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1 Characterizing Bacillus globigii as a Bacillus anthracis surrogate for wastewater treatment

2 studies and bioaerosol emissions

4  Bacillus anthracis (BA) is a dangerous pathogen and a bioweapon of great concern. Because of
5  the logistical and safety challenges associated with handling BA, finding a suitable surrogate is
6  vital for disaster response and recovery planning. The results of this bench-scale study indicate
7  that Bacillus globigii is a suitable surrogate for Bacillus anthracis Sterne (BAS) with respect to
8  bioaerosol emission, but a poor surrogate in relation to UV inactivation and PAC adsorption.

9  These results can be used to understand BAS as a surrogate for BA Ames because of its genetic

10 and morphological similarities with BAS.
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Characterizing Bacillus globigii as a Bacillus anthracis surrogate for wastewater treatment

studies and bioaerosol emissions

ABSTRACT

This study characterized Bacillus globigii (BG) as a Bacillus anthracis Sterne (BAS) surrogate
for wastewater treatment-related studies of UV inactivation, adsorption onto powdered activated
carbon (PAC), and bioaerosol emission. The inactivation of BG was faster than that of BAS in
DI water (pseudo first-order rate constants of 0.065 and 0.016 min™! respectively) and in PBS
solution (0.030 and 0.005 min™! respectively). BG was also removed more quickly than BAS by
PAC adsorption in DI (0.07 and 0.05 min™! respectively) and in PBS (0.09 and 0.04 min-!
respectively). In DI, BG aggregated more (P < 0.05) than BAS when the pH was 7 or greater but
there were no statistically significant differences in NaCl solution. Spore aggregation was also
studied with Extended Derjaguin-Landau-Verwey-Overbeek (xDLVO) models. Less than 1% of
all spores were released as bioaerosols, and there was no significant difference (P > 0.05) in
emission between BG and BAS. To the author’s knowledge, this study is the first to demonstrate
that BG is a suitable surrogate for BAS for bioaerosol emissions, but a poor surrogate for both
UV inactivation and PAC adsorption. These results can be used to understand the ability of BAS
to act as a surrogate for BA Ames because of its genetic and morphological similarities with

BAS.

Keywords: B. globigii, B. anthracis, surrogacy, spores, wastewater, adsorption, inactivation,

bioaerosol
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1. INTRODUCTION

Identifying suitable microbial surrogates can help water resource recovery facilities (WRRFs) to
prepare for scenarios that involve the intentional or inadvertent introduction of high consequence
biocontaminants (HCBs) into the wastewater collection and treatment system. The US National
Response Team’s Quick Reference Guide for Bacillus anthracis, an HCB, reinforces the
importance of proper management of wastewater during response activities'. HCBs include
biological weapons, biohazardous or infectious waste, and medical waste; and they can originate
from many anthropogenic sources?**. HCBs are also of particular interest to the US Department
of Defense (DOD), as well as local, state, federal, and tribal agencies with responsibility for
response and recovery. Because of logistical and safety challenges associated with HCBs,
finding suitable surrogates with which to perform response and recovery research and/or to
develop appropriate guidelines will help nearby WRRFs prepare for handling such wastewater,

one of many important aspects of response and recovery.

Bacillus anthracis (BA) is one of the most likely HCBs to be used in an attack>®. BA is a gram-
positive, aerobic, non-motile, and rod-shaped bacterium, approximately about 1- 1.5 um x 3 — 10
um in size’. The chemical properties of the spore coat make it one of the most resistant and
potent biological warfare agents>®. Two plasmids, pXO1 and pX02, are responsible for its
pathogenicity. BA is a threat in water, aerosols, and fomites'. Previous research has investigated
Bacillus globigii (BG) as a BA surrogate during disinfection with chlorine, a common practice
during both drinking water and wastewater treatment. Brazis et al., 1958° carried out bench top
studies with hypochlorite over a range of pH and temperature conditions and found that BG was

more resistant to disinfection than BA. Later studies confirmed that the required concentration-
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time (CT) values of BG disinfection with hypochlorite were higher than those of BA Sterne
(BAS), as well as the more virulent BA Ames strain!®!!. BG is more resistant to chlorine and is
therefore a conservative BA surrogate for inactivation with chlorine. However, there are no
comparable studies for UV disinfection, which has become more common in both drinking water
and wastewater plants due to concerns about safety and disinfection byproduct formation. There
are also no previously published studies that have investigated BG as a BA surrogate for
attachment to powdered activated carbon (PAC), which has been successfully used to capture
biological materials from wastewater'>!3. In addition, while bioaerosol emission from
wastewater plants has been studied!*!> no previous studies have investigated BG as a BA

surrogate during aerosolization from wastewater.

The objectives of this study are to compare the fate of BG and BAS spores during processes
relevant to wastewater treatment: 1) UV inactivation, 2) adsorption onto PAC, and 3) bioaerosol
emission. Separate batch experiments were carried out for each objective. The BAS spore coat is
more hydrophobic than that of BG!6, which may cause differences in the spore clustering!®!7.
Therefore, experiments were carried out in deionized water (DI) and in phosphate-buffered
solution (PBS) in order to evaluate the possible effects since the ionic strength of wastewaters
may vary'>'®. To help understand the results mechanistically, differences in BAS and BG
aggregation were experimentally evaluated as a function of pH and ionic strength through optical
microscopy and theoretical XDLVO analysis. Finding a safe surrogate for BAS is valuable; if
large amounts of BAS were used in large scale pilot- or full-scale studies, it could pose a

significant risk to wastewater treatment plant workers and the general public.
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2.0. MATERIALS AND METHODS

2.1. Experimental overview. Suspensions of BG and BAS were introduced into glass vessels
during batch experiments. During all experiments, spore concentrations were determined using
culture-dependent methods (described in Section 2.2 below). All experiments were completed in
a Biological Safety Cabinet (model SG403, Baker Company SterilGuard II advance). Two-tailed,
student t-tests performed in Microsoft Excel were used to determine statistical significance at the
95% confidence level (a = 0.05).

2.2. Preparation of the spores. The original BG and BAS stocks used in these experiments were
provided by the US Environmental Protection Agency (EPA). To prepare fresh spore stock
solution, 1 mL of deionized (DI) water was added to 50 puL of spore stock solution. The mixture
was homogenized using a Vortexer (Daigger Vortex Genie 2, Catalog Number 22220A, Daigger
Scientific, Hamilton, NJ, USA) and then cultured onto nutrient agar plates. The plates were
incubated at 35°C for 7 days to induce bacterial growth and sporulation. At the end of the
incubation, the colonies were scraped off the plates with a sterile cell scraper and transferred into
sterile centrifuge tubes. The harvested spores were suspended in sterile DI water and centrifuged
for 20 minutes at 4000 rpm (Relative Centrifugal Force, RCF = 3220) at a temperature of 4-8°C.
Then, the supernatant was removed, and sterile DI water was added to resuspend the pellet for
centrifugation. This process was repeated three times on the day of the harvest, one day after the
harvest, and again three days later. Multiple washings and sonication steps ensured that any
remaining vegetative cells were removed (i.e., <5% vegetative cells). The purity of the spores

was confirmed by phase contrast microscopy (see Section 2.6).

2.3. UV inactivation experiments. One hundred microliters of BAS or BG spore stock was

vortexed for 20 to 30 seconds, and then combined with DI or PBS in a 50 mL volumetric flask to
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achieve an initial concentration of approximately 10* colony forming units (CFU) per mL The
suspension was mixed at 300 rpm (RCF = 18) for 2 minutes and then the 8 watt, 254 nm the low-
pressure mercury lamp (Analytik Jena US, model UVS-28; UV Products, Upland, CA) was
activated (see Figure A1, Panel A). The distance between the lamp and the flask was 3.6 inches.
Samples were collected every five minutes to determine BAS or BG viability. Tubes were
vortexed for 10 to 15 seconds before plating. One hundred microliters were spread with a L-
shaped spreader on prepared nine-centimeter diameter nutrient agar plates (see Table Al).
Bacterial viability was determined after overnight incubation at 35°C. Control experiments were
carried out in the absence of UV light. The model used to retrieve observed first-order rate

constants (k) was as follows!>1°:

N(t) /Ny = 1 - (1- ektyNe

Viable spore concentration (i.e., N(t) and N,) was in units of CFU/ml. The units of time (t) were
minutes and those of k were min-!. N, is the number of critical targets that need to be disabled
before inactivation occurs. N, was set to one 2°. Curve fitting was carried out to retrieve the
observed first-order rate constants (shown in Table A2) by minimizing the root mean square

error?!,

For purposes of comparing rate constants, BG was characterized as a poor BAS surrogate if BAS
was more difficult to inactivate than BG (i.e., lower rate constant), conservative if BG was more

difficult to inactivate than BAS, and suitable if there was no statistically significant difference.

2.4. PAC adsorption experiments. BAS or BG spores (initial concentration ~ 3x10° CFU/mL)

were suspended in 300 mL (DI water or PBS) solution to give a typical initial concentration of
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~10° CFU/mL. After mixing the suspension for 30 minutes with a magnetic stir bar, a ImL
sample was taken and plated in triplicate. Three hundred milligrams of PAC (74 — 177 pum in
particle size, Cat No. M-2248, Cabot Corporation, Boston, MA) were added and mixed to keep
the PAC suspended in the bulk liquid (see Figure A1, Panel B). Samples (1 ml) were collected in
triplicate after 15, 30, 45, 60, and 120 minutes and plated for CFU determination. The point of
zero charge for the PAC was 9.9, as experimentally determined using the drift method??. Because
the pH was 8 during the PAC experiment, the positively charged PAC attracted the negatively
charged spore. Control experiments were carried out in the absence of PAC. Curve fitting was
carried out in order to retrieve the observed pseudo first-order rate constants (shown in Table

A2) using the following pseudo first-order model?3.

dc ,
2= K'(C - Ce) (1)
where C is the concentration of CFU at time t; C, is the concentration of CFU at equilibrium; £’

is the observed pseudo first-order rate constant.

For purposes of comparing PAC removal, BG was characterized as a poor BAS surrogate if BAS
was more difficult to remove than BG, conservative if BG was more difficult to remove than

BAS, and suitable if there was no statistically significant difference.

2.5. Bioaerosol experiments. Bioaerosol experiments were carried out with diffused aeration as
described previously!S. Briefly, the bioreactor was a 250-mL wide-mouthed bottle (inner
diameter: 6.3 cm) filled with 20 mL of sterile DI water, which was spiked with spores at the
beginning of the experiment. The reactor was stirred for 30 minutes prior to bioaerosol sampling.
The experiments were performed with an aeration rate of 0.5 L/min. Bioaerosols were captured

for 30 minutes using a BioSampler (catalog #225-9595, SKC Inc., Eighty Four, PA, See Figure
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Al, Panel E) with the inlet connected via a 1/2”-ID tubing (Cole-Palmer, catalog #SKU 95802-
23, Cole Parmer, Vernon Hills, IL, USA) to the top of the bioreactor and the outlet connected to
a vacuum pump (catalog #15 32-101-G557X, GAST, Benton Harbor, MI). The collection liquid
used was 20 mL sterile DI water. Samples were appropriately diluted or concentrated with
centrifugation (when the bioaerosol count was low) and plated onto nutrient agar plates. CFU
were determined after overnight incubation at 35°C. For purposes of comparing bioaerosol
emission, BG was characterized as a poor BAS surrogate if BG emission was lower than that of
BAS, conservative if BG emission was higher than that of BAS, and suitable if there was no

statistically significant difference.

2.6. Aggregate imaging and counting. In this study, the differences in BAS and BG
aggregation were experimentally evaluated as a function of pH and ionic strength. Ten
microliters of bacteria spores of high concentration (~10'' CFU/mL) were added to 990uL of
sterile DI or NaCl solution, mixed by manual inversion, and diluted until the optical density
(OD600) fell within the range of 0.875-0.9 AU. 10uL of spores were suspended into 990uL of
specific solutions including DI water and 0.15M NacCl solutions ranging in pH levels from 3-10.
In these experiments, PBS was replaced with NaCl because the pH adjustment step diluted the
PBS concentrations excessively. Three slides were prepared with 20x20 sticker grids added to
the back side of each slide. 10uL of sample were added to each slide before adding a coverslip
over the sample, samples were used for microscopic imaging (Zeiss, Axioskop, White Plains,
NY). 40 images were taken on each slide. Grid squares for imaging were selected in pattern in
order to ensure coverage of the entire slide and also so that no one grid was imaged twice. The

spores present on each image were manually counted. Isolated spores, duplets, triplets, and any
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aggregates of 4 or more spores were tallied. This process was used for all suspensions. Each

experiment was done three times.

2.7. Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) analysis. XDLVO theory was
used to predict the relative favorability of aggregation and adsorption. The model includes van
der Waals forces (attractive energy), repulsive electrostatic forces (electrostatic repulsion
energy), and Lewis acid-base forces to calculate interaction energy as a function of the
separation distances. XDLVO modeling was as described previously**. Model parameters were

retrieved from published sources?>-26-27-28,

3. RESULTS AND DISCUSSION

3.1 UV Inactivation experiments. Figure 1 presents the inactivation profiles with the relative
concentration (C/C,) on the y-axis and time (in minutes) on the x-axis. The extent of BG
inactivation was higher than that of BA in DI water, and the observed first order rate constants
were 0.065 and 0.016 min"! for BG and BA respectively. The differences in the inactivation
extent and in the rate constants were statistically different (P < 0.001). Spore losses in controls
carried out in DI and PBS were 7% and 8% respectively. BA was more resistant to UV
inactivation; thus, BG was a poor BAS surrogate in DI water. The inactivation results in PBS
also indicated that BG was a poor BAS surrogate. In both cases, the rate constants were lower in
PBS than in DI; the observed first order rate constants in PBS were 0.030 and 0.005 min! for BG

and BA, respectively.

In principle, aggregation can inhibit inactivation by protecting the spores located inside of the

clusters. In this study, the differences in BAS and BG aggregation were experimentally evaluated
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as a function of pH and ionic strength. In DI, BG aggregated more than BAS when the pH was 7
or greater (P < 0.05) (Figure A2); there were no statistically significant differences between
spore aggregation in NaCl solution (P > 0.05). The percentages of dimers for both spores were
higher in DI than in NaCl. XDLVO analysis was also used to study the tendencies of these single
spores to cluster. The interaction energies for BAS were lower (i.e., more favorable for
aggregation) than those of BG (Figure 2). This result is not consistent with the results shown in
Figure A2. However, the XDLVO results also indicated that the spore interaction energies were
lower in DI than they were at higher ionic strength, meaning that both spores should aggregate
more favorably in DI; this is consistent with the results shown in Figure A2. Thus, XDLVO
analysis partially corroborated the results of the aggregation study. This partial corroboration
may result from limited XDLVO parameter values in the literature. More values and data are

needed to computationally study the tendency to form trimers and quadruples.

3.2. PAC adsorption experiments. Figure 3 shows the results of the PAC adsorption
experiments. The relative concentration is shown on the y-axis, and time in minutes is shown on
the x-axis. BAS spores were more difficult to remove than BG spores. In DI water, an average of
49% (i.e. Ce/Co = 0.51) of BAS spores were removed while an average of 84% (i.e. Ce/Co =
0.16) of BG spores were removed (Figure 3). The observed first order rate constants in DI for
BAS and BG adsorption were 0.05 and 0.07 min! respectively. The equilibrium concentrations
(i.e., C.) of BAS were significantly higher than those of BG (P < 0.05). In PBS, the average
adsorptive removals were 34% and 91% for BAS and BG spores, respectively. The observed
pseudo first order rate constants for adsorption were 0.04 min! and 0.09 min™! for BA and BG

respectively; and the kinetic differences in PBS were statically significant (P < 0.05). It was
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more difficult to remove BAS than BG with PAC in both liquids. Thus, with respect to PAC

adsorption, BG was a poor BAS surrogate.

At distances of 4 nm or less, the BAS XDLVO interaction energies with the PAC surface were
lower than those of BG in both DI and PBS (Figure 4). These results did not complement the
experimental results because they suggested that BA should adsorb more favorably to PAC. The
discrepancies between the model outcomes and the experimental results may indicate that the
XDLVO model parameters published in literature do not apply to the materials (e.g., PAC) or
experimental conditions used in this study. The variability in the morphological properties of
Bacillus anthracis clades has been discussed in literature?®. However, to the author’s knowledge,
the range of effective values for XDLVO model parameters for the organisms (as well as those

of PAC) has not been addressed in a previous study and may warrant further investigation.

3.3. Bioaerosol release experiments. Figure 5 shows the results of the aerosolization
experiments. The x-axis shows the percentage of aerosolized spores (i.e., the CFU captured in an
aerosol divided by the CFU initially present in the vessel). The average percentage of aerosolized
BG and BAS spores were 0.30% and 0.48%, respectively, in DI, and 0.65% and 0.47%,
respectively, in PBS. The emission of BG and BAS was not statistically different in DI water or
PBS (P > 0.05), so BG is a suitable BAS surrogate for aerosolization. Previous work has recently
demonstrated that the emission of BG bioaerosols from mixed vessels is driven by the intensity
of mixing, and that superficial gas velocity and Froude number can be empirically correlated
with spore emission!>. It is likely that BAS emission may also be correlated to the same

parameters because in general, bioaerosol emission is caused by splashing, mechanical forces, or
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bubbles that burst at the air-water interface!#3°, These causes may primarily be related to the
properties of the liquid being aerosolized, not the microorganism contained within the aerosol.
Thus, the statistical results for BG and BAS are consistent with the underlying physical
phenomena of aerosolization. However, because of the potential importance of the bioaerosols
containing high consequence contaminants, additional experiments are warranted that include a
larger range of aerosol generation conditions, which can vary greatly between wastewater

treatment plants.

3.4 Implications for BA Ames and future considerations. Overall, this study demonstrates that
there is more than one aspect to selecting a suitable surrogate, meaning that one surrogate may
not be appropriate for all processes of interest. In considering why this is for BG and BAS, it is
useful to consider that BAS and BA Ames are more closely related to each other (genetically)
than to BG?*3132. BAS and BA Ames have similar surface architectures, including the
exosporium and thin filaments which contain the collagen-like protein (BclA) and extend off the
surface; BG does not have an exosporium, the protruding structures, or the BclA genes?.
Because of the genetic and morphological similarities between BAS and BA Ames, BG may
have similar surrogacy behavior with respect to both BAS and BA Ames, e.g., when BG is a
poor surrogate for BAS, it is likely to also be a poor surrogate for BA Ames. It might be inferred
that poor surrogacy has its origins in the physical differences between the organisms, especially
when the process being surrogated is physical in nature, such as interactions with other

organisms or with insoluble substances (e.g., PAC) in the water.
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For UV inactivation, the results suggest the poor surrogacy may result less from interaction
between organisms (e.g., aggregation), and more from better shielding of the interior of the spore
by the exosporium of BAS. UV light induces photochemical reactions that damage nucleic acid
and photothermal effects that cause membrane disruption and protein unfolding?3. The relative
impact of these two mechanisms may be different in future studies. For instance, using a
different light source with different wavelengths (e.g., light emitting diodes or pulsed UV lamps
instead of a mercury lamp) could produce results that are unlike those presented in this study.
Additionally, the reactor configuration and lamp placement could impact the findings due to the
changes in reflectance and incident power?3-435, Future studies should employ the experimental

conditions that include other operational situations of interest.

BG was a poor surrogate for BAS with respect to PAC adsorption and UV inactivation in both
DI (ionic strength = 0.0001 M) and PBS media (ionic strength = 0.15 M). Therefore, ionic
strength did not affect these two surrogacy assessments. This finding is relevant to real
wastewater because ionic strength varies greatly in full scale systems. The ionic strength of
influent domestic wastewater is typically between 0.003 to 0.10 M'%!® while the ionic strength of
digestor recycle streams can be as high as 0.17 M'8, Many municipal wastewater treatment plants
also receive significant industrial discharges, which can have ionic strength levels that exceed 1
M36:37:38 Since ionic strength can impact the surface properties of Bacillus spores, future studies
may investigate the effects of the higher ionic strength conditions (e.g. > 1 M) present when a

large volumetric fraction of the influent is received from industrial sources.

4.0. CONCLUSIONS
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This study characterized BG as a BAS surrogate during wastewater treatment and bioaerosol
emission batch tests. Observed pseudo first-order rate constants showed that BG UV inactivation
and PAC adsorption were faster than that of BA in both DI water and PBS solution, meaning that
BG was a poor BAS surrogate for both processes. There was no difference in aerosol emission
between BG and BA in DI water or PBS solutions, thus BG was a suitable BAS surrogate for
bioaerosol emission under the conditions tested. Aggregation batch tests showed that spore
clustering was greater for BG in DI water when the pH was 7 or greater but no statistically
significant differences were observed in NaCl solution. Interaction energy calculations partially
corroborated the aggregation and adsorption experimental results. Overall, this article

demonstrates that there is more than one aspect to selecting a suitable surrogate.
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