7 S
s B0 e oo v 1seiem oo wae ‘ T5ic ik asts 172 Loaras  woir
. ot s oo oo e oo wawe El st 2zt astos Lo rowior
» LBei0 st oo oo 156 oo wae o 751 200608 Bogeis 12720 Loareas  moior
. e g oo rovjor e oo wawe o st 2zt asstos 7 o
5 e 1sen oo sonio 1s626m oo wae 0 Tsie 20ieas  boseis 270 Loaeds ool
o free 1o ovo | rojor  1sc2mm oo e n st st asstos 27 ST
n ot 1wen oo oo e oo wae 2 Tste 2ateas  sosees 2 Loereas ool
foeam conditns
i oS3
erams e 1o
ot e
reapuise 10602
foeam amene asteoer sea00a
s st ot .
-tz gan ey vin
e 2
sshork v fuence fom2 v fuence trg e (o) puse et nd T gain (/A s mes) o) b ) index avpfuence aviendeufien puisesrr e ] fvencefus o
o Toe e Led) Toocas. oo o & s 71 s s
1 ant0 swen  1omea ey w0z o S0 s 352609 W Lonecan awos
e cadeputs i s on echscanmatrs ement.
s et tenc o a owing st
A £ I imsdsion_axsmatin ey 2m ptep 3
" ey e s 1o
e 6 Oise ametiuen 729645 famd
ot Shotrience Toence i wRC e Gen deis(ye) puse Kfoet) b o) index vluence allen devien puseer pue(cldfveneluseror
Ty 0 oo oo e ool
s o
- Ton s
s
forouprsropest et .
in oo via
cshotn v uence fon2 ov et puse (o) o0 Tagan (v s ek oclt) fe)indes vl avliendeufien puise i puse e _funcefusor
o a0 e 10HEGE Lo, Tosseim S5t0 116600 35760969560 Loose.z ow0s

=

dvfagiati

1700

derfov i
170

60

www.manharaa.com



woiss )
ectersor conaon o
ey s » ==
peces " w
2w
faarine s
gt S0
i g smo0a
Sderee maner /s s
e tnker o
e e st usee pulseslgnmen:
st cup oo 2a00ay checes 1
foesm condions
st
famera g sgen i
ot @,
freaguise rrn
foeam crene 7ot e 0600 0a
evc condtions
AgAS 7 il postionsonrow 1 mring o
e wa u. D mai oo
o 03 socntoian 3 F)
n frsone o th et . s
2tk wn
) e vee v e
e we s ww
et it . o7
estshors
forbupns nest = O
A~ azsgan e vin
fenare st i
festshrs o fonce for2 g e b (rom) (e Tagan V) e mes) ko) bl inden fuencs sgfler ovien pumer e (el foenejosermor cictoser g aovairas
o Tt e 200ecs Tooeas, Zoossam L0 1reeds | 6es 388t roy s aos ) 157000
1 2t e ke ey s200m o Iee s 1eE0 B Samcor awos = 0 15700
e e s i s on e scan i ement.
s et e o a foing st
ot
forons s W msdsion_acmatin woes 2nyiep 3w
vy e 3 goin Lo,
e Saetsec taerfen 8061 famd
shoriuence Toafence Vi wRC v Gan dewa(ye) puse Kot b foen) e avfuence e devien useen puse(cld fuencluseror clelfusen o
st o ool o e ool oo
forbupnsrawe - Tow
festahon
o nwaest.
- Kazagan = .
g st e via
festshos
0 e e 2 v e trg s (o) (e Tagan V) pube mew) o) bl inden fuence sgfler oo s poe(cld_foenejosermor oicoser g aovaginas
ot mwenn 2000 o, Zoossam o L amed | 1eno dse ey s =) ) 15700
e et i s on e scan i clement.
s et enc o a flowingshot.
foroupas we ] imsdsion s matin e omywep 3
" ey e g Loz
e Sazsec tametiuen o061 jam2
Shorrence TowFence VRS WRC R Gan  gens(ye) puse Kloaln)nden gfvence wafien deufien pueen pue (i fvecefus v iciuser ot
s trus o oo * v o e ool oo
- Tow s
festshon
o rweest
- Kazagan = 0
g st e via
festshos
i fuencs fem2 v e arsute (o) G TAgan Vi) pise(mess] ol i) s gfuence sflen evien e pue(cld_fsenejosero oicoser g aovagirais
T e 2000 o, S2mm o PN T ey awos [Ty ) 15700
e consivons
forbuprs 15
. il postionsonrow mring o
m w u. D ma ot
2o rstone o th et B s ]
e vee e e e
et pites rows i e we s Twauwm
shos
Josbupns Rsest
na- Kazsgain = g
g st e Vi
festshos
0o fuencefem2__ v e sl (o) e et ] TiAgan (/) ol (meas] ot ) inden svgfuence svfien deufion piseon  pue (e fvencefusor_ el freq aevfagfiaio
1 rnea men 1eea Tooeas, Sooiam o 770 1 stan s e s oo w0 15700
1 I P ey 150716m o 75600 19945 60769 2730 e a0 ) 0 15700
haresabe et rmen e Lo o o om0 250 ameen 2 ey o oo ) oy
s e rgetverage fr=i
W cadeputs g s on e can s element.
s et Tuence on e before xposreseres
el st
iz E T
ot
forouprs e r imadsionamatis oep zomyien 3
prive =3 g Lo,
r e =i et fuen, 720610 famz
shorvence Tofence vio vC e ngete e Kot b fan) e avefvence saflen devfien ouisesrr  pule(efvencejuseror_ciciosen o
o 7 o o P T oo owpr
1 e inen eowio T s wswn 7 sonjor [ waer 1 70 2% 6260 W Liswede wovio | aowior
2 oo amen T oo [ rovior 7 oo 7 waer 2 o 2300 6mes e viswca” i 7 wowor
3 moem azen oo 7 sonior a7man oo T wawe 5 Tae0 1eem  57Eo o ool wowor
. T Cowo [ sl i D sowo [ wewn ‘ T 1909 570 ke T ]
s It oo 7 roior 7 oo 7 wawe 5 Ta0 e 57 e omea’ ool wowior
‘ Lot emen howo T rouor armim T sowo [ wewn ‘ 7470 1814857769 K Lo e[ ol
; oo ran oo 7 v s ¢ sowjor [ waw El Tar0 1eea 57 e omea’ ol ! wowor
s e agen oo T vl wnem 7 wonjo T wawel 8 S50 ey 55ics 55 Lo v ool

61

www.manharaa.com




Joeam conditions
e st
= seer e
e cwotye
Erepie Saoorye Fren
= it st
]
ormaes e pirs o 1357 g
fe m " e mloaionks
= w oo
b rtenean i
oo i et e
" T —5
STV ST
Jtestshots
orsop st
R —
e ey =
3
e
G deveenc s v e o btaeiied A V) pieren) it ) ndr
i T LR S =
e s i an s dlmen.
v e ore oo ot s
e
i o
- FEr—
g B T
. P s T e
& e T T P
e S o TS .
5 . it
i S oo fovior ks v | e
2 e oo |l ik -
5 Tt i
: oy e — 3
s ) Y ——— T
A = S ——— T
; ) Y ——— T
; o P S ———
Jtestshots FILES NOTSAVEDIII - see nexttestshot 0
ey
. a
oo ey o
:
= e s e e e o) e ) A 47) pieren) i) ndr
0 i e e RN o, =4
—
orsopass e psrs anrow 1357 g
3 n/; A s onss
o i o
n e
o = T
= e  S—— T R
3 ———
bk e siows s
=
orsoe e
e — 5
Koo 106 n
e v s o2 e e ) i) TA V) T T TR T
5 o e Dot
f S0 s smmes e e
e i s
Rt e s aoin s
yor
orsopas s T .-
i Ea—r i o
P S i S0
b (=38 S~ s e
et . o oo
=
orsogs v
T — v
e e ey i
= o i fon2 v o) e il TG V) et ol iy e
. o™ " T o S ok s
|device conditions
orsges e prs o 1357 g
A - " e iions:
bom s i
o T
= o L e
e B — T —
bk pe s aows s
=
s
PSP r— 5
e ey >
i
= o Jemd e o) e il T V) pieren) ) ndr
f Toen rmen e e s
or
e T -
i P i o
e s g 30850 g
b T T e e S T PR 70 iy e
s . P s
= simsrs e s
s
s saion
e et
s e
m
orsoessous
i
e ey o
?
= o i ond v o) e i el T V) pieren) i ) s
. i i L2 ey e
i Frr—— i
2 P i
—
orsoparas e psrs niow 1357 g
3 e " opanicons:
= 5 e
y Moo
e o v
- e . —" — AT SRR
A E———
bk e saows s
orsoe e
e — 5
e e 106 n

avgfence avflen deviien puseer puse(cld fvencofuseror_aicffuserr_freq

i

gfence sflen devflen puseer sl fvencofuseror ciclfosern note
T ) g0l
770 26608 7146008 13950 T songor
e @ v g0
s LR v g0
e Lomew  movio g0
s LR o o/
e LomeR  movjo g0
s LR v g0
s Lo oo oo

supfuence wgfler devilen puseer

pube (0l fuencejuseror_clcijvserr g

sgfence svglen Gevilen puseerr ol (e _fvencofuseror_caclfserr_faq

2060 119605 355609 1650 Basicos oo oo i)
avgfence avgllen devilen puseen puse(cld fuencefuseror_slcfusen note
Peae T v T o
avgfence avgllen deviien puseen puse(cl fvencofuseror_aiclfuserrfreq
3500 S7IE08 | 320 1250 e oox. [ o
avgfence walen devilen pusear puse(cld_fivencofuseror_aicffuserrfreq
TUED 440D 85HEn09 S50 Lewcn ooy, omox 10
avgfuence avgflen devilen puseen puse(ald fuencefuseror slcffusen note
Paave T v T s
agfence avgflen deviien puseerr puse(cl fivencofuseror_aicffuserr_req
a0 2566 6@E0 290 e ooy oo 10
Ser0 256009 6oeio 196 e ooy oo i

derfag i

devfav i
L5460

it

L5400

i

62

www.manharaa.com



s v erc o v e (rom) o rstoed T/ ool ol o) e
0 o ey s R o, s

oot updte e tmest

el welswin 03 msec

levics conions

ot
loRsugsarann . Imodstonacmax s ann e 3w
W asner enge i gin Loei05
puke Tmoeosiec metfuen 3Dz
ot ot Fluenee Tonifence Vi VR VAE  Gan  de(/o)  Puke Kl b ndex
Ty o oo oo
oRsugsL 7w
s s o .
eharge ste Lo vin
1
festahons evin fuence fom v fuence torg s o) pule target (e TIA g (1/4) pube (s kfoall) b foce) _inden
o Imes e AseGe ASHEGS Tooein 2ren
Decserstor condtions
ey aswev -
peces " by
2o wev
fseamine e
fxthgnet e
i e meac
sdegeenagner s s
e on
s on
ieet s setto 0usec utse algament
sy cup s pr=sety heckea 122
m
lean condions
t orsugst
famers o1
fameram sser O umiox
fovipute =
reapute s
s 5iE@ e 7910 ama
feam aurent Lz e a¢
levis condions
oRbugAst1 e postons nrow 1 matinglon
. s w Dl matisloction s
o w rocontolon el 7
n frstone on e et . 5
aue wm
o8 s vee vee e
s P o
et e Row 1
oo
Rouga Riest
A Ki2sgan = .
chrgestte L8 s
sy i fsence foma g e torg s (o) (e TaganviA) pube(mess) i foat) e
o Iy 7aies LOWEDY Tooeios S
1 1pees  raieos  aoseeos Loceios s
2 T e ooy
ousec
e 2.1 29 mm i
ot
forsugsag s 0 Imsdstonacmo xsen  mnn e 3w
o asner o igin Lo0ei05
Pk eotsec  getfven 720609 fam2
ot ShotFuence Toulfence viS VR VA Gan ddule)  Pube Kl b ndex
st teus o oo oo
el 2-3pics ot sves
levics conions
mugAs 3 e positons anrow 1 makinglon
. s w Dl matnsloction s
e w « nocontolon B E)
n frstone on e et 5 s
aoe wm
) s vee v e
s s AT woawe
et e fows
festahors
lombugas rest
A Ki2sgan = .
chrge e Ty s
et deviafuence fomz avg e trgpuise o) (e Tagan (/A) pube(ress) K foall) K facte) inden
o ss6e9 72060 GINEDS oocios anoose
1 Lueo e 7asecs ey s
2 smea0 e 30603 Looci0s simm
ot
loRsugsas e - CEFT I
W [Era—y 3gan Loceuns,
puke SEEG e metfuen 3610 /m2
ot SnotFluence Towlfnce Vi VR NRE Gan dehuel  puke Kol b ndes
TEE o oo ool

oy e positons anrow 1 makinglon
. s w Dl matslocation s
e w « nocontolon B} )
n frstons on e et . 5 ﬂ
aoe wm
) s vee v e
s We s Tmawn
et e Rows
oo
(ombugas et
A K28 gan = .
chrge st Ty s

BEEE

www.manharaa.com



hestshors e erc o2 e e rom) o rstoed T () B = T owfene sl _devlen usear ubefcld_fuenalseror ccffiserna sooicn
o Sricas™" Taoean eas T e e ao s ey
i Dol 7o A500 Lion sorim o S Lo ssainon | s omox oo w ey
Jor
ot oo st s 2
P i e
i s gt 70
b e e S T+ PR PP it indn ewtence gl devior posear pibetcddfoenahsorer cfoser e
fotsioms s e o T o
estshots
onngre s
- raan ) v
i e s n
i
s v erc e e e rom) b toed T (/) e o) it ) e sl dnvlor oo ubelcild_foenafiseror ccffserina s
s o Taean. ASeoOp SIS T s s et Er it —— oo w T
e s
ety i pstansonrow PR
e e A e o
fees w . sonision 3 7
bon istoneanetec H H
e m e oo e
S e " —— T i e
b T -
ok e o
o
ormgae s
e s i
i e s n
i
e v erc o2 e e nom) b stoed T () e e o) foin) e e sl devlen pusear  pubefald_fuenafuseror ffiserfna s
o e e e 2 e s irin o [T i T R oaox wu oy
onmusssanne 8 irsdion st e o 2
] i 8 f e
hise e i it
b T e e e 11 5 it indn ot sl devien e pubecid_uenafuserer ciefosen ot
fetsiows o o o Fr T oo
bos hbesm sk spntosing i
e show s st e
St o vems
—
- o
forerare sean e
e o5
reamie saai
S Titoren Sioton
e s
Sy s s anron | e
. v " ook
= kr oo
; sowonteii
e m e o e
£ s VE e e e vach-tas- i) i 1
i PO —T
ettt
s
et e
- Fe2 st f
i s s w.
e v erc o2 e e nom) o s oed T e o) oottt s oo sl devlen e pubefad_fuenafuseror affusenfea s
. s Tinccs. 10ES e S . S e Ao o o ook awon o ey
i oo e 13meo ey v s s e serorimam | Lisior ooen = i =y
or
st . T — fr 5
i PEr fie it
e Socoiiec gt tuen 736G 2
b T 7 T i SR BT i ) inder o vnce mgfen_devlen e el fuenuseror icoser e
T . P o o P o ot
fostweispic
et e v s dsed s, 1,8
e s
i i pstansonrow PR
3 e ' et
w « oo 3 7
orwontiei H H
e  ——— i e
e b A -
et e w7
Kisdadbem s nphosor s sod
o
et e
sy s .
i e s n
e e erc o2 e e nom) b oed T e et o) foi) e e e devlen e ubefad_fuenuseror ccffisenfea oo
o e oo 130001 e e e L St v ot awon o ey
i L 7ol Lol Lion Satrin o S 1w sorevdm. | Lwra oen oo i ety
F oo ymen ieeer oy FEA . St drees smcersms | e omm oaox i =y
e e smes s
K sced st ¢
or
] e e fe Lot
e Lot gt 0 o2
b i i e e Gan e e et o) inder o mgfer_devlen e el _fuenussrorsicfoser o
fetios . P o . P o oo
e el b s i sl domse
festshort s erc s e e rom) s soed T el o) e sl devlen pusear ubelald_fuenluseror cffiserfna s
o e ey e St o ) o i oy

64

www.manharaa.com




Appendix E: Deinococcus Radiodurans Statistical Analysis

Protocol 4 Analysis

Data

Strain

CFU Input

Untreated Samples

5 Hr Treated Samples
10 Hr Treated Samples

All colony counts at 10°* "

Statistics

Comparison Set 1- Strain 1(WT)

1(wT)
44 49 48
63 50 65 40 44 56 45 40 46 53 62 34
46 39 47 45 25 41 40 38 37 50 30 38
46 38 48 34 3048 52 36 40 47 37 46
N1 -cruinput 3 N1 -Untreated 12 N1 Treated s Hr 12 N1 Treated 10 Hr 12
X-bary cey input 47.0| X-bary ynyeated 49-8 X-bary rreatedshr  39.7 X-bary rreated 101 41.8]

S1-CFUinput

2.6

S1-Untreated 10.1]

Population Comparisons

Micruinput - Mi-Untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

Kicruinput - Bi-Untreatea >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 86.8974
t, test statistic -0.4709|
rejection region t>t,

o 0.05
df 13
ty 1.771
p-value 0.519558773

M1 untreated - Mitreateds ir =0  Null Hypothesis =There is no difference between the Untreated population and the Treated population

My untreated - Mitreateds r >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 75.8333
t, test statistic 2.8597
rejection region t>t,

o 0.05
df 22
t, 1.717
p-value 0.519713215

M1 untreated - M1-treated 10 ir = O Null Hypothesis = There is no difference between the Untreated population and the Treated population

My-untreated - Mi-treated 10 1r > 0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 74.2824
t, test statistic 2.2743]
rejection region t>t,

o 0.05
df 22
t, 1.717
p-value 0.519713215

S1-Treated s Hr 71

S1-Treated 10 Hr 6.9

Since 2.8597 > 1.717, | do reject the null hypothesis, there is a difference between the Untreated and the 5 Hr Treated Populations

Since 2.2743 > 1.717, | do reject the null hypothesis, there is a difference between the Untreated and the 10 Hr Treated Populations

Since -.4709 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input population and the Untreated Population
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Protocol 4 Analysis

Data

Strain Mutant #5

CFU Input 51 42 42

Untreated Samples 57 34 40 31 39 34 31 2324 39 42 34
5 Hr Treated Samples 32 3941 30 3542 42 29 32 40 34 32
10 Hr Treated Samples 46 30 37 40 37 18 41 41 47 33 34 43

Al colony counts at 104"

Statistics
N5 _cruinput 3 N5 _untreated 12| N5 Treated 5 Hr 12| N5 Treated 10 Hr 12|
x-bars.ceyinput 45.0]  |x-bars.ynreated 35.7|  |X-barstresteasnr 35.7|  [x-barstreateaionr 37.3
S5-CFUinput 5.2 S5-Untreated 9.0) S5-Treated 5 Hr 4.8 S5-Treated 10 Hr 7.9)

Population Comparisons

Comparison Set 2 - Strain 5

Ho: Micruinput - Mi-untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Kicruinput - Bi-Untreatea >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 72.2051

t, test statistic 1.7016

rejection region t>t,

o 0.05

df 13

t, 1.771]

p-value 0.519558773

Since 1.7016 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input population and the U dF |

Ho: Wi-untreated - Mi-treateds ir =0  Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: My untreated - Mitreateds e >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 51.9697

t, test statistic 0.0000

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since 0.0000 > 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

Ho: Wi-untreated - Mi-treated 10 #r = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - M1treated 10 #r >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 71.6780

t, test statistic -0.4581|

rejection region t>t,

o 0.05

df 22

ty 1.717]

p-value 0.519713215

|Since -0.4581 > 1.717, | do reject the null hypothesis, there is no difference between the Untreated and the 10 Hr Treated Populations
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Protocol 4 Analysis

Data

Strain Mutant #8

CFU Input 43 58 42

Untreated Samples 58 43 42 38 2528 26 26 41 33 45 44
5 Hr Treated Samples 48 46 39 37 3937 45 54 41 67 35 34
10 Hr Treated Samples 26 26 31 30 4328 37 3331 26 39 36

Al colony counts at 104"

Statistics
Ng_cruinput 3 Ng_Untreated 12| Ng Treated 5 Hr 12| Ng Treated 10 Hr 12|
x-barg.ceyinput 477 |x-bargynreated 374  |X-bargresteasne 43.5|  [x-bargrreatedionr 322
S8-CFUinput 9.0) Sg-Untreated 10.1 Sg-Treated 5 Hr 9.5] Sg-Treated 10 Hr 5.6)

Population Comparisons

Comparison Set 3 - Strain 8

Ho: Micruinput - Mi-untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Kicruinput - Bi-Untreatea >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 97.9679

t, test statistic 1.6043|

rejection region t>t,

o 0.05

df 13

t, 1.771]

p-value 0.519558773

Since 1.6043 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input population and the U dF |

Ho: M1 untreated - Mitreateds ir =0  Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Wi-untreated - Ma-treatedsir >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 95.3598

t, test statistic -1.5259

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since -1.5259 > 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

Ho: Wi-untreated - Mi-treated 10 #r = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - M1treated 10 #r >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 66.1174

t, test statistic 1.5815]

rejection region t>t,

o 0.05

df 22

ty 1.717]

p-value 0.519713215

Since 1.5815 > 1.717, | do reject the null hypothesis, there is no difference between the Untreated and the 10 Hr Treated Populations
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Protocol 4 Analysis

Data

Strain Mutant #11

CFU Input 37 3738

Untreated Samples 43 30 32 42 2132 30 2521 32 20 33
5 Hr Treated Samples 31 3126 28 42 44 38 3729 47 40 21
10 Hr Treated Samples 44 36 34 38 42 44 39 46 38 42 40 33

Al colony counts at 104"

Statistics

N11-cFUinput 3 N11 -Untreated 12| N11 -Treated 5 Hr 12| N11 -Treated 10 Hr 12|

X-baryycryinput 37.3|  |x-bariyynweatec 30.1|  |X-bariyrreateasm 34-5|  [x-bariitestedsonr 39.7

S11-Untreated 7.5]  [S1itreateds 8.0 [SiiTreated10mr 41

S11-CFU input

Population Comparisons

Comparison Set 4 - Strain 11

Ho: Micruinput - Mi-untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Kicruinput - Bi-Untreatea >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 47.8141

t, test statistic 1.6243|

rejection region t>t,

o 0.05

df 13

t, 1.771]

p-value 0.519558773

Since 1.6243 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input population and the U dF |

Ho: M1 untreated - Mitreateds ir =0  Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: My untreated - Mitreateds e >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 60.1780

t, test statistic -1.3946

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since -1.3946 > 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

Ho: Wi-untreated - Mi-treated 10 #r = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - M1treated 10 #r >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 36.6174

t, test statistic -3.8793|

rejection region t>t,

o 0.05

df 22

ty 1.717]

p-value 0.519713215

|Since -3.8793 > 1.717, | do reject the null hypothesis, there is no difference between the Untreated and the 10 Hr Treated Populations
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CFU Std. Dev.

WT wWT CFU input control 470000 26457.51311
n1-CFUinput 3| [nl-Untreated 12 [n1-Treated 5Hr 12[ [n1-Treated 10 Hr 12 non-irradiated control 498333.3 100709.6035
x-bar1-CFU input 47|  [x-barl-Untreated | 49. x-barl-Treated 5 Hr | 39.66666667| [x-barl-Treated 10Hr [ 41 *5hr* 396666.7 70881.89066|
s1-CFU input 2.645751311| |s1-Untreated 10.07096035| |s1-Treated 5 Hr 7.088189066| [s1-Treated 10 Hr 6.860073328) *10hr* 418333.3 68600.73328]
Mutant #5 Mutant #5 CFU input control 450000 51961.52423]
n5-CFU input 3| [n5-Untreated 12 [n5-Treated 5Hr 12 [n5-Treated 10 Hr 12 *non-irradiated control* 356666.7 89679.56424
x-bar5-CFU input 45|  [x-bar5-Untreated | 35.66666667| |x-bar5-Treated 5 Hr | 35.66666667| [x-bar5-Treated 10 Hr 37.25] Shr 356666.7 48492.42365)
ISS—CFU input 5.196152423| |s5-Untreated 8.967956424| |s5-Treated 5 Hr 4.849242365) |55-Treated 10Hr 7.93295772| 10hr 372500 79329.5772]
Mutant #8 Mutant #8 CFU input control 476666.7 89628.8644]
n8-CFU input 3| [n8-Untreated 12 [n8-Treated 5Hr 12 [n8-Treated 10 Hr 12 non-irradiated control 374166.7 100585.4077]
x-bar8-CFU input | 47.66666667| |x-bar8-Untreated | 37.41666667| [x-bar8-Treated 5 Hr 43.5 |x-bar8-Treated 10 Hr | 32.16666667 Shr 435000 94628.46007|
ISS—CFU input 8.96288644| |s8-Untreated 10.05854077| |s8-Treated 5 Hr 9.462846007| |58—Treated 10Hr 5.57320429) 10hr 321666.7 55732.0429)
Mutant #11 Mutant #11 CFU input control 3733333 5773.502692]
n1l1-CFUinput 3| [n1l1-Untreated 12 [n11-Treated 5Hr 12 [n11-Treated 10 Hr 12 *non-irradiated control* 300833.3 75131.19838
x-bar11-CFU inpu{ 37. x-barl1-Untreateq 30. x-barl1-Treated 5 H 34.5 [x-barll-Treated 10 Hf 39.66666667| Shr 345000 79943.16163
s11-CFUinput 0.577350269| [s11-Untreated 7.513119838| |s1l-Treated 5Hr 7.994316163| [s11-Treated 10 Hr 4.097301403) 10hr 396666.7 40973.01403
CFU Comparisons for 1st Neutron Experiment
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Protocol 5 Analysis

Data

Strain 1(WT)

CFU Input 46 41 47

Untreated Samples 36 37 36 25 3328 40 40 36 38 47 59
15 Hr Treated Samples 23 34 48 18 46 49 42 50 61 36 55 48
20 Hr Treated Samples 35 46 42 41 31 27 42 46 46 39 54 40

All colony counts at 10°* 4"

Statistics
N1 _cruinput 3 N1 Untreated 12| N1 Treated 15 Hr 12| N1 Treated 20 Hr 12|
X-bary ey input 44.7| X-bary yneated 379 X-bar treated 15 Hr 42.5 X-bar rreated 201 40.8
S1-CFUinput 3.2 S1-Untreated 8.7 S1-Treated 15 Hr 12.7] S1-Treated 20 Hr 7.3

Population Comparisons

Comparison Set 1 - Strain 1(WT)

Ho: Kicruinput - Mi-Untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Micruinput - Mi-untreated >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 65.9679

t, test statistic 1.2875)

rejection region t>t,

o 0.05

df 13

ty 1.771]

p-value 0.519558773

Since 1.2875 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input lation and the 1P

Ho : Wi-untreated ~ Mi-treateds - =0 Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - Ma-treatedshr >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 118.2689

t, test statistic -1.0323|

rejection region t>t,

-3 0.05

df 22

t, 1.717

p-value 0.519713215

Since -1.0323 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 15 Hr Treated Populations

Ho : Wi-untreated ~ Mi-treated 101 = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: M1 untreated - Mi-treated 10 1r > 0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 64.5076

t, test statistic -0.8641]

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since -0.8641 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 20 Hr Treated Populations
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Protocol 5 Analysis

Data

Strain

CFU Input

Untreated Samples
15 Hr Treated Samples
20 Hr Treated Samples

All colony counts at 10°* 4"

Statistics

Comparison Set 1- Strain 5

Mutant #5
34 48 41
33 44 30 17 2143 17 30 36 33 31 20
27 28 40 42 38 30 41 3233 39 20 26
32 3339 30 3028 32 2224 27 33 26
N5 _cruinput 3 N5 _yntreated 12| N5 Treated 15 Hr 12| N5 Treated 20 Hr 12|
X-bars cey input 41.0 X-bars ynreated 296 X-bars rreated 15 1r 33-0 X-bars rreatea20mr  29.7

S5-CFUinput 7.0 Ss-Untreated 9.2 S5-Treated 15 Hr 7.0 S5-Treated 20 Hr 4.6

Population Comparisons

Ho: Kicruinput - Mi-Untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Micruinput - Mi-untreated >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 79.6090

t, test statistic 1.9823)

rejection region t>t,

o 0.05

df 13

ty 1.771]

p-value 0.519558773

Since 1.9823 > 1.771, | do reject the null hypothesis, there is a difference between the CFU Input

and the L

Ho : Wi-untreated ~ Mi-treateds - =0 Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - Ma-treatedshr >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 67.3144

t, test statistic -1.0201]

rejection region t>t,

-3 0.05

df 22

t, 1.717]

p-value 0.519713215

Since -1.0201 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 15 Hr Treated Populations

Ho : Wi-untreated ~ Mi-treated 101 = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: M1 untreated - Mi-treated 10 1r > 0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 53.2538

t, test statistic -0.0280

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since -0.280 < 1.717, | do not reject the null hypoth

sis, there is no difference between the Untreated and the 20 Hr Treated Pop
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Protocol 5 Analysis

Data

Strain Mutant #8

CFU Input 47 39 46

Untreated Samples 22 2031 20 20 29 30 2127 31 40 34
15 Hr Treated Samples 37 4323 31 40 54 36 3127 32 24 20
20 Hr Treated Samples 28 36 29 33 26 35 18 18 5 18 30 31

All colony counts at 10°* 4"

Statistics
Ng_cruinput 3 Ng Untreated 12| Ng Treated 15 Hr 12| Ng Treated 20 Hr 12|
X-barg ceyinput 44,0 X-barg yneated 271 X-barg rreated 15 Hr 33-2 X-barg rreated 201 256
Sg-CFUinput 4.4 Sg-Untreated 6.5 Sg-Treated 15 Hr 9.6 Sg-Treated 20 Hr 9.1

Population Comparisons

Comparison Set 3 - Strain 8

Ho: Kicruinput - Mi-Untreatea =0 Null Hypothesis = There is no difference between the CFU input population and the Untreated Population

H,: Micruinput - Mi-untreated >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 39.1474

t, test statistic 4.1886)

rejection region t>t,

o 0.05

df 13

ty 1.771]

p-value 0.519558773

Since 4.1886 > 1.771, | do reject the null hypothesis, there is a difference between the CFU Input lation and the d Population

Ho : Wi-untreated ~ Mi-treateds - =0 Null Hypothesis = There is no difference between the Untreated population and the Treated population

H,: Hi-untreated - Ma-treatedshr >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s, 67.2992

t, test statistic -1.8164]

rejection region t>t,

-3 0.05

df 22

t, 1.717

p-value 0.519713215

Since -1.8164 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 15 Hr Treated Populations

Ho : Wi-untreated ~ Mi-treated 101 = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

H,: M1 untreated - Mi-treated 10 1r > 0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population
s 62.9924

t, test statistic 0.4629

rejection region t>t,

o 0.05

df 22

t, 1.717

p-value 0.519713215

Since .4629 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 10 Hr Treated P |
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Protocol 5 Analysis

Data

Strain

CFU Input

Untreated Samples

15 Hr Treated Samples
20 Hr Treated Samples
All colony counts at 10

Statistics

Mutant #11

38 46 38

50 37 44 33 38 42 56 42 34 52 47 20

36 3337 55 43 34 46 35 43 38 36 30

41 45 39 40 37 37 29 50 39 46 30 25

4 dilution

N11-crUinput 3 N11 -Untreated 12| N11 Treated 15 Hr 12| N11 -Treated 20 Hr 12|
X-barsy ceyinput 40.7| X-bars; ynyeated  41-3 X-bar;; trested 15 1r 38-8 X-bary; treateazonr 38-2
S11-CFU input 4.6 S11-Untreated 9.8] S11-Treated 15 Hr 6.9 S11-Treated 20 Hr 7.3

Population Comparisons

Comparison Set 4 - Strain 11

Kicruinput = Ma-untreatea =0 NUll Hypothesis = There is no difference between the CFU input population and the Untreated Population

Kicruinput ~ Mi-untreated >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 84.2244
t, test statistic -0.0985
rejection region t>t,

o 0.05
df 13
, 1774
p-value 0.519558773|

Since -.0985 < 1.771, | do not reject the null hypothesis, there is no difference between the CFU Input p

M1 untreated - M1-treated s ir =0 Null Hypothesis = There is no difference between the Untreated population and the Treated population

My untreated - Ma-treateds e >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 71.3598
t, test statistic 0.7008}
rejection region t>t,

o 0.05
df 2
, 1717
p-value 0.519713215]

and the Ul dp |

Since .07008 < 1.717, | do not reject the null hypothesis, there is no difference between the Untreated and the 15 Hr Treated Populations

M1 untreated = M1-treated 10 4r = 0 NUll Hypothesis = There is no difference between the Untreated population and the Treated population

M1 untreated - M1-treated 101 >0 Alternate Hypothesis = There is a difference between the CFU input population and the Untreated Population

Ho:

H,:

s, 74.5417
t, test statistic 0.8748|
rejection region t>t,

o 0.05
df 22
. 1717
p-value 0.519713215)

Since 0.8748 > 1.717, | do reject the null hypothesis, there is a diff

b the U

d and the 20 Hr Treated Pop
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CFU Std. Dev.

WT WT CFU input control 446666.7 32145.50254|

IAll colony counts at 10" [n1-CFU input 3| 0|n1-Untreated 12| 0[n1-Treated 15 Hr 12| 0|n1-Treated 20 Hr 12) non-irradiated control = 379166.7  87225.76072]
10000[x-bar1-CFU input | 44.66666667| O|x-barl-Untreated | 37.91666667| O[x-barl-Treated 15 Hi 42.5| 0[x-barl-Treated 20 Hr 40.75| 15hr 425000 126670.6538]
s1-CFUinput | 3.214550254| O[sl-Untreated | 8.722576072| O[s1-Treated 15 Hr | 12.66706538| O[s1-Treated 20Hr | 7.275425636] 20hr 407500 72754.25636|
Mutant #5 Mutant #5  CFU input control 410000 70000)
n5-CFUinput | 3| o[ns-untreated | 12| o[n5-Treated 15Hr | 12| o[n5-Treated 20Hr | 12| *non-irradiated control 295833.3  92289.89242|
x-bar5-CFU input 41| 0[x-bar5-Untreated | 29.58333333| 0[x-bar5-Treated 15 H] 33| Ox-bar5-Treated 20 Hr | 29.66666667] 15hr 330000 70323.92584)
s5-CFUinput 7] os5-Untreated | 9.228989242| 0[s5-Treated 15Hr | 7.032392584] 0[s5-Treated 20 Hr | 4618802154 20hr 206666.7 __46188.02154)
Mutant #8 Mutant #8  CFU input control 440000 43588.98944)
n8-CFUinput | 3| o[n8-untreated | 12| o[n8-Treated 15Hr | 12| o[n8-Treated 20Hr | 12| *non-irradiated control 270833.3  65429.8143|
x-bar8-CFU input 44| 0[x-bar8-Untreated | 27.08333333| 0[x-bar8-Treated 15 H] 33.16666667| O|x-bar8Treated 20 Hr | 25.58333333] 15hr 331666.7  95805.99083
s8-CFUinput | 4. 0[s8-Untreated | 6.542981435| 0[s8-Treated 15Hr | 9. | o[s8-Treated 20Hr | 9119991361 20hr 255833.3  91199.91361
Mutant #11 Mutant #11 CFU input control 406666.7  46188.02154]
n11-CFUinput | 3] | o[n11-Treated 20 Hr non-irradiated control 412500 97805.46555|

| o[n1i-Untreated | 12| o[n11-Treated 15Hr | 12| | 12|
[x-bar11-CFU inpul 40.66666667| 0|x-barll-Untreated 41.25) 0[x-barl1-Treated 15 H 38.83333333| O[x-barl1 Treated 20 Hi| 38.16666667 15hr 3883333 68600.73328
73328 [7. |

s11-CFU input 4.618802154| 0[s11-Untreated | 9.780546555 Olsll-Treated 1S Hr | 6. Dlsll—TrEated 20 Hr. 20hr 381666.7 73091.88903|

CFU Comparisons for 2nd Neutron Experiment
1000000
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]
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Protocol 6 Analysis

Data

Strain

Untreated Samples

5 Hr Treated Samples
10 Hr Treated Samples
15 Hr Treated Samples
20 Hr Treated Samples

All colony counts at 10° %"

Statistics

Population Comparisons

Comparison Set 1 - Strain 1(WT)

1(WT)

332 415 352 410

423 167 387 473

391 415 420 439

348 356 322 366

473 447 407 437
N1 Untreated 4 N1 Treated 5 Hr 4 N1 Treated 10 Hr 4 N1 Treated 15 Hr 4 N1 Treated 20 4
X-bary yneated 377.3 X-bary treateds 362.5|  [X-baritrestedron 416.3|  [x-baritresteds e 348.0) X-bary rreat 441.0
S1-Untreated 416 S1-Treated 5 Hr 135.0]  [Sitreated10mr 19.8 S1-Treated 15 Hr 18.8 S1Treated201 27.3

Ho : Wi-untreated = M1-Treated s v = 0 NUll Hypothesis = There is no difference between the Untreated population and the 5 Hr Treated Population
H,: Hi-Untreated - M1 Treated s ir > O Alternate Hypothesis = There is a difference between the Untreated population and the 5 Hr Treated Population
s, 9978.9583

t, test statistic 0.2088

rejection region t>t,

-3 0.05

df 6

, 1943

p-value 0519127341

Since 0.2088 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations
—

—_———

——

Ho: Hi-untreated = M1-treated 101 = O NUll Hypothesis = There is no difference between the Untreated population and the 10 Hr Treated population

H,: M1-untreated - M1-treated 101 >0 Alternate Hypothesis = There is a difference between the Untreated population and the 10 Hr Treated Population
s, 1058.9167

t, test statistic -1.6949

rejection region t>t,

-3 0.05

df 6

, 1943

p-value 0.519127341]

Since -1.6949 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 10 Hr Treated Populations

— e — e —

Ho: Hi-untreated = M1-reated 15 1 = O NUull Hypothesis = There is no difference between the Untreated population and the 15 Hr Treated population

H,: M1-untreated - M1-treated 15 1 >0 Alternate Hypothesis = There is a difference between the Untreated population and the 15 Hr Treated Population
s, 1041.1250

t, test statistic 1.2820|

rejection region t>t,

(] 0.05

df 6

. 1.943|

p-value 0.519127341]

Since 1.2820 < 1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 15 Hr Treated Populations

— e —— e —

Ho: Hi-untreated = M1-treated 15 1 = O NUll Hypothesis = There is no difference between the Untreated population and the 20 Hr Treated population

H,: Hi-untreated - M1-treated 15 1 >0 Alternate Hypothesis = There is a difference between the Untreated population and the 20 Hr Treated Population
s, 1235.7917

t, test statistic -2.5646|

rejection region t>t,

(] 0.05

df 6

. 1.943|

p-value 0.519127341]

Since -2.5646 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 20 Hr Treated Populations
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Protocol 6 Analysis

Data

Strain

Untreated Samples

5 Hr Treated Samples
10 Hr Treated Samples
15 Hr Treated Samples
20 Hr Treated Samples

All colony counts at 10°° %"

Statistics

Mutant #5

332 353 354 334

372 365 335 315

295 310 315 311

345 404 398 389

356 298 313 348
N5 -Untreated 4 N5 Treated s Hr 4l |Ns-treated 0 Al |Ns-rreated s Hr 4 N5 Treated 20 Hr 4
X-bars yneated 3433 |c-bars reseasr 3468 [x-bars reaessom 3078 [x-barsrepeassi 3840|  [x-barlsreqeazone 3288
Ss-Untreated 11.9) Ss-Treated s Hr 26.6]  [Ss-treated 10tr 8.8]  |Ssreatedishr 26.7) Ss-Treated 20 Hr 27.7)

Population Comparisons

Ms.untreated - Ms- Treated s v = 0 Null Hypothesis = There is no difference between the Untreated population and the 5 Hr Treated Population

Ms-Untreated - Ms-Treated s ir > O Alternate Hypothesis = There is a difference between the Untreated population and the 5 Hr Treated Population

Ho:

H,:

s, 423.2500
t, test statistic -0.2406|
rejection region t>t,

o 0.05
df 6
t. 1.943]
p-value 0.519127341]

Since 0.2406 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

—_——

Usuntreated = Ms-treated 10 1 = 0 NUll Hypothesis = There is no difference between the Untreated population and the 10 Hr Treated population

Ms-untreated = Ms-treated 10 v >0 Alternate Hypothesis = There is a difference between the Untreated population and the 10 Hr Treated Population

Ho:

H,:

5o 108.9167
t, test statistic 4.8106
rejection region t>t,

o 0.05
df 6
i, 1.943]
p-value 0.519127341]

Since 4.8106 > 1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 10 Hr Treated Populations

—_———

Usuntreated = Ms-treated 15 1 = O Null Hypothesis = There is no difference between the Untreated population and the 15 Hr Treated population

Us untreated - Ms-treated 15 1r >0 Alternate Hypothesis = There is a difference between the Untreated population and the 15 Hr Treated Population

Ho:

H,:

s, 427.4583
t, test statistic -2.7874]
rejection region t>t,

o 0.05
df 6
. 1943
p-value 0.519127341]

Since -2.7874 < 1.943, | do not reject the null hypothesis, there is not difference between the Untreated and the 15 Hr Treated Populations

e ——

Ms.untreated = Ms-treated 15 1 = 0 Null Hypothesis = There is no difference between the Untreated population and the 20 Hr Treated population

Usuntreated - Ms-treated 15 1 > 0 Alternate Hypothesis = There is a difference between the Untreated population and the 20 Hr Treated Population

Ho:

H,:

s, 454.9167
t, test statistic 0.9614]
rejection region t>t,

o 0.05
df 6
k., 1.943]
p-value 0.519127341]

Since 0.9614 < 1.943, | do not reject the null hypott

there is no difference between the Untreated and the 20 Hr Treated
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Protocol 6 Analysis

Data

Strain Mutant #8

Untreated Samples 333 311 382 276

5 Hr Treated Samples 317 364 345 307

10 Hr Treated Samples 333 331 304 317

15 Hr Treated Samples 316 329 300 285

20 Hr Treated Samples 233 332 320 269

All colony counts at 10°° 4t

Statistics
Ns _Untreated 4 N Treated s Hr 4 [Ng-Treated 10Hr A [Ms-rreated 15 Hr 4 Mg Treated 20 Hr 4
XD yreatea 3255 [x-bargreseast 333.3|  [x-bargreneaion 321.3|  [x-bargrepeqisi 307.5  [x-barsreseazon 2885
Sg-Untreated 44.4 Sg-Treated s Hr 26.1 Sg-Treated 10 Hr 13.5 Sg-Treated 15 Hr 19.1] Sg-Treated 20 Hr 46.0)

Population Comparisons

Comparison Set 1 - Strain 1(WT)

Mg.Untreated - Mg- Treated s v = 0 Null Hypothesis = There is no difference between the Untreated population and the 5 Hr Treated Population

Mg Untreated - Ma-Treated s ir > O Alternate Hypothesis = There is a difference between the Untreated population and the 5 Hr Treated Population

Ho:

H,:

s, 1324.2917
t, test statistic -0.3012
rejection region t>t,

o 0.05
df 6
t. 1.943]
p-value 0.519127341]

Since -.3012 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

—_——

U untreated - Mg-treated 10 1 = 0 NUll Hypothesis = There is no difference between the Untreated population and the 10 Hr Treated population

Mg untreated - Mg-treated 10 1r >0 Alternate Hypothesis = There is a difference between the Untreated population and the 10 Hr Treated Population

Ho:

H,:

5o 1076.2917
t, test statistic 0.1832
rejection region t>t,

o 0.05
df 6
i, 1.943]
p-value 0.519127341]

Since .1832 < 1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 10 Hr Treated Populations

—_———

Mg untreated - Mg treated 15 1 = 0 Null Hypothesis = There is no difference between the Untreated population and the 15 Hr Treated population

Ug untreated - Mg-treated 15 1r >0 Alternate Hypothesis = There is a difference between the Untreated population and the 15 Hr Treated Population

Ho:

H,:

s, 1167.6667
t, test statistic 0.7450]
rejection region t>t,

o 0.05
df 6
. 1943
p-value 0.519127341]

Since .7450 < 1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 15 Hr Treated Populations

e ——

Ho: Mg.untreated -~ Mg-treated 15 1 = 0 Null Hypothesis = There is no difference between the Untreated population and the 20 Hr Treated population
H,: Ug-untreated ~ Ms-treated 15 1r >0 Alternate Hypothesis = There is a difference between the Untreated population and the 20 Hr Treated Population
s, 2042.3333

t, test statistic 1.1579

rejection region t>t,

o 0.05

df 6

k., 1.943]

p-value 0.519127341]

Since 1.1579 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 20 Hr Treated |
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Protocol 6 Analysis

Data

Strain

Untreated Samples

5 Hr Treated Samples
10 Hr Treated Samples
15 Hr Treated Samples
20 Hr Treated Samples

All colony counts at 10°° 4"

Statistics

Mutant #11

295 396 306 358

349 420 371 421

339 411 330 269

416 435 407 486

226 301 319 326
N11 -Untreated 4 N11 Treated 5 Hr A N -Trested 10 ke A |Mirtrested s e 4 N11-Treated 20 Hr 4
X-bary ynreated 338.8| X-bary tresteds 390.3[  |X-bariitrearedior 337.3[  |X-bariytreated s vr 436.0) X-bary, rested 20 e 293.0
S11-Untreated 47.0 S11-Treated 5 Hr 36.1 S11-Treated 10 Hr 58.2 S11-Treated 15 Hr 35.3 S11-Treated 20 Hr 45.9

Population Comparisons

Comparison Set 1 - Strain 1(WT)

Mi1-Untreated - H11-Treated s ur = NUll Hypothesis = There is no difference between the Untreated population and the 5 Hr Treated Population

M11-Untreated - M11-Treated s v > Alternate Hypothesis = There is a difference between the Untreated population and the 5 Hr Treated Population

Ho:

H,:

s, 1756.2500
t, test statistic -1.7379|
rejection region t>t,

o 0.05
df 6
k. 1.943]
p-value 0.519127341]

Since -1.7379 < 1.943, | do not reject the null hypothesis, there is no difference between the Untreated and the 5 Hr Treated Populations

el

M11-untreated - M11-treated 101 = NUll Hypothesis = There is no difference between the Untreated population and the 10 Hr Treated population

Mi1-untreated - M1-treated 101 > Alternate Hypothesis = There is a difference between the Untreated population and the 10 Hr Treated Population

Ho:

H,:

s, 2797.9167
t, test statistic 0.0401
rejection region t>t,

o 0.05
df 6
k. 1.943]
p-value 0.519127341]

Since .0401<1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 10 Hr Treated Populations

—_——

M11-untreated - M11-treated 15 ir = NUll Hypothesis = There is no difference between the Untreated population and the 15 Hr Treated population

Mi1-untreated - M1-treated 15 1 > Alternate Hypothesis = There is a difference between the Untreated population and the 15 Hr Treated Population

Ho:

H,:

s, 1729.4583
t, test statistic -3.3071
rejection region t>t,

o 0.05
df 6
. 1.943]
p-value 0.519127341]

Since -3.3071 < 1.943, | do reject the null hypothesis, there is a difference between the Untreated and the 15 Hr Treated Populations

—_————
Ho: M11-untreated = Mi1-treated 15 ir = NUll Hypothesis = There is no difference between the Untreated population and the 20 Hr Treated population

H,: M11-untreated - M1-treated 15 Hr > Alternate Hypothesis = There is a difference between the Untreated population and the 20 Hr Treated Population
s, 2158.7917

t, test statistic 1.3925

rejection region t>t,

o 0.05

df 6

t, 1.943]

p-value 0.519127341]

Since 1.3925 < 1.943, | do not reject the null hypothesis, there is no difference b

the Untreated and the 20 Hr Treated F
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Protocol 6 Analysis

Data

Strain EC

Untreated Samples 15 23 11 16 2411 13 13 colony counts at 107 "

5 Hr Treated Samples 2 4 3 3 5 7 4 4 colony counts at 107241t

10 Hr Treated Samples 2 5 3 4 8 4 2 4 colony counts at 1071t

15 Hr Treated Samples 1 1 7 3 2 1 3 2 colony counts at 10741t

20 Hr Treated Samples 8 5 10 12 7 3 17 9 colony counts at 107 4"

Statistics
NEC-Untreated 8 NECTreated s Hr 8 NEC-Treated 10 Hr 8 NEC-Treated 15 Hr 8 NEC-Treated 20 Hr 8
X-barecynuested 158 X-bargcrreaeas 40|  [X-balecrestearor 40| |X-balecrreatedisue 2.5 X-barecrreated 20 e 89
SecUntreated 5.1 SECTreated s Hr 15 |SecTreated10hr 19 |Secreatedishr 2.0 SECTreated 20 Hr 43

Population Comparisons

(Comparison Set 1- Strain 1(WT)

Ho: Hecuntreated = Mec-Treated s e = NUIl Hypothesis = There is no difference between the Untreated population and the 5 Hr Treated Population

H,: Mecuntreated - MecTreated s e > | Alternate Hypothesis = There is a difference between the Untreated population and the 5 Hr Treated Population

s, 14.1071

t, test statistic 6.2567

rejection region t>t,

o 0.05

df 14

t. 1761

b-value 0.519585629)

Since 6.2567 > 1.761, | do reject the null is, there is a di b the L and the 5 Hr Treated Populations

Ho : Hecuntreated - Mectreated 10 = NUll Hypothesis = There is no difference between the Untreated population and the 10 Hr Treated population

H,: Mecuntreated - Hecreated 10 e > Alternate Hypothesis = There is a difference between the Untreated population and the 10 Hr Treated Population

s, 14.8214

t, test statistic 6.1041

rejection region t>t,

o 0.05

df 14

t. 1761

pb-value 0.519585629)

Since 6.1041 >1.761, | do reject the null is, there is a di the L and the 10 Hr Treated Populations
e ——

Ho : Hecuntreated - Mectreated 15 #r = NUll Hypothesis = There is no difference between the Untreated population and the 15 Hr Treated population

H,: Mecuntreated - Hecreated 15 1r > Alternate Hypothesis = There is a difference between the Untreated population and the 15 Hr Treated Population

s, 14.9643

t, test statistic 6.8504

rejection region t>t,

o 0.05

df 14

t. 1761

pb-value 0.519585629)

Since 6.8504 > 1.761, | do reject the null | hesis, there is a diff k the L and the 15 Hr Treated Populations

Ho : Mecuntreated - M-ectreated 15 #r = NUll Hypothesis = There is no difference between the Untreated population and the 20 Hr Treated population

H,: Mecuntreated - Hectreated 15 1r > Alternate Hypothesis = There is a difference between the Untreated population and the 20 Hr Treated Population

s, 22.3125

t, test statistic 2.9109

rejection region t>t,

o 0.05

df 14

t. 1761

p-value 0.519585629)

Since 2.9109 > 1.761 | do reject the null hypothesis, there is a difference b the L i and the 20 Hr Treated Populations
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wr
[n1-Untreated
|x-bari-Untreated
|s1-Untreated

4] [n1-Treated s Hr 4] [n1-Treated 10Hr 4] [n1-Treated 15 Hr 4] [n1-Treated 20Hr 4

377.25| [x-bari-Treated 5 Hr | 362.5 |x-barl-Treated 10 H{ 41625 [x-bar1-Treated 15 Hr | 348| [x-barl-Treated 20 Hr | 441
41.56420736] [s1-Treated SHr | 135.0197516] [sl-Treated 10Hr | 19.75474627| |sl-Treated 15Hr | 18.83259586| |[s1-Treated 20Hr | 27.27636339)

Mutant #5
[n5-Untreated | 4| [ns-TreatedsHr | 4| [n5-Treated 10Hr | 4| [n5-Treated15Hr | 4] [ns-Treated20Hr | |
|x-bars-Untreated | 343.25 [x-bar5-Treated 5 Hr | 346.75| [x-bar5-Treated 10 H] 307.75| [x-bars-Treated 15 Hr | 384| [x-bar5-Treated 20 Hr | 328.75)
|ss-Untreated | 11.8708326] [s5-Treated SHr | 26.56281863| |s5-Treated 10Hr | 8.770214745| [s5-Treated 15Hr | 26.72077843| [s5-Treated 20Hr | 27.72934667]
Mutant #8

4] [n8-Treated 5 Hr

325.5 |x-bar8-Treated 5 Hr
44.38092683|  [s8-Treated 5 Hr

[n8-Untreated 4| [n8-Treated 10Hr | 4] [n8-Treated 15Hr | 4| [n8-Treated20Hr | 4|
|x-barg-Untreated 333.25 [x-bar8-Treated 10H] 321.25| [x-bar8-Treated 15 Hr | 307.5| [x-barg-Treated 20 Hr | 288.5|
26.05602937| [s8-Treated 10Hr | 13.52466882| [s8-Treated 15Hr | 19.12241268] [s8-Treated 20Hr | 45.98912915)

|s8-ntreated

Mutant #11
[n11-Untreated | 4| o[n11-Treated SHr | 4| o[n11-Treated 10Hr | 4] on11-Treated 15Hr | 4| o[n11-Treated 20Hr | |
|x-bari1-Untreated| 338.75| 0[x-bar11-Treated 5 H| 390.25| 0[x-bar11-Treated 10 Wj 0|x-bar11-Treated 15 H{ EI 0|x-barl1-Treated 20 H{ 293]
|s11-Untreated | 47.02747424 o[s11-Treated 5Hr | 36.06822239| 0[s11-Treated 10Hr | 58.17430704] 0[s11-Treated 15Hr | 35.31760656| O[s11-Treated 20Hr | 45.89117562]
EC

|nEC-Untrsated | s| DlnEC -Treated 5 Hr | Bl OlnEC -Treated 10 Hr \ B‘ DlnEC-Trealed 15 Hr | s| DlnEC-Treated 20 Hr | z|
|x-barEC-Untreated| 15.75| 0[x-barEC-Treated 5 H| 4| 0[x-barEC-Treated 104 4| 0|x-barEC-Treated 15 H| 2.5| 0|x-barEC-Treated 20 H 8.875|

[

|sEC-Untreated | 5.092010549] O[sEC-Treated SHr | 1.511857892| 0[sEC-Treated 10 Hr | 1.927248223| O[sEC-Treated 15Hr | 2| ofsec-Treated 20Hr | 4.323936698)

CFU Comparisons for 3rd Neutron Experiment

10hr
15hr
20k
15hr
20k
10hr
15hr
20k
10hr
15hr
20k

non-irradiated cor
non-irradiated cor

100000000
10000000
1000000
100000
2
5 e
kel
1000
100
10
1

10
15 he
20t

non-irradiated control
non-irradiated control

non-irradiated cor

wr Mutant#5 Mutant #8 Mutant#11 £

CFU std. Dev.

wT non-irradiated control 37725000 4156420.736|
Shr 36250000 13501975.16|
10hr 41625000 1975474.627]
15hr 34800000 1883259.586|
20hr 44100000 2727636.339)
Mutant #5 non-irradiated control 34325000 1187083.26|
Shr 34675000 2656281.863]
*10hr* 30775000 877021.4745)
15hr 38400000 2672077.843f
20hr 32875000 2772934.667}

Mutant #8  non-irradiated control

32550000 4438092.683f

Shr 33325000 2605602.937}
10hr 32125000 1352466.882f
15hr 30750000 1912241.268|
20hr 28850000 4598912.915|
Mutant #11 non-irradiated control 33875000 4702747.424|
Shr 39025000 3606822.239
10hr 33725000 5817430.704|
15hr 43600000 3531760.656|
20hr 29300000 _4589117.562)
EC non-irradiated control 1575 509.2010549)
*5hr* 400 151.1857892]
*10hr* 400 1927248223
*15hr* 250 2
*20hr* 887.5_432.3936698(
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Protocol 7 Analysis

Data
strain FI)
(Control 1- CFU Input % 161
(Control 2- Untreated, No Vacuum 0 B 2 9n
(control 3- Untreated. Vacuum s 81 s 86 B
106y Treated samples 0 4 s 6 106 1
100 Gy Treated samples 7 n s 2 BB s 2
1500 Gy Treated Samples 6 8 9 4 59 s 7
1000 Gy Treated Samples 5 1w 2 88 n s
12500 Gy Treated Samples 8 815 7 88 11
10000 Treated samples 781 6 91 2 1
IAll colony counts at 10°#4="
Statistics
71 convet Y M conr 6 s commas 7 [Msosy 7 Moy 8 N1 so0y 8 M 10006y 8 M- 25006y 8] I som00cy. 8
X-Dar g1 143 |cbar ez 128]  [x-bar s 80 |xbariigs, 7.4]  |x-bariigs, 10| [x-bar 06, 7.1 x-bar,. 10000, 10| x-bary 5000, 8.8 [x-bariooma, 99
51 conts 29 s 43 [siwms 27 nwe 28 [ 23 fswe 20 sime 23) 51200 47) [susoome, 47
Population Comparisons
o Mo Wrconraz =0 Null Hypothesis = There is no difference between the Control 1(CFU Input) population and the Control 2 (Untreated / Unopened Lid) Population
W, Moy Wrconrs >0 Null Hypothesis = There i a difference between the Control 1 (CFU Input) population and the Control 2 (Untreated / Unopened Lid) Population
2 153571
[t teststatistic 05413
rejection region o,
@ 005
laf 7
3 1.895]
o-value 0.519240011
Since 0.5413 < 1.895, 1 do not reject the null hypothesis, there is no difference between the Control 1and Control 2
— ——— e " 0070 0T "0 00 O O T4
——————_—— O OO O O O OO
Ho Hoconrsa - Rrconrs> =0 Null Hypothesis = There is no difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment id) Population
W, Mo Wiconras >0 Null Hypothesis = There is a difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment Lid) Population
s’ 109848
[t eststatistic 2621)
rejection region [
@ 005
af 1
L, 179]
p-value 0.519490629]
[Since 2.6212> 1.943, 1o reject the null hypothess, there is  difference between the Control 2and Control 3 Populations
—— e = R SO0 =SS5 =S5 S "7
— X = XX = XX XX S XK S ==X
Ho Myconrsa~ Hut0y =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 10 Gy treatment Population
W, Moo~ Huio >0 Null Hypothesis = There i a ifference betuween the Control 3 (Untreated / On Treatment Lid Lid) population and the 10 Gy treatment Population
: 64762
L teststatitic 0.4201
rejection region ot
@ 005
lar 1
3 1782]
pvalue Os19527501]
Since 0.4201 < 1.782, 1do not reject the null hypothesis, there is no difference between the Control 3 and the 10 Gy Treated Populations
—————— e "0 0070 "0 T O "0 TG00 O T
— ————_——— O~ DO Y O O OO =
o o~ Brioocy =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On the
H, Moy~ oo >0 Null Hypothesis = There i a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 100 Gy treatment Population
: 52212
i eststatistic -2.2157]
rejection region (=
« 005
af 13
., 1771]
o-value 0519558773
[Since 2.2197 < 1.771, 1 do not reject the null hypothesis, there i no difference between the Control 3and the 100 Gy Treated Populations
— < X = XX =X XX = XX o XX o= X o< == XXX
o Moy~ Brsonc =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 500Gy treatment Population
W, Miconrs- Wrsoncy >0 Null Hypothesis = There is  difference between the Control 3 (Untreated / On ) population and the 500 Gy P
: 43750
[t teststatistic 05083
rejection region ot
@ 005
af 13
L. 1771
p-value 0519558773
Since 0.8083 < 1.771, 1 do not reject the null hypothesis, there is no difference between the Control 3 and the 500 Gy Treated Populations
———————— e e O a6 070 "0 T O "0 "G00 O "¢ B4
— X =X = XX XX I XK S = X=X
Ho Maconrsa~ Wutomay =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the reatment Population
H, s~ Rrtomay >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 1000y treatment Population
: 52308
[t teststatistic 1689
rejection region ot
@ 005
lar 13
. 1771]
p-value 0519558773
Since 1.5896 < 1.771, 1 do not reject the null hypothesis, there is no difference between the Control 3and the 1000 Gy Treated Populations
————— e~ SISO SIS =S—=—"STST =SS5 S0 ST
= X = OIX = X I OIS SO = A
o Huconess~ Hrtomay =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 2500 Gy treatment Population
W, My corsa - Besomay >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 2500 Gy treatment Population
2 192212
. est statitic 03843
rejection region (=
« 005
lf 13
. 71
p-value 0519558773
[Since -0.3843 < 1.771, 1 do not reject the null hypothesis, there is no difference between the Control 3 and the 2500 Gy Treated Populations
— ——— — > SN N2 SIS STST=S7S7 ST 7Y e
— X = DI = IR I S I S I =X O = A
Ho Mo~ Wraomey =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 10000 Gy treatment Population
W, Miconrs - Bty >0 Null Hypothesis = There is  difference between the Control 3 (Untreated / On population and the
: 192212
[t teststatistic 09607
ot
o 005
af 13
3 1771]
p-value 0519558773
[Since -09607 <1771, i s no dif trol 3 and the 10000 Gy Treated Populations
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Protocol 7 Analysis

Data

|Strain

(Control 1- CFU Input

(Control 2 - Untreated, No Vacuum
(Control 3 - Untreated. Vacuum
100 Gy Treated Samples.

1500 Gy Treated Samples

1000 Gy Treated Samples

12500 Gy Treated Samples

fution
s s

All colony counts at 1

Statistics

Population Comparisons

Mutant #5
18 1 12
4 71 1 10 10 8 10
7 8 5
3 3 8 5 79 77
8 10 8 16 1116 5
9 14 10 13 88 10
4 0 7 12 810 2 6
N -control 1. E N5 control 2 8 |Ms-contol3 3 |Msac0ey 8 Ns. 500y 7 510006y 7 Ns- 25006y 8
X-bars comoin 137 |x-barseomeiz 89 [x-barsmms 67| |cbarsigee, 6.4  [x-barssmg, 106  [x-bargies, 103  |x-barsasec, 9.8
Ss-control 1 3.8] Ss-control 2 24 Ss-control 3 15 Ss-1006y 2.2] Ss-5006y. 4.2] [S5-1000 6y 24] 5525006, 5.2]

Ho s contot1 ~ Hscontor2 =0 NUll Hypothesis = There is no difference between the Control 1 (CFU Input) and the Control 2 (Untreated / Unopened Lid) Popul
H,: s controt ~ Msconte2 >0 NUll Hypothesis = There is a difference between the Control 1 (CFU Input) population and the Control 2 (Untreated / Unopened Lid) Population
o 7.7269

1, test statistic 2.5462]

rejection region t>t,

« 0.05

df 9

. 1833

p-value 0519392768

Since 2.5462 > 1.833, | do reject the null hypothesis, there is a difference between the Control 1and Control 2

s 2

s contot2 ~ Msconsor =0 NUll Hypothesis = There s no difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment Lid) Population
s convot2 ~ Mscontt3 >0 Null Hypothesis = There is a difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment Lid) Population

5.0602

o
t, test statistic

1.4501]

rejection region tot,

o 005
df 9
t. 1833
p-value 0519392768

Since 1.4501 < 1.833, | do not reject the null hypothesis, there is no difference between the Control 2 and Control 3 Populations

Ho: Ms.convor3 - Ms-1006y =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 100 Gy treatment Population
H, : s contrra ~ Ms-1006, >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 100 Gy treatment Population
o 43935

t, test statisti 0.3817]

rejection region t>t,

o 005

df 9

t. 1833

p-value 0519392768

Since 0.3817 <1.833, | do not reject the null hypothesis, there is no difference between the Control 3 and the 100 Gy Treated Populations

Ho: Ms convots - Hssooey =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 500 Gy treatment Population
H, : s convots ~ Mssooey >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 500 Gy treatment Population
s, 13.5476

t, test statisti -1.5373

rejection region t>t,

« 0.05

af 8

. 1.860]

p-value 0.519325892)

Since -1.5373 < 1.860, | do not reject the null hypothesis, there is no difference between the Control 3 and the 500 Gy Treated Populations

Ho: s contots ~ Ms-10006, =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 1000 Gy treatment Population
H, s convors ~ Hs.10006, >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 1000 Gy treatment Population
s, 4.7619

t, test statisti -2.4033]

rejection region t>t,

a 0.05

df 8

8 1.860]

p-value

0.
Since -2.4033 < 1.860, | do not reject the null hypothesis, there is no difference between the Control 3 and the 1000 Gy Treated Populations

Ms contrt3 ~ Ms 25006, =0 Null Hypothesis = There s no difference between the Control 3 (Untreated / On Treatment Lid) population and the 2500 Gy treatment Population
Ms contrs - Ms 25006, >0 Null Hypothesis = There s a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 2500 Gy treatment Population

t, test statistic

rejection region t>t,

o 005
af 9
. 1833
p-value 0.519392768

|Since -0.9805 < 1.833, | do not reject the null hy

othesis, there is no difference between the Control 3 and the 2500 Gy Treated Populations
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Protocol 7 Analysis

Data

|Strain

(Control 1- CFU Input

(Control 2 - Untreated, No Vacuum
(Control 3 - Untreated. Vacuum
100 Gy Treated Samples.

1500 Gy Treated Samples

1000 Gy Treated Samples

12500 Gy Treated Samples

fution
s s

All colony counts at 1

Statistics

Population Comparisons

Mutant #8

10 12 12

18 2 13 0 231 13 2

3 3.7 6

4 6 6 1n 74 9 s

7 1 14 797 B 7

7 6 5 8 411 8 12

1 6 10 8 12 4 7 6
N5 -control 1. E N5 -control 2 8 |Ma-contol3 4 |ns-ac0ey 8 N5 500y 8 N5-1000 6y 8| N5 25006y 8
-barg comoin 113  |x-balgeomoz 17.6] [x-bargepmms 48 |c-bargisee, 65  [x-bargsws, 94|  [x-bargies, 76|  [x-bargaseec, 80
Sg-control 1 12 Sg-control 2 47| Sg-control 3 2 Ss-1006y 24 Sa-5006y 2.9 [S8-1000 6y 28| S8-25006, 2.8]

Ho : s contrt1 ~ Ms.como2 =0 Null Hypothesis = There is no difference between the Control 1(CFU Input) and the Control 2 (Untreated / Unopened Lid) Popul

H, : Ms controt1 ~ Ms.comyoi2 >0 Null Hypothesis = There is a difference between the Control 1(CFU Input) population and the Control 2 (Untreated / Unopened Lid) Population
o 17.1713

t, test statistic -2.2427)

rejection region tot,

o 005

df 9

t. 1833

p-value 0519392768

Since -2.2427 < 1.833, | do not reject the null hypothesis, there is not a difference between the Control 1 and Control 2

Ho : s contor2 * Ms.cono3 =0 Null Hypothesis = There is no difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment Lid) Population
H, : s controt2 ~ Ms.comioa >0 Null Hypothesis = There is a difference between the Control 2 (Untreated / Unopened Lid) population and the Control 3 (On Treatment Lid) Population
o 16.4625

t, test statistic 5.1818

rejection region tot,

o 005

df 10

t. 1812

p-value 0.519446506)

Since 5.1818 > 1.812, | do reject the null hypothesis, there is a difference between the Control 2 and Control 3 Populations

Ho: Ms.convor3 - Ms-1006y =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 100 Gy treatment Population
H, : s contrra ~ Ms-1006, >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 100 Gy treatment Population
s, 5.4750

t, test statisti -12213]

rejection region t>t,

o 005

df 10

t. 1812

p-value 0.519446506)

Since -1.2213<1.812, | do_not reject the null hypothesis, there is no difference between the Control 3 and the 100 Gy Treated Populations

Ho: s convors - s 5006y =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 500 Gy treatment Population

W, : s ontots - Hss006, >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 500 Gy treatment Population
2

s 7.2625

1, test statisti 2805

rejection region t>t,

a 0.05

af 10

t, 1817

p-value 0.519446506]

Since -2.8025 < 1.812, | do not reject the null hypothesis, there is no difference between the Control 3 and the 500 Gy Treated Populations

Ms contrts - Ms-10006, =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 1000 Gy treatment Population

Ms contts - Ms-10006y >0 Null Hypothesis = There s a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 1000 Gy treatment Population

t, test statisti

rejection region
o
df

t

p-value

0.
Since -1.8189 < 1.812, | do not reject the null hypothesis, there is no difference between the Control 3 and the 1000 Gy Treated Populations

Hy: Ws.controta ~ Mszso06, =0 Null Hypothesis = There is no difference between the Control 3 (Untreated / On Treatment Lid) population and the 2500 Gy treatment Population
H,: s conrs - Hs2s006, >0 Null Hypothesis = There is a difference between the Control 3 (Untreated / On Treatment Lid Lid) population and the 2500 Gy treatment Population
s, 6.6750

t, test statistic -2.0542

rejection region t>t,

a 005

df 10

. 1817

p-value 0.519446506]

|Since -2.0542 < 1.812, | do not reject the null hy

othesis, there is no difference between the Control 3 and the 2500 Gy Treated Populations
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Mutant #5
n5-control 1] 3 ooz ] | — 3] [0 T ) 7
xcbars-control 1 | 1366666667] [cbars-controz | 8875| cbarscontrol3 | ceeseeer] xoars1006y | ny
[s5-control1 " {3.785938897] [s5-control 2 [ 2.416061403] [s5-control 3 [1.527525232] [ss-1006y' [2.232071427] 4.157609203]
Mutant #8
[ne-control 1] 3 [scontolz ] o] [oeomols | g e T |
[rcbare-controi 1 | 1133333333 [xbarg-control2 | 17.625| [x-barg-control3 | 4.75| [x-baré-100 I 65|
[s8-contrors [ '1.154700538] [s8-control 2 [ a.657942526] [se-control 3 [2.061552813] [se-1006y [2.449489743]
o000 cry st Dex.
CFU Comparisons for Proton Experiment Wt Contol L 14333333 2886751346
s Conrol2 s a2ezamass
“Control 3¢ 236067977
06 s s
100000 106y 1062500 232609.4213
006y 712500 1950409532
oo 1000 Gy 1000000 949
2 25006y 75000 4703721931
H 100006y 500 a0 1031
oo
Mutant#s ool 1 1366666657 3785938397
- “Control 26 BE7500 2416461403
Control3 eesseesey 127525252
106y 612500 2232071427
o 500Gy 1057142.857  415760.9203
10006y | t028s7La20 2360387377
. 2006y o0 s002.11
$ g g g |3Hg g2l R
£ £ E " 8 8 B RE i £z B B B R E: £ 8 B B} Mutant#g  Control1 1133333333 115470.0538
8 3 3 =R 8 5 8 o 8 3 3 - Control 2 1762500 465794.2526
wr Motinss Mutantss “Control 3* 475000 2061565.2613)
1006y 650000 244048.9723
006y sas00 2924648941
10006y Teas00 2774283784
25006y 800000 277746.0299
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