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Introduction

Bacillus anthracis is a gram-positive, rod-shaped, and spore-forming bacterium found
in soils throughout the world, especially in areas associated with tending to livestock
(Romero et al., 2020). As of now, it is estimated that 1.8 billion people are at risk of exposure
to B. anthracis. However, it is most common in poverty-stricken parts of Africa, Asia, and
Eurasia, with millions of rural individuals experiencing economic decline or life-threatening
illness associated with B. anthracis (Carlson et al., 2019). B. anthracis is recognized as the
causative agent of the disease anthrax. Despite its association as a zoonotic disease, humans
are also susceptible to the disease via exposure to spores. Spores are the metabolically
inactive forms of bacteria that are resistant to external stresses found in nature or in the host.
Spores also sense when ideal nutrients are available and can rapidly return to vegetive
growth, which results in increased risk of infection (Driks et al., 2009). In humans, there are
three variations of anthrax based on the location of the infection in the body and they vary in
severity. The first and most common infection is cutaneous, which arises from an exposed
external wound to the bacterial spore. The second is gastrointestinal, which results from the
consumption of spores found on raw meat from an animal that was not vaccinated against
anthrax. Lastly, the rarest and deadliest form is inhalational anthrax, which results from the
intake of spores into the lungs (Shafazand et al., 1999). Once in the lungs, the spores bypass
the host’s immunity, germinate and rapidly multiply, resulting in severe septicemia and
possibly death (Shafazand et al., 1999). Even with aggressive treatment the mortality rate of
inhalational anthrax is almost 50% (Bowers et al., 2019). Therefore, the National Institute of
Allergy and Infectious Diseases classifies B. anthracis as a Category A Priority Pathogen.

Consequently, due to the high mortality rate and ease of transmission, B. anthracis has the



potential as a biological weapon. One case of this was the releasing of spores in the United
States mail service in 2001 resulting in 18 confirmed cases and 5 deaths (Jernigan et al.,

2002). Following the attacks, there was renewed interest in studying B. anthracis virulence.

The most characterized virulence factors are the pX01 and pX02 plasmids. The pX01
plasmid has genes that encode for the lethal toxin and edema toxin, which destroy the host’s
immune cells by inducing apoptosis or interfering with cellular signaling (Perry 2020). The
pX02 plasmid has genes that encode for capsule synthesis, which serves as a protective
shield that prevents the host’s macrophages from binding to the vegetative bacterium and
phagocytizing it (Friebe et al., 2016). However, there has been a shift in interest into the
characterization of novel virulence factors encoded in the chromosome. Although sequencing
of the B. anthracis genome has identified multiple genes that could contribute to virulence by
counteracting a range of host defenses (Read et al., 2003), we chose to focus our research on

chromosomal genes associated with the acquisition of the essential micronutrient iron.

Bacteria use iron for cellular functions such as growth, DNA replication, metabolism,
and energy generation; however, iron is only found in the external environment. To survive,
B. anthracis must obtain iron from its host. Despite the abundance of iron in a healthy
individual, iron is made unavailable through tight sequestering to hemoglobin or is bound to
transfer proteins, such as transferrin and ferritin, when released from dead red blood cells.
Nevertheless, B. anthracis has found efficient strategies to acquire iron. When iron is bound
to transfer proteins, one of the strategies used are the siderophores bacillibactin and
petrobactin (Hotta et al., 2010 and Nusca et al., 2012). Siderophores are low molecular

weight iron chelators released that shuttle hazardous free-radical iron in the blood into the



cell (Lee etal., 2011) as well as strip iron from transfer proteins and shuttle it into the
bacteria (Zawadzka et al., 2010). Strategies to acquire iron from hemoglobin include the use
of hemolysins to release hemoglobin from red blood cells (Callegan et al., 1999), hemoglobin
receptors (Pishchany et al., 2012), proteases and heme oxygenase to degrade hemoglobin and
expose iron (Honsa et al., 2011). However, these are most effective if there is an abundance
of hemoglobin in the environment which the bacteria can easily access. Therefore, one
scavenging technique used by B. anthracis are Isd proteins. Isd proteins are a family of
NEAT proteins anchored to the cell wall that capture hemoglobin as it passes by, remove
heme and transfer it into the cell to be degraded by heme oxygenase (Ellis-Guardiola et al.,
2021). IsdX1 and IsdX2 are two Isd proteins that have gained interest because of their
correlation with increased survival in iron-poor environments as well as their high affinity for
iron bound to hemoglobin (Maresso et al., 2008). However, the deletion of the IsdX1 and
IsdX2 proteins has shown to have no attenuated virulence phenotype in vivo (Balderas et al.,
2012). This has sparked interest to discover other chromosomal genes associated with iron

acquisition from hemoglobin that may also contribute virulence.

The discovery of genes associated with iron acquisition from hemoglobin started with
the creation of our mutant library through transposon mutagenesis Dr. Shauna McGillivray
(McGillivray et al., 2009). From this library we are able to select random mutants and test for
virulence-related phenotypes, such as iron acquisition from hemoglobin. To test for iron
acquisition, we chelated the media to remove divalent-cations, including iron, and then
supplemented with hemoglobin as the sole source of iron. Previous students grew mutants in
the chelated media supplemented with hemoglobin and measured growth after 24 hrs. They

screened for lack of growth as this is indicative of the inability to acquire iron from



hemoglobin. After screening approximately 2000 mutants, 5 mutants were found that were
unable to acquire iron from hemoglobin (Manceras & Green unpublished data). However,
these mutants at the time were only tested in vitro. To assess virulence, an in vivo model is
required. Therefore, to further prioritize these 5 mutants, they were tested in an invertebrate
animal model of infection with Galleria mellonella to discover which of these mutants truly
had attenuated virulence. Only 1 of the 5 transposon mutants was significantly different from
the parent strain (B. anthracis-Sterne) in its ability to kill the injected host (Malmquist et al.,
2018). This mutant is known as 9F12 Tn. The 9F12 Tn mutant has a transposon inserted into
the first gene of a putative two-gene operon containing dUTPase and aminopeptidase (ysdC)
genes. The dUTPase enzyme functions by hydrolyzing dUTP into dUMP, which prevents its
utilization by DNA polymerases during replication and repair (Ladner 2001) and decreases
the chances of misincorporation of uracil into DNA (Kerepesi et al., 2016). Aminopeptidases
are a branch of enzymes that break terminal bonds in a peptide chain. This is essential for
protein maturation, protein turnover, and modulation of gene expression (Cheng et al., 2015).
To our knowledge neither have been characterized in relation to iron-acquisition in B.
anthracis. Therefore, the goal of this study is to use the 9F12 Tn mutant and an
independently created insertional mutant to confirm whether the dUTPase gene is necessary
for B. anthracis’ ability to acquire iron from hemoglobin and whether it is important for

virulence in B. anthracis.



Materials & Methods

Bacterial strains

The parental B. anthracis strain used in this study is capsule-deficient B. anthracis
Sterne (pX01*, pX02°). B. anthracis 9F12 Tn was isolated from a previously described
transposon mutant library (McGillivray 2009). B. anthracis dUTPase IM was constructed by
a previous student (Sam Baugh unpublished data). Overnight B. anthracis cultures were
grown in brain heart infusion (BHI; Hardy Diagnostics) and supplemented with kanamycin
50 pg/mL or erythromycin 5ug/mL (all Sigma) when growing the transposon or insertional
mutant (respectively).
Media & solutions

200 uM hemoglobin (Sigma) was created by adding 129 mg bovine hemoglobin to
10mL sterile water. It was not sterile filtered unless specifically indicated otherwise. All
hemoglobin assays were carried out in Roswell Park Memorial Institute medium
supplemented with 5 % Luria-Bertani (RPMI-LB) or in RPMI-LB that had undergone
chelation. To achieve chelation, 3 g of Chelex salt (Sigma) was added to 100 mL RPMI-LB
shaking at room temperature for 1 hr and then sterile filtered. This process was repeated to
make chelated-RPMI-LB (cRPMI-LB). To make iron-free cation supplemented media, the
following stock cation solutions were made: 100 mM ZnCl2 stock was created by adding 136
mg ZnCl2 to 10 mL pure water, 100 mM MnClI2 stock was created by adding 126 mg MnCl:
to 10 mL pure water, 1 M MgCl: stock was created by adding 950 mg MgClz to 10mL pure
water, 100 mM CaClz was created by adding 110 mg CaClz to 10 mL pure water (all Sigma).
These were diluted into c-RPMI-LB to a final concentration of 25 uM ZnClz, 25 uM MnClz,

1 mM MgClz, and 100 uM CacCl: to make cation-supplemented c-RPMI-LB, hereby denoted



as (c-RPMI-LB?*). 100 mM ferric iron stock was created by adding 127 g FeCls to 10 mL
pure ethyl alcohol then diluted into c-RPMI-LB?* to make a final concentration of 100uM to
make ferric iron supplemented c-RPMI-LB?* hereby denoted as (c-RPMI-LB?*+ FeCls). To
create a stock solution of 1 mM 2,2’-bipyridyl, 781 mg of 2,2’-bipyridyl was added to 10 mL
pure ethyl alcohol. 50 uL of 1 mM 2,2’-bipyridyl was added to 25 mL cRPMI-LB?* to
achieve a final concentration of 500 puM.
Growth curves

Log phase cultures were first generated by adding 100 L of overnight cultures in 3
mL BHI and growing to an optical density of 0.4. Log cultures were washed and resuspended
in 1 mL of PBS. 100 uL of washed log-phase culture was added to 3 mL of BHI or RPMI-
LB. Strains were incubated at 37°C shaking under aerobic conditions. Optical density (OD)
at wavelength 600 nm was recorded every hour.
Hemoglobin assay

The parental B. anthracis strain (WT Ba), 9F12 Tn, and dUTPase IM were grown
overnight in BHI. 10 pL of unwashed overnight cultures were placed in in 5 mL plastic
culture tubes containing 965 pL c-RPMI-LB and 350 pL of 200 uM unfiltered hemoglobin
for a final concentration of 53 uM (c-RPMI-LB + Hb) and incubated at 37°C shaking under
aerobic conditions for 48-hrs. A positive control containing RPMI-LB and negative controls
containing c-RPMI-LB were also included. 200 pL of the 48-hr culture was transferred to a
96-well plate and the OD600 read on the plate reader. During cation supplementation, the
assay was conducted identically with the inclusion of the c-RPMI-LB?* with or without 500
uM 2,2'-dipyridl.

Galleria mellonella survival assay.



G. mellonella survival assay was conducted according to the method previously
developed (Malmquist 2018) with small modifications. G. mellonella were obtained from
Rainbow Mealworms. Larvae weighing 170-230 mg were placed into groups of ten for
injection. Larvae were kept at room temperature prior to injection. B. anthracis strains were
grown overnight, diluted 1:20, and grown to log phase (OD 0.4) in BHI. Once OD 0.4 was
reached, bacteria were washed and suspended in PBS at a 1:2 dilution and the cfu/ml of the
diluted culture was enumerated using serial dilution. Larvae were injected with 10 uL of 1:2
diluted bacteria Following injection, larvae were observed at room temperature to ensure
they recovered from injection and were transferred to an incubator at 37°C. Surviving larvae
were counted at 24, 48, and 72-hrs post injection.

Statistical analysis

Statistical analysis was performed using GraphPad Prism. Hemoglobin assays were
evaluated with a one-way ANOVA followed by a Tukey’s post hoc analysis using GraphPad
Prism software. The Kaplan-Meir survival assay was assessed using a log-rank test to

generate a p-value using GraphPad Prism software.

Results
Establishing hemoglobin assay conditions with wild-type B. anthracis

Prior to determining that the dUTPase gene is necessary for iron acquisition from
hemoglobin in B. anthracis, we needed to solidify our assay conditions as a previous
undergraduate in the lab had struggled to get consistent results once the assay was expanded
from growing bacteria in 96-wells to larger-volume culture tubes. RPMI was originally
selected as the media because, as a mammalian cell culture media, it more closely resembles

the host’s physiological environment including being naturally low in iron. However, there



are different types of RPMI available, including the presence and absence of phenol red and
supplemented glutamine. We saw no differences between RPMI and RPMI with phenol red,
but due to inconsistencies with growth in chelated media with phenol red we decided to use
plain RPMI. Surprisingly, we saw that adding glutamine as a bacterial-protein source was
detrimental to growth (figure 1A). Because RPMI is low in nutrients and challenging for
bacteria to grow in, we supplemented with 5% the bacterial media Luria-Bertani (LB) broth
to make RPMI-LB as the base media for our assays.

Our next objective was to optimize the hemoglobin used in our assays. First, we
wanted to determine if sterile filtering the hemoglobin stock solution was necessary after it
was dissolved in water. We measured growth (OD 600) after growing wild-type in chelated
RPMI-LB (c-RPMI-LB) with increasing concentrations (uM) of sterile-filtered or unfiltered
hemoglobin for 48 hrs. We found that wild-type grew better in c-RPMI-LB with
supplemented unfiltered hemoglobin (figure 1B). Therefore, this indicates that sterile
filtering hemoglobin is unnecessary for completing our assays. Another factor of potential
contamination that needed to be addressed was nutrient contamination from growing cultures
overnight in nutrient rich BHI. To reduce contamination in c-RPMI-LB we tested whether
washing the overnight culture was necessary. To wash bacteria, we centrifuged the overnight
culture, removed the supernatant and resuspended the culture in sterile saline buffer (PBS)
and then repeated the process a second time. We then added either 10 pL of bacteria from
BHI overnight cultures or 10 pL from washed cultures to c-RPMI-LB with increasing
amounts of supplemented hemoglobin and measured growth after 48 hrs. We observed no
difference in growth between washed and unwashed wild-type bacteria (figure 1C).

Therefore, we chose to use unwashed overnight culture as this simplified assay set up.



Throughout the preliminary assays we noticed a dose-dependency with the amounts of
hemoglobin supplemented. Therefore, we wanted to determine the ideal amount of
hemoglobin by using higher amounts of hemoglobin than previously used. We grew wild-
type in c-RPMI-LB with 41 pM, 53 uM, or 63 uM of supplemented hemoglobin and
measured growth after 48 hrs. We found no difference in growth between the three amounts
of hemoglobin, so we decided to select the middle dose of 53 uM (figure 1D). Therefore, all
following assays used unwashed bacteria in c-RPMI-LB supplemented with 53 uM of

unfiltered hemoglobin.
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Figure 1: Establishing hemoglobin assay conditions for B. anthracis.

A, Wild-type B. anthracis Sterne (WT Ba) grown in RPMI, RPMI + phenol red, and
RPMI supplemented with glutamine. Data represents 2 independent experiments. B, WT
Ba grown in regular or chelated RPMI (c-RPMI) supplemented with LB (c-RPMI-LB)
using sterile-filtered or unfiltered hemoglobin (Hb) at increasing concentrations. Data
represents 3 independent experiments. C, Overnight cultures were washed in PBS or left
unwashed before grown in the indicated conditions. Data represents 2 independent
experiments. D, Unwashed overnight cultures WT Ba was grown in c-RPMI-LB +
unfiltered Hb at increasing concentrations. Data represents 5 independent experiments.
All data is presented as mean */- SEM. Same letters indicate p > 0.01, different letters
indicate p < 0.01 by one-way ANOVA followed by Tukey’s post-hoc test was used.



Verification of the disrupted dUTPase gene in 9F12 Tn and dUTPase IM

The dUTPase is one of two genes found in a putative operon, the other gene being
ysdC, an aminopeptidase. To ensure that phenotypes observed in the 9F12 Tn mutant were
due to the disruption of the dUTPase gene rather than due to an unknown mutation in another
gene, a previous student used a technique known as insertional mutagenesis to create a
second independent mutant known as dUTPase IM. Insertional mutagenesis involved the
insertion of the 5,000 bp pHY 304 plasmid into the middle of the dUTPase gene via
homologous recombination (figure 2A). To validate the specific disruption of the dUTPase
gene, we performed PCR on genomic DNA from wild-type, 9F12 Tn, and dUTPase IM using
specific primers for the dUTPase and ysdC genes. The primers were designed to amplify the
middle of either the dUTPase, indicated by the black arrows, or ysdC genes, indicated by the
pink arrows. The results of amplification for the dUTPase primers should be approximately
485 bp, whereas the results of amplification for ysdC should be approximately 430 bp. As
expected, we only observed amplification of the dUTPase gene in wild-type indicated by the
band at ~ 400bp due to no disruption of the dUTPase gene. Our 9F12 Tn and dUTPase IM
mutants had no amplification of the dUTPase gene despite using the same primers due to the
insertion of a 10,000 bp transposon or 5,000 bp plasmid in the middle of the gene. Therefore,
this confirms the disruption of the dUTPase gene in our dUTPase mutants. We observed
amplification of the ysdC gene across all strains confirming that the only gene disrupted in

our dUTPase mutants is dUTPase and not ysdC (figure 2B)
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Figure 2: Genetic disruption of the dUTPase gene

A, Schematic of wild-type B. anthracis (WT Ba), 9F12 Tn and dUTPase IM. Blue line
represents B. anthracis chromosome. Light green and pink rectangles represent the
dUTPase or ysdC gene respectively. Dark green and yellow rectangles represent the
inserted transposon or pHY 304 plasmid in the dUTPase gene respectively. Black arrows
represent the locations of dUTPase primers. Pink arrows represent the location of ysdC
primers. Red arrow represents the operon promoter. Orange arrow represents the

pHY 304 promoter. B, Gel electrophoresis of the disruption of the dUTPase gene in the
WT Ba, 9F12 Tn and dUTPase IM genome. Lane 1 is ladder. Lane 2, 4, 6 are amplified
dUTPase gene. Lane 3, 5, 7 are amplified ysdC gene.
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The loss of the dUTPase gene leads to the inability to acquire nutrients from

hemoglobin

To ensure that the loss of the dUTPase gene does not affect the ability for B.

anthracis to grow in standard media, we grew wild-type, 9F12 Tn, dUTPase IM in both BHI

(figure 3A) and RPMI-LB (figure 3B). We measured the amount of bacterial growth in both

medias every hr for at least 8 hrs and found no differences between wild-type, 9F12 Tn,

dUTPase IM in BHI or RPMI-LB. This indicates that there are no inherent growth defects in

our mutants.
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Figure 3: Loss of dUTPase gene does not affect growth in unchelated growth

media.

Growth assay of wild-type B. anthracis (WT Ba), 9F12 Tn, and dUTPase IM mutants
in A) BHI and B) RPMI-LB. Data is presented as mean */- SEM from at least 3
independent experiments.
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We next wanted to determine whether the dUTPase gene is necessary for the

acquisition of divalent-cations from hemoglobin using both of our mutants. We grew wild-

type, 9F12 Tn, and dUTPase IM in RPMI-LB, c-RPMI-LB, and c-RPMI-LB with

supplemented hemoglobin (c-RPMI-LB + Hb) and measured growth after 48 hrs. We found

no significant difference in growth between wild-type, 9F12 Tn, and dUTPase IM in RPMI-

LB confirming all three strains can grow in unchelated media. There was no growth for wild-

type, 9F12 Tn, and dUTPase IM in c-RPMI-LB indicating all three strains cannot grow in

chelated media. As expected, we found that wild-type was the only strain to significantly

grow in c-RPMI-LB + Hb, and there was no difference in growth between our dUTPase

mutants in c-RPMI-LB and c-RPMI-LB + Hb. This indicates that the dUTPase gene is

required for nutrient acquisition from hemoglobin (figure 4).
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Figure 4: The dUTPase gene is necessary for growth with hemoglobin as a nutrient

Source.

Wild-type B. anthracis (WT Ba), 9F12 Tn, and dUTPase IM were grown in RPMI-LB, c-
RPMI-LB, and c-RPMI-LB + Hb. Data is presented as mean */- SEM from 12
independent experiments. Same letters indicate p > 0.01, different letters indicate p < 0.01
by one-way ANOVA with Tukey’s post-hoc test.
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However, while iron is abundant in hemoglobin, additional experiments are necessary to
conclude that iron is the key nutrient rather than another divalent cation since our chelation
protocol would have stripped all divalent cations from the media, not just iron. Therefore, we
next wanted to determine if iron was the critical nutrient being acquired from hemoglobin.
To confirm that iron is the critical nutrient being supplied by Hb, we supplemented c-
RPMI-LB with all the missing divalent cations (ZnClz, CaClz, MgClz, MnCl2) except for iron
creating the media c-RPMI-LB?*. Like c-RPMI, this media should not allow bacterial growth
due to the lack of iron. We also supplemented c-RPMI-LB?* with hemoglobin (c-RPMI-
LB2*+ Hb), and lastly, as a positive control, we supplemented c-RPMI-LB?* with ferric iron
(c-RPMI-LB?*+ FeCls) expecting full restorative growth for all three strains due to iron being
present. To our surprise we saw growth of all three strains in c-RPMI-LB?*, which lacked
iron (figure 5). Additionally, we observed no significant increases in growth with iron
supplementation (compare c-RPMI-LB?* with c-RPMI-LB?*+ FeCls), indicating that the c-
RPMI-LB?* media had iron present in the media prior to the addition of FeCls. We
speculated that there may be trace amounts of iron in the ZnClz, CaClz, MgClz, or MnCl:
supplements we used to restore the other divalent cations thus inadvertently contaminating

our c-RPMI-LB2* media with iron.
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Figure 5: Supplementation with iron-free cations restores full growth.
Wild-type B. anthracis (WT Ba), 9F12 Tn, and dUTPase IM were grown in RPMI-
LB, chelated RPMI-LB (c-RPMI-LB), or c-RPMI-LB supplemented with iron-free
divalent cations (c-RPMI-LB?*). The addition of hemoglobin (+Hb) or 10uM iron
(+FeCls) to the media is indicated. Data is presented as mean */- SEM from 3
independent experiments. Same letters indicate p > 0.01, different letters indicate p <
0.01 by one-way ANOVA followed by Tukey’s post-hoc test.

After reviewing literature surrounding B. anthracis and iron-acquisition, we
discovered the use of iron-chelator compound 2,2’-bipyridyl, which has been commonly used
when studying iron acquisition and can chelate low levels of iron contamination (Maresso et
al., 2006). To test the effectiveness of 2,2”-bipyridyl, we grew wild-type, 9F12 Tn, and
dUTPase IM in c-RPMI-LB?* and c-RPMI-LB?* supplemented with 500 uM 2,2’-bipyridy!|
and measured growth after 48 hrs. We found no growth in c-RPMI?* with 2,2 -bipyridyl

(figure 6). Therefore, the use of 2,2-bipyridyl successfully chelated trace iron contamination.
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Figure 6: 2,2’-bipyridyl chelates trace iron contamination

Wild-type B. antrhacis (WT Ba), 9F12 Tn, dUTPase IM were grown in RPMI-LB, c-
RPMI-LB, c-RPMI-LB?*, or c-RPMI-LB?* with the addition if 2,2’-bipyridyl to the
media indication c-RPMI-LB?* ¢c-RPMI-LB?* with supplemented 2,2’-bipyridyl. Data is
represented as mean */- SEM from 4 independent experiments.

To finalize that iron was being acquired from hemoglobin, we supplemented all
medias with 2,2’-bipyridyl and grew wild-type, 9F12 Tn, and dUTPase IM in c-RPMI-LB?**
and c-RPMI-LB?*+ Hb and measured growth after 48 hrs. We found that wild-type, 9F12 Tn,
and dUTPase IM were able to grow in RPMI-LB reconfirming that our mutants are not
different from wild-type in their ability to grow in normal conditions. We next found that all
three strains were unable to grow in c-RPMI-LB?*, which indicates that in the absence of
iron, B. anthracis is unable to grow. Lastly, wild-type was the only one to grow in c-RPMI-
LB2*+ Hb, whereas 9F12 Tn and dUTPase IM did not (figure 7). This indicates that the loss

of the dUTPase gene leads to the inability to acquire iron from hemoglobin. We also grew

wild-type, 9F12 Tn, and dUTPase IM in c-RPMI-LB?*supplemented with a high

16



concentration of iron (c-RPMI-LB?* + FeCls) and measured growth after 48 hrs. As expected,
we found that wild-type, 9F12 Tn, and dUTPase IM in c-RPMI-LB?* + FeCls were able to
grow when iron was present indicating that the inability to grow was not due to a defect in
acquiring iron from the environment but rather acquiring iron from hemoglobin (figure 7).
Therefore, we conclude that the dUTPase gene is required for iron acquisition from

hemoglobin in B. anthracis.
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Figure 7: The dUTPase gene is necessary for growth with hemoglobin as an iron
source.

Wild-type B. anthracis (WT Ba), 9F12 Tn, and dUTPase IM were grown in RPMI-LB, or
c-RPMI-LB supplemented with iron-free divalent cations (c-RPMI-LB?*). The addition of
2,2'-bipyridyl, hemoglobin (+Hb) or 100 uM iron (+FeCls) to the media is indicated. Data
is presented as mean */- SEM from 4 independent experiments. Same letters indicate p >
0.01, different letters indicate p < 0.01 by one-way ANOVA followed by Tukey’s post-
hoc test.
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The dUTPase gene is required for virulence of B. anthracis in G. mellonella

To determine whether dUTPase IM had attenuated virulence in vivo we selected G.
mellonella as our live infection model due to their ability to be incubated at 37°C, which is
the optimal temperature for bacterial pathogens, and their parallels with the human innate
immune system (Tsai et al., 2016). Previous studies have also validated that G. mellonella as
an ideal infection model for B. anthracis (Malmquist et al., 2018). Larvae were injected with
a non-lethal saline buffer solution (PBS), to ensure trauma from injection was not the
causative agent of larval death, wild-type, 9F12 Tn, and dUTPase IM. Larval death was
recorded every 24 hrs for a total of 72 hrs. As predicted larvae injected with PBS exhibited
an average survival rate of 80% whereas the larvae injected with wild-type exhibited survival
rates less than 20%. The larvae injected with 9F12 Tn and dUTPase IM had survival rates
that resembled PBS and were significantly different than wild-type in their ability to kill the
infected host (figure 8). Therefore, we conclude that the dUTPase gene is necessary for

virulence of B. anthracis.
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Figure 8: The dUTPase gene is necessary for B. anthracis virulence.

Percent survival of G. mellonella injected with PBS, wild-type B. anthracis (WT Ba),
9F12 Tn, dUTPase IM at 24, 48, and 72 hours. Each infection was repeated 3
independent experiments with the total number of worms for each condition in
parentheses. Same letters indicate p > 0.01, different letters indicate p < 0.01 using the
log-rank test.
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Discussion

This study has demonstrated that the dUTPase gene in B. anthracis is necessary for
acquisition of iron from hemoglobin. To our knowledge dUTPase does not have any direct
correlation with iron acquisition from hemoglobin with the majority of literature stating that
it is a pronounced regulator of uracil in DNA (Kerepesi et al., 2016). However, recent
studies have demonstrated that dUTPases may act as previously unrecognized signaling
molecules in a variety of cells from prokaryotic to eukaryotic (Penadés et al., 2013).
Therefore, it is possible that loss of dUTPase is causing misexpression of other genes which
may be associated with iron acquisition from hemoglobin. Future studies would be needed to
determine whether loss of dUTPase results in a dysregulation of multiple genes in B.
anthracis. There is also the possibility that the gene disrupted in 9F12 Tn is not a dUTPase.
This gene is annotated as a dUTPase based on homology to known dUTPases, however, no
functional studies have been carried out confirming this role. Interestingly, studies have
shown that a decrease in or lack of dUTPase activity results in chromosome fragmentation
and cell death of gram-positive bacteria (Pecsi et al., 2012). However, we did not see a
negative impact on our 9F12 Tn and dUTPase IM mutants in normal growing conditions
(figure 2). Addtionally, dUTPases are not found in the closely related species B. cereus
(Moroz et al., 2004). Therefore, further analysis of dUTPase gene in 9F12 Tn would be
needed to confirm that it actually functions as a dUTPase.

The dUTPase and ysdC genes are located next to each other in the genome and are likely
regulated as an operon. Therefore, a large disruption, such as the transposon, in the dUTPase
gene, may have also disrupted the ysdC gene, which resulted in the phenotypes observed.

Conversely, the plasmid used to disrupt the dUTPase gene in our dUTPase IM has an internal
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promoter (figure 2), which should allow transcription of the ysdC gene in our mutant but not
at native levels of control. Given that both mutants have a similar phenotype and the
uncertainty about the function of dUTPase in iron acquisition, it is important to determine the
role of ysdC in this system. We will perform RT PCR to determine if ysdC is being
transcribed in our mutants. If we see do not see amplification or faint amplification of the
ysdC gene in our mutants, this would indicate that ysdC is also disrupted and could also be
playing a role in the acquisition of iron from hemoglobin. One way to determine whether
dUTPase, the entire operon (dUTPase/ysdC), or just ysdC is responsible for this phenotype is
through complementation, which is the reintroduction of the gene on a plasmid in order to
restore a phenotype. If we saw a greater restorative phenotype with dUTPase and not
dUTPase/ysdC or ysdC, this would indicate that the dUTPase is necessary for the acquisition
of iron from hemoglobin. If we saw the greatest phenotype with dUTPase/ysdC, this would
indicate the whole operon is responsible for the acquisition of iron from hemoglobin. In
contrary, if we saw the greatest restorative phenotype with just ysdC, this would indicate only
ysdC is responsible for iron-acquisition from hemoglobin, and further analysis of the
relationship between aminopeptidases and iron acquisition from hemoglobin would need to
be completed.

We also observed that the loss of the dUTPase gene resulted in attenuated virulence in
our live-infection model G. mellonella (figure 8). There is no evidence in the literature that
G. mellonella contains iron-containing molecules with homology to hemoglobin. Instead, the
larvae rely on the iron-binding proteins transferrin and apoferritin found in hemolymph for
homeostasis and antimicrobial resistance (Dunphy et al., 2002). Therefore, there is no clear

relationship between B. anthracis’ ability to acquire iron from hemoglobin and survival in

20



the larvae. Nonetheless, there is also the possibility that there is a hemoglobin-like structure
in G. mellonella that has yet to be discovered that could account for loss of virulence in the
waxworm. As mentioned earlier, dUTPases may act as a signaling molecule that could
regulate a variety of cellular processes (Penadés et al., 2013). It is possible that the inability
to acquire iron from hemolobin is only one of several possible virulence-associated
phenotypes that are as yet undiscovered. We attempted to test the susceptibility to hydrogen
peroxide (H202), a common reactive oxygen species (ROS) found in our innate immune
system as well as G. mellonella; however, due to large variance in our results prevented us
from reaching a conclusion either way. We will continue to look at other virulence-
associated phenotypes that may be associated with loss of the dUTPase and/or
aminopeptidase genes from B. anthracis. Interestingly, there are studies that show that
aminopeptidases are tied to B. anthracis’ lethal toxins (Wickliffe et al., 2008), with one study
finding that the use of the aminopeptidase inhibitor bestatin protected against lethal toxin
(Klimpel et al., 1994). While these studies focused primarily on eukaryotic aminopeptidases,
there is the possibility that the aminopeptidase gene found in the same putative operon as
dUTPase could play a role.

The knowledge learned from studying novel factors, such as dUTPase, has provided for a
greater understanding of B. anthracis virulence. To our knowledge, this is the first study that
linked a dUTPase to nutrient acquisition from the host. Future studies will help confirm the
relative role dUTPase/aminopeptidase and more specifically focus on their mechanisms of
action. This has the potential to open up new understanding of virulence mechanisms that

could apply to bacterial pathogens beyond just B. anthracis. This in turn may open up
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additional drug targets. This is crucial due to the decrease in antibiotic development and the

increase in antibiotic resistant bacteria.
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Bacillus anthracis is the causative agent of the fatal disease anthrax, and its virulence is of
great interest due to its potential as a biological weapon. B. anthracis causes disease by both
escaping immune defenses and acquiring nutrients. A necessary nutrient that pathogens must
acquire from its host is iron. To discover novel genes essential for iron acquisition, we
screened transposon mutants in iron-deficient media with hemoglobin as the sole source of
iron. We further prioritized the mutants discovered in our in vitro screen by assessing for
attenuated virulence using our in vivo G. mellonella infection model. We found one mutant
that has a disruption in the first gene of a two-gene operon containing putative dUTPase and
aminopeptidase genes known as 9F12 Tn. Neither of these genes have been previously linked
to iron acquisition. To confirm the role of the dUTPase gene in the observed 9F12 Tn
phenotype, we created an independent insertional mutant in the dUTPase gene (dUTPase
IM). We found that both of our mutants, 9F12 Tn and dUTPase IM, could not use
hemoglobin as a source of iron. We also found that G. mellonella injected with 9F12 Tn and
dUTPase IM had higher survival rates than those injected with the parent strain. Our results
indicate that the dUTPase gene is necessary for iron-acquisition and virulence in B.
anthracis. This study furthers our understanding of iron acquisition in a bacterial pathogen

and increases our knowledge of how B. anthracis causes disease.
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