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MODELING SURVIVAL OF BACILLUS ANTHRACIS SPORES RESPONDING
TO EXPOSURE TO LIGHT

1. INTRODUCTION

Statistical models were developed to provide predictive formulae describing
relative survival of bacteria spores in response to light exposure under a suite of factorial
covariates including species composition, cluster size, aerosol versus pipette deposition, and
germicidal ultraviolet-C (UVC) versus simulated solar light exposures. Relative survival was
measured as the fraction of viable spores with the ability to grow into colonies in subsequent
culture. Exposure (fluence) was calculated by multiplying light intensity (flux) and exposure
duration (time). Models, which describe relative survival in response to exposure, are based on
established equations for decay curves (Annelis et al., 1965; Anderson and May, 1995). These
models were developed from the Classical Shoulder Model (CSM; eq 1; Annelis et al., 1965).

s=1-(1- (VD))" (1)

Where S is the survival fraction, V' is the decay constant, D is the normalized exposure (sample
dose/maximum dose), e is the base of the natural logarithm, and N is the shoulder constant.

The presence of a shoulder in the survival curve suggests that spores can absorb
some radiation without significant impact to survival and that survival is reduced only when
some threshold of dose is attained. Annelis et al. (1965) discuss several factors, which could
contribute to the shoulder and tail shape of decay curves produced in the CSM versus
exponential decay for Clostridium botulinum spores; however, inadequate data were available to
draw conclusions. Tailing in data was not explained by outliers in spore chemical composition or
shielding by other spores, which suggests that tailing might be explained by multiple light-
sensitive intracellular targets of heterogeneous radiotolerance (multi-hit modeling; Armitage and
Doll, 1961).

Equation 1 has the property to simplify to the formula for the Exponential
Decay Model (EDM; Anderson & May, 1995) when N =1 (eq 2).

S= eV )

This property allows the shoulder term to be compared with exponential decay
using hypothesis tests (Section 3). Exponential decay can be interpreted as lacking in a threshold
effect, and decay can be characterized by a constant halving rate with respect to dose because —V
is a constant.

yields
S=2——
In2
b=—= 3)

When decay follows eq 1, the halving rate is not constant (unless N = 1) and is
dependent on the value of N (Section 4).



Because both equations have an underlaying exponential form, they are
asymptotic by nature. That is, no non-zero level of exposure exists where survival is absolute and
S =1, even when a threshold is suggested by N > 1. Similarly, there are no finite levels of
exposure resulting in complete extinction when S = 0; therefore, tailing is coerced by model
formulae.

2. METHODS

Experimental design created a nested structure of factor levels: three levels of
particle size (large, medium, and small or single spores), four levels of substrate (aerosol, quartz,
filter, and fiber), two bacteria species (Sterne strain and Ames), and two levels of light source
(simulated solar and UVC). However, data could not be collected for all the combination factors.
For example, restrictions within Biosafety Level 3 (BSL-3) allowed only 1 um particle data and
no aerosol deposition to be collected for agent Ames. The net result is that 18 factor
combinations were tested (Table 1). A model was developed for each factor combination and for
comparisons between the levels, where relevant, to project goals (Table 2).

Table 1. Experimental Factor Level Combinations at which Data Were Collected

Light Source Solar UvC
Agent Sterne Ames Sterne
Medium Acrosol | Quartz | Filter | Fiber | Quartz | Filter | Aerosol | Quartz | Filter
4 . . 4
. single | single :
Size (um) 1 1 2.5 1 spore | spore 1 single 2.5
1 spore 1

All models were implemented in R software (R Core Team (2019)) using non-
linear modeling available in the R stats library function nls (Bates and Watts, 1988). Use of the
non-linear least-squares algorithm required that starting values be approximated a priori to avoid
convergence failure. A set of functions was written in R software that approximated starting
values across a small set of user-supplied values. Those values produced the highest likelihood
and were then used to initiate a more precise estimate of model coefficients using the R function
nls. Selection between a shouldered model and a model of exponential decay was then performed
using the R function anova.

Simulated solar light-intensity measurements were integrated across a spectrum of
280—400 nm. Across the study period, absolute intensity of solar simulation was found to vary by
as much as 9% (Table 2) when measured in joules per meter squared seconds (J/m?sec). Absolute
intensity was then multiplied by exposure duration to determine the overall light dosage (flux) in
joules per meter squared (J/m?; Figures 1-19).



Table 2. Integrated Light Intensity across Wavelengths 280—400 nm

Integrated intensity (J/m?sec)
56.39 58.16 58.28 58.451 58.52 58.68
59.07 59.12 59.15 59.37 59.65 59.77
59.78 61.45 61.89 62.16 NA NA
NA, not available.
3. RESULTS
3.1 Tabulated Models

A formal hypothesis test comparing CSM with EDM for the significance of the
shoulder term was performed for all levels of light source, agent (Sterne versus Ames), and
substrate (Table 3). Additional hypothesis tests (CSM versus EDM) were performed by nesting
spore particle sizes within the above levels (Table 4). The shoulder term was found to be
significant in most cases but not all (Section 4).

Table 3. Hypothesis Tests for Model Shape: Primary Models

Light Shoulder
Source Agent Substrate Formula €~ Pr>F =
Aerosol S=1-(1-(1972)"* +¢ | N(0,019) | 6.6¢-07
Stene | Quartz S=1-(1—-(e14#2))""" +€ | N(0,025) | 8.7¢09
Solar Filter S=e 38D 1+ ¢ N(0,0.17) 0.5
ol Fiber S=e 35D 4 ¢ N(0,0.20) 0.1
671.2
_1_ __ (,—19.5%D _
Ammes Quartz s=1 (1 (e )) +€ | N(0,0.08) | 22¢-16
Filter S=e*7D +¢ N(0,0.14) 0.8
Aerosol S=1-(1-(*")*+e | N(0,021) | 7.5e3
UVC | Steme | Quartz s=1-(1-(®*2)* +¢ | N(0,024) | 1.6e-05
6.0
Filter S=1- (1 _ (e—ll-S*D)) +€ | N(0,0.14) | 2.2e-16




Table 4. Hypothesis Tests for Model Shape by Size

Light Size Shoulder
Source Agent | Substrate (um) Formula €~ Pr>F =
4 S=1-(1-(722)** ¢ | N(0,0.18) | 2.9 ¢-04

Aerosol

29.5
1 S=1- (1 - (e-ls-O*D)) +e | N(0,0.19) | 3.2e-04

4 | s=1-(1-(e"1320))" +e | N(0,020) | 2.5¢-05

Quartz 21.2
Solar I s=1-(1-(?)) "+€ | N(0,027) | 3605
4 S=e*5D+¢€ N(0,020) | 0.09
Filter | 2.5 | §=1-(1—-(e%*?))* +€ | N(0,0.08) | 2.8¢-08
1 S=e37D 1€ N(0,0.16) | 03
Sterme | Fiber 4 S=1-(1-(®7?)*’+¢ | N(0,0.12) | 1.8¢-07
1 S=e*0D i€ N(0,020) [ 0.1
4 S=1-(1—(e7?))* +¢ | N(0,0.08) | 6.6¢-05
Aerosol [ T g o (1- (e-11-5*13))4'7 +€ | N(0,026) | 0.03
4 S=e24D 1€ N(0,025) | 0.17
uve Quartz 1 S=1—(1-(e"120))*" ¢ | N(0,0.24) | 2.5¢-05
4 S=1-(1-(e=2?))* "+ | N(0,0.06) | 5.3e-09

Filter 25 | s=1-(1-(e1842))"" " 1& | N(0,0.06) | 5.1e-12

I | s=1-(1-(e12¥)** 1€ | N(0,0.12) | 9.5¢-16




Model terms were tabulated for each experimental level (Table 5).

Table 5. CSMs by Experiment

Size

Substrate Sp. Method | Type Model Fig.
P | (um) A i
Pipette s=1-(1-(52))" + N(,0.03)
Filter 1 uvC _ - L 2
Aerosol S=1—(1- (e **P))™ + N(0,0.06)
Pipette S=1-(1- (2" + N(0,0.13
Filter 1 P Solar (1-( ))1.8 NC ) 1
Aerosol S=1-(1-(e*°"?)) " + N(0,0.13)
25 §=1-(1-(e78*?))"" + N(0,0.06)
uvcC 4.6 5
4 S=1-(1—-(e**P)) " +N(0,0.06)
1 Aerosol 31
Filter 2.5 S=1-(1-(e**P))" +N(0,0.08)
Solar 05 6
4 S=1-(1-(e**P))"" +N(0,0.20)
Pipette S=1-(1-(e~1642))"*° + N(0,0.07
Quartz 1 P UuvC ( (e ))3.2 NC ) 2
Aerosol S=1-(1-(e®?P))"" + N(0,0.30)9)
Sterne Pipette S=1-(1-(*?))"° + N(0,0.13)
Quartz 1 Solar 2801 1
Aerosol S=1—(1-(e3*?))" "+ N(0,0.35)
2.7
UVC | s=1—(1-(e57"P)) + N(0,0.24) 8
Quartz 4 TiE
Solar | §=1—(1-(e”3%P))"" + N(0,0.20) 7
1 S=1-(1-("292))*° + N(0,0.20
Syn. Fiber ( (e ))0,5 N( ) 9
4 S=1—-(1-(e®""P)) 7 + N(0,0.12)
Aerosol | Solar 295
| S=1- (1 - (e-ls-O*D)) + N(0,019) |
4 s=1-(1-(72?)"" + N(0,0.18)
Aerosol 4.7
1 S=1—(1— (e 115D + N(0,0.26
Uve (1-C ))30 NO©,0.26) |
4 S=1-(1—(e77%P))"" +N(0,0.08)
671.2
Quartz S=1-(1-("))" " +N(0,0.08)
Ames 1 Pipette | Solar 11 10
Filter S=1-(1-(""")) " + N(0,0.14)
Fig., figure.
Sp., species.

Syn., synthetic.




3.2 Graphical Comparisons

Because models were nonlinear, graphical comparisons demonstrated overlap
between confidence intervals at different regions of the curve (Figure 1). Differences in main
effects were therefore inferred for those regions where confidence intervals were non-
overlapping.

Figure 1 shows pipetting versus deposition of aerosolized Bacillus anthracis (Ba)
Sterne strain on to a surface using a controllable aerosol device (CAD). Quartz exhibited
overlapping confidence intervals; therefore, they could not be distinguished. High variability was
observed in the CAD samples. The deposition method showed little effect on filter.

084 |

Data

© pipette

> CAD

Model
— pipette
--=- 95% Cl

— CAD
95% Cl

064

04

Relative survival

024

; T T 1 0 T T 1
0 " 300000 600000 900000 0 300000 600000 900000

Quartz Filter
Dose (J/m?)

Figure 1. Comparison of deposition methods used for 1 um particles of Ba Sterne strain
on quartz and filter under simulated solar light.



Figure 2 shows relative survival fraction for 1 pm Ba Sterne strain deposited by
pipetting and aerosol deposition via a CAD on a membrane filter and quartz slides and then
exposed to UVC light. As with simulated solar light, differences in the responses on quartz to
UVC exposure between the methods (i.e., pipette versus CAD) showed high variability in the
CAD samples. The deposition method showed little effect when on filter. In all cases, confidence
intervals overlapped.

Data

© pipette
© CAD

Model

— pipette
== 95%Cl.l

— CAD
- 95%Cl.

Relative survival

300 600 0 L 300 600

Quartz Filter
Dose (J/m?)
Figure 2. Comparison of deposition methods used for 1 um particle of Ba Sterne strain on quartz
and filter under UVC.



Figure 3 shows large and small sizes for strain Ba Sterne strain under simulated
solar light in aerosols. Size showed little effect, which exhibited high variability and broad,
overlapping confidence intervals.

Aerosol (Sterne) by size

© Large

© Small
— Large
---- 95% C.l.
— Small
-==- 95% C.l.

Relative survival

v L 1
0 300000 600000 900000

Dose (J/m?)
Figure 3. Effects of particle size Ba Sterne strain in aerosol under simulated solar light.
Large (>40 spores/cluster) and small (<40 spores/cluster) particles.



Figure 4 compares aerosol sizes of Ba Sterne strain under UVC. Size had little
effect on expected values (confidence intervals overlapped), but the small particles exhibited
higher variability than the large ones.

Aerosol (Sterne) by size

© Large
© Small

— Large
-==- 95%C.l
— Small
=== 95%C.l

Relative survival

600

Dose (J/m?)
Figure 4. Effects of particle size Ba Sterne strain in aerosol under UVC.
Small (<3 spores/cluster) and large (>40 spores/cluster) particles.



Figure 5 shows size and the deposition method for strain Ba Sterne strain on filter
under UVC. Small and medium particles exhibited little difference regardless of the deposition
method, while large particles exhibited higher survival across intermediate dosages (confidence
intervals were regionally non-overlapping).

.

UVC filter by size
© Small Pipette
Small CAD

Medium
O Large

Relative survival

—— Small Pipette

-==- 95% C.l.
Small CAD
95% C.I
Medium
95% C.I

— lLarge

E=ss [9596C)

1
600

Dose (J/m?)
Figure 5. Effects of particle size and deposition method for Ba Sterne strain on filter under UVC.
Small pipette/CAD (1 spore/cluster), medium (IJAG; 13—16 spores/cluster), and large (IJAG;
46—64 spores/cluster) particles.
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In Figure 6, particle size and the deposition method for strain Ba Sterne strain on
filter are compared. Variability was high in all cases except medium particles, resulting in little
distinction between main effects (confidence intervals overlap).

Filter (Sterne) by size
© Small Pipette
Small CAD
Medium

O Large

Relative survival

—— Small Pipette

==== 95% C.L
Small CAD
95% C.I
Medium
95% C.I

— Large

-==- 95%C.

0 N 3001000 600I000 90(;000
Dose (J/m?)
Figure 6. Effects of particle size and deposition method for Ba Sterne strain on filter under
simulated solar light. Small pipette/CAD (1 spore/cluster), medium (IJAG; 13-16
spores/cluster), and large (IJAG; 4664 spores/cluster).
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Figure 7 shows particle size and the deposition method for strain Ba Sterne on
quartz. Variability was very high for small particles generated by CAD and moderately high for
large particles, with comparatively little distinction between main effects (the confidence
intervals overlapped).

Quartz (Sterne) by size

© Small Pipette
Small CAD
o Large

Relative survival

—— Small Pipette
=== 95%Cl.
ST e s Small CAD
95% C.I
— Large
---- 95%C.l.

600I000 9001000
Dose (J/m?)
Figure 7. Effects of particle size and deposition method for Ba Sterne strain on quartz under
simulated solar light. Small pipette/CAD (1 spore/cluster) and large (IJAG; >40 spores/cluster).
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Figure 8 shows size and the deposition method for strain Ba Sterne strain on
quartz. In all cases except small particles generated by pipette variability was high, resulting in
insignificant differences between main effects (the confidence intervals overlapped).

UVC quartz by size

© Small Pipette
Small CAD
O Large

Relative survival

—— Small Pipette

-=== §5% C.|
Small CAD
95% C.I

— Large

-==- 95%Cl

1
600

Dose (J/m?)
Figure 8. Effects of particle size and deposition method for Ba Sterne strain on quartz under
UVC. Small pipette/CAD (single spores) and large (IJAG; >40 spores/cluster).
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Figure 9 shows the size for strain Ba Sterne on fiber. In small particles variability
was high rendering differences insignificant.

Fiber (Sterne) by size

© Small
O Large

— Small
--=- 95%C..
— Large
-==- 95% C.l.

Relative survival

0 et 300|00\d‘ 600I000 9001000
Dose (J/m?)

Figure 9. Effects of particle size for Ba Sterne strain on fiber under simulated solar light. Small
(1 spore/cluster) and large (>30 spores/cluster).
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Figure 10 shows the effect of media and quartz versus filter on Ba Ames strain.

Particles on quartz exhibited higher survival at lower doses, below ~400000 Jm?, than those on
filter (non-overlapping confidence intervals).

0.8

© 4
> \}
= l
n 0.6 41 Ames
[0) 8|
4 o] ! © Quartz
= X Bl I‘. © Filter
@© k 8§
Ko \ R — Quartz
ha 0.4 7 \ ==~ 95%ClI.
\\ - — Filter
Ve N\ N e ---- 95% Cl.
L N S S e T
\
0.2+
0 T - — T l
0 300000 K

600000

900000

Dose (J/m?)
Figure 10. Effects on substrate of Ba Ames strain under simulated solar light.
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Figure 11 shows the deposition method and substrate for strain Ba Sterne strain
under simulated solar light. In most cases, variability was high. Confidence intervals overlapped.

-
7o

12_1 3

Media

© Filter Pipette
Filter CAD

© Quartz Pipette

© Quartz CAD
Fiber

© Aerosol

— Filter Pipette
- 95%Cl
Filter CAD
95% C.I
— Quartz Pipette
=== 95%C.l
— Quartz CAD
-==- 95%Cl
Fiber
95% C.I
— Aerosol
- 95%Cl

Relative survival

T 1
600000 900000

Dose (J/m?)
Figure 11. Effects of substrate and deposition methods for 1 um particles of Ba Sterne strain
under simulated solar light.
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Figure 12 shows substrates for Ba Sterne strain under simulated solar light.

Quartz, fiber, and aerosol exhibited similar responses with overlapping confidence intervals,
while filter had lower survival at all but high doses.

12 -
° \\'
13— 3
\‘ \\b‘
1\ Media
‘-\ LA Filter
A AR © Quartz
© 08 I DRI Fiber
> \ ' © Aerosol
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» LLE U SN\ NN
() s Al \
> o\\ \o \ % Filter
= RN A\ 95% C.|
E A g". \ Sl i — Quartz
[} 044 N Tt (e S mmem e mm—— e - 95%Cl|
(ned \'\7‘ \ \ ) S SR e Fiber
YL\ 95% C.|
% \ Aerosol
N, \ . B - 95% Cl|
0.2 LN 8
\\ o °
AR SN :
\ ) ‘\\ ; N -
0 r T T —
0 ‘. 300000 600000

9001000
Dose (J/m?)
Figure 12. Effect of media in 4 um particles of Ba Sterne strain under simulated solar light
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Figure 13 shows the deposition method and substrate for Ba Sterne strain under
UVC. Quartz, CAD, and aerosol had higher variability. Confidence intervals overlapped.

Media

© Filter Pipette
Filter CAD

© Quartz Pipette

© Quartz CAD

© Aerosol

— Filter Pipette
- 95%Cl
Filter CAD
95% C.I
— Quartz Pipette
===- 95%C.
— Quartz CAD
===+ 95%ClI
— Aerosol
- 95%Cl

Relative survival

1
600

Dose (J/m?)
Figure 13. Effects of surface and deposition methods in 1 um particles of Ba Sterne strain
under UVC.
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Figure 14 shows the effect of media for 4 pm particles of Ba Sterne strain under
UVC. Confidence values overlapped, and quartz had higher variability.

\‘ Substrates
Filter
N\ © Quartz

\ © Aerosol

Filter
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044 N\ o\ \

Relative survival
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0.2 1 \

0 \ S a0 600
Dose (J/m?)
Figure 14. Effect of media in 4 um particles of Ba Sterne strain under UVC.
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Figure 15 shows Ba Ames and Ba Sterne strains pipetted on quartz and a filter
under simulated solar light. Ba Ames strain on quartz exhibited higher survival at low to mid
dosages (under ~40000 Jm?) than Ba Sterne and Ba Ames strains on filter.
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Figure 15. Effects of both strains on pipette-deposited quartz and filter substrates for 1 um
particles under simulated solar light.
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Figure 16 shows Ba Ames strain deposited by pipette and Ba Sterne strain
deposited by CAD on quartz and filter. Both Ba Ames and Ba Sterne strains on quartz had higher
survival at low dosages (under ~20000 Jm?) than that on filter. Ba Ames strain showed the
highest survival up through ~40000 Jm? on quartz (non-overlapping confidence intervals). On
filter, values were similar for both Ba Ames and Ba Sterne strains.
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Figure 16. Effects of pipette-deposited Ba Ames and CAD-deposited Ba Sterne strains on quartz
and filter surfaces for 1 um particles under simulated solar light.
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Figure 17 shows the effects of media category, transparent (17a) or opaque (17b),
on quartz, aerosol, filter, and fiber by Ba Ames and Ba Sterne strains. Particles in aerosol or on

quartz exhibited a clear shoulder, whereas those on filter and fiber exhibited exponential decay.
The shoulder for Ba Ames strain was significantly longer than that of Sterne strain on quartz,
suggesting that Ames strain is more resistant to low exposures of solar light than Sterne strain on
a transparent quartz surface (non-overlapping confidence intervals). This was not the case on
filter, where Sterne and Ames exhibited no significant differences (overlapping confidence
intervals).
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Figure 17. Similarities and differences of response curves grouped by media category for I pm
particles under simulated solar light.
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Figure 18 shows the effects of size and media for Ba Sterne strain on aerosol and
filter. Confidence intervals broadly overlapped in all cases, although the expected value for small
particles in aerosol extended slightly beyond the confidence interval for filter.
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Figure 18. Effects of size and substrate for 1 pm Ba Sterne strain on filter vs large and small
aerosol under simulated solar light.
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Figure 19 shows the effects of size and media for Ba Sterne strain on quartz and
filter. Confidence intervals broadly overlapped in all cases.
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Figure 19. Effects of size and media for 1 pm Ba Sterne strain on filter vs large and small quartz
under simulated solar light.

4. DISCUSSION

Formal hypothesis testing favored selection of a shouldered model in most cases
(Table 3). Exceptions where a model of exponential decay was favored could largely be
explained by high variance in the data or cases where the shoulder term was ~<I. Because the
shoulder model reduces to the exponential model by setting this term to 1, predictive models for
cases where decay was approximately exponential were readily produced from the shoulder
model (Table 4). When N < 1, decay at low doses is faster than exponential decay. When N> 1,
decay at low doses is slower than exponential decay, thus shouldered. Therefore, eq 1 in which a
constant halving rate is not implicit, provides a more generalized description of relative survival
than the more restrictive eq 2.

An important, perhaps surprising consequence of the observed differences in N, is
that small, aerosolized particles exhibit higher survival than large particles and particles on filters
under low exposures (Figures 12 and 13). This suggests that small, aerosolized spore particles
may survive across longer dispersal distances than expected when modeled against historic data.
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A longer than expected dispersal distance has consequences for transport and dispersion
modeling of aerosolized biological threats.

The deposition method had a strong effect on variability, with pipetting producing
consistently narrower confidence intervals (Figures 1; 2). The effects of size were difficult to
distinguish on filter (Figures 3 and 8) and somewhat difficult to distinguish on fiber (Figure 9).
However, an interaction between size and substrate is apparent in aerosol, where small but not
large particles exhibited higher survival in aerosol than on filter (Figure 18). Systematic
sampling across these many experimental covariate levels was often precluded. For example,
particle generation methods produced particle sizes that were clustered rather than continuous.

The non-pathogenic Ba Sterne strain has been proposed as a proxy for the highly
pathogenic Ba Ames strain because it is safer and easier to work with. Ba Sterne strain might be
used as a proxy under special conditions, but the relationship between the response curves of the
two strains needs to be examined in more detail. The responses of both strains were very similar
on filter, but Ba Ames strain had higher survival on quartz (Figure 17). Aerosol results are
unavailable for Ames but in Sterne, aerosol and quartz responses were similar. An assumption
that aerosol survival could be higher in Ames than in Sterne might therefore be reasonable, if
unproven. In particular, viability of aerosolized Ba Ames strain particles transported in the
environment may be underestimated by results obtained through the study of Sterne.

The preferred models (Table 4) could be used to produce computational
simulations predicting agent survival for a range of conditions given the following caveats:

1) Data at very low and very high exposures are lacking. Models are less reliable
at extreme values.

2) Data for many important environmental covariates such as temperature were
available but not systematically sampled across ranges likely to be
encountered in field conditions.

3) Restrictions imposed by experimental protocols such as those found in BSL3,
and due to particle generation methods may have introduced confounding
effects. For example, a continuous range of particle sizes could not be
produced with current generation methods such as CAD.

4) Comparisons between the responses of Ba Sterne and Ames strains are
marginally sufficient for modeling Ames on Sterne in special conditions found
in our laboratory. However, environmental conditions may exist in the field
that change the relationship between these response curves significantly.
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Shouldered and exponential models are mathematically asymptotic on zero;
therefore, both are tailed. Neither can describe complete extinction in a sample. However, to
produce predictive models that include the probability of complete extinction, a stochastic model
can be assembled by including a random term based on the reported variance (Table 4). This
model can then be subjected to Monte Carlo sampling across multiple iterations to estimate
extinction probabilities in response to light exposure.
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