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Abstract  15 
Pathogenic Potential (PP) is a mathematical description of an individual microbe, virus, 16 

or parasite’s ability to cause disease in a host, given the variables of inoculum, symptomology, 17 
mortality, and in some instances, median survival time of the host. We investigated the 18 
relationship between pathogenic potential (PP) and infective inoculum (I) using two pathogenic 19 
fungi in the wax moth Galleria mellonella with mortality as the relevant outcome.  Our analysis 20 
for C. neoformans infection revealed negative exponential relationship between PP and I. 21 
Plotting the log(I) versus the Fraction symptomatic (Fs) over median host survival time (T) 22 
revealed a linear relationship, with a slope that varied between the different fungi studied and a 23 
y-intercept corresponding to the inoculum that produced no symptoms.  The I vs Fs/T slope 24 
provided a measure of the pathogenicity of each microbial species, which we call the 25 
pathogenicity constant or kPath.  The kPath provides a new parameter to quantitatively compare 26 
the relative virulence and pathogenicity of microbial species for a given host. In addition, we 27 
investigated the PP and Fs/T from values found in preexisting literature. Overall, the 28 
relationship between Fs/T and PP versus inoculum varied among microbial species and 29 
extrapolation to zero symptoms allowed the calculation of the lowest pathogenic inoculum (LPI) 30 
of a microbe.  Microbes tended to fall into two groups: those with positive linear relationships 31 
between PP and Fs/T vs I, and those that had a negative exponential PP vs I relationship with a 32 
positive logarithmic Fs/T vs I relationship. The microbes with linear relationships tended to be 33 
bacteria, whereas the exponential-based relationships tended to be fungi or higher order 34 
eukaryotes.  Differences in the type and sign of the PP vs I and Fs/T vs I relationships for 35 
pathogenic microbes suggest fundamental differences in host-microbe interactions leading to 36 
disease.   37 

 38 
 39 
Author Summary 40 
 The ability of a microbe, virus, or parasite to cause disease is dependent on multiple 41 
factors, virulence factors. host immune defenses, the infective inoculum, and the type of 42 
immune response.  For many microbes their capacity for causing disease is highly dependent on 43 
the inoculum. The mathematical formula for Pathogenic Potential (PP) is a way to compare the 44 
ability of an organism to have a pathogenic effect, as measured by Fraction Symptomatic (Fs), 45 
mortality (M), and inoculum (I), and can include the median survival time of the host (T). 46 
Increasing inoculum of the fungus Cryptococcus neoformans for a moth host resulted in 47 
exponentially smaller pathogenic potential, and the Fs/T versus inoculum plot showed a 48 
logarithmic relationship. Together, these relationships show diminishing returns with 49 
increasing cryptococcal inoculum, in which each individual fungus plays a smaller role in 50 
pathogenicity. Literature data shows that other microbes, mostly bacteria, had linear Fs/T 51 
versus inoculum relationships, which indicate that each bacterium contributed an equal amount 52 
to pathogenicity. These differences in relationships can point to differences in host-microbe 53 
interactions and suggest new ways in which the organism causes disease.   54 
 55 

56 
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Introduction 57 
The pathogenic potential (PP) of an organism was proposed in 2017 as an attempt to 58 

develop a quantitative method that would allow comparing the capacity for virulence of different 59 
microbial species (1) and is defined by the formalism: 60 
  61 

Equation 1  PP = !"
#
(10$)  62 

  63 
whereby Fs is the fraction symptomatic, I is the infective inoculum, and M is the mortality 64 
fraction.  Later this concept was expanded by showing how PP could be used to estimate the 65 
contribution of virulence factors to pathogenicity, and by  adding the parameter of time, 66 
described as PPT (Equation 2), to account for the fulminant nature of some infectious diseases 67 
(2).   68 
 69 

Equation 2  PP% =
!"
#%
(10$) 70 

 71 
The initial formalisms were written assuming that the various parameters were linearly 72 

related as a first approximation, partly for simplicity and partly because there was no evidence 73 
to the contrary.  However, proposing a PP formalism raised the question of what the actual 74 
mathematical relationship between such parameters as Fs and I was, which in turn suggested 75 
the need for experimental measurements using pathogenic organisms in a susceptible host. A 76 
further question was whether there were differences between these parameters in different 77 
microbial species or hosts. For example, vertebrates have both innate and adaptive immune 78 
responses that neutralize microbes, whereas invertebrates have only an innate-like immune 79 
response. Further, the mechanisms by which microbes damage hosts and cause disease vary 80 
widely.  Disease occurs when the host has suffered sufficient damage such that homeostasis is 81 
altered and this damage can come from direct microbial action, the immune response, or both 82 
(3).While each pathogenic microbe is different and generalizations are difficult, bacteria tend to 83 
cause disease through routes of tissue damage and toxicity, whereas fungi cause disease through 84 
growth in tissues and persistence within the host, and for both host damage results from 85 
microbial action and the immune response. Consequently, we hypothesized that differences in 86 
mechanism of disease could be reflected in differences in the relationships between the 87 
measures of pathogenicity and inoculum.  88 

In this study we used the Galleria mellonella system (4) to explore the relationship 89 
between I and Fs.  This system is particularly attractive because it is a non-vertebrate animal 90 
host that is highly susceptible to many pathogenic microbes.  Our analysis reveals a non-linear 91 
relationship between PP and I and suggest that the slope of the relationship between I and Fs 92 
can be used for a quantitative comparison of the relative virulence of microbial species. We 93 
investigated the existing literature to evaluate whether this exponential relationship between PP 94 
and I was universal or unique to C. neoformans in the G. mellonella host, and found that other 95 
microbes, predominately bacteria, had linear PP vs I and Fs/T relationships, whereas fungi 96 
tended to have the exponential relationships seen with C. neoformans. Further, we see the same 97 
exponential relationships with C. neoformans infections of murine hosts as we do in G. 98 
mellonella hosts. Our results suggest that the types of mathematical relationships can differ for 99 
individual pathogenic microbes and that these differences can reveal fundamental differences in 100 
virulence strategies and/or host responses to infection. 101 
 102 
 103 
Results 104 
Pathogenic Potential for Cryptococcus neoformans in Galleria mellonella 105 
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 We analyzed the pathogenic potential (PP) of C. neoformans H99 strain when infecting 106 
Galleria mellonella at an inoculum of 105 cells/larvae and incubated at 30˚C from sixteen 107 
different experiments (Figure 1A) and found that the average PP was 8.64 x 10-5 (Figure 1B). We 108 
similarly calculated the PPT, which is a measurement of pathogenic potential as it relates to time 109 
until death in 50% of hosts (LC50)(2). We found that the average PPT of C. neoformans at this 110 
inoculum was 1.23 x 10-5 (Figure 1C).  These data from 16 independent experiments shows the 111 
variation in PP measured in one laboratory and provides a range to consider when comparing 112 
calculated PP and PPT from other organisms using literature values below. 113 

 114 
Correlation of PP and PPT as a Function of Inoculum  115 
 To understand the relationship between inoculum and PP and PPT, we infected G. 116 
mellonella with C. neoformans using different inoculums (Figure 2A).  We observed that as 117 
inoculum increased, there was an expected decrease in time to death until 50% of host 118 
organisms died, with an increase in Fraction Symptomatic (Fs) and Mortality (M) (Figure 2B). 119 
We also observed an exponential decrease in PP and PPT while inoculum increases (Figure 120 
2C,D). In both measures, the lower inoculum was associated with a higher pathogenic potential.  121 

Calculating PP and PPT for H99 murine infections showed similar trends as the G. 122 
mellonella data (Figure 4A, B), with both having negative exponential relationships between the 123 
measures of pathogenicity and the inoculum of infection, for the different mouse strains and 124 
route of infection. This suggests similar relationships between the host and C. neoformans in 125 
both G. mellonella and murine models.  126 
 127 
Correlation of Fs/T as a Function of Inoculum 128 
 Plotting Fs versus Inoculum yielded logarithmic curves (Figure 3A). Similarly, a plot of 129 
Fs/T versus I revealed a logarithmic relationship (Figure 3B). The higher the inoculum, the 130 
higher the Fs and Fs/T values are. Further, the relationship between Fs/T and the log of the 131 
inoculum was linear, indicating a direct correlation between log(I) and Fs/T (Figure 3C), 132 
implying that a simple line equation described that relationship. From this line equation, we 133 
could derive the y-intercept, which would be the smallest inoculum to cause a pathogenic effect 134 
with regards to time (Fs/T), which we termed the Lowest Pathogenic Inoculum (LPI) (Figure 135 
3C). Similarly, the slope provided information on how initial inoculum is related to the outcome 136 
of the host, and by virtue of being a slope is a constant value that describes the microbe’s 137 
pathogenic nature regardless of inoculum.   138 
 When calculating Fs/T values from H99 murine infections, we found similar trends in 139 
the Fs/T values, indicating similar relationships between the host and C. neoformans in both G. 140 
mellonella and murine models (Figure 4C, D). The data also indicated lowest pathogenic 141 
inoculums (LPI) that varied by mouse strain and route of infection, some of which were 142 
comparable to the LPI of C. neoformans in G. mellonella. For intravenously infected C57BL/6 143 
mice, the LPI was 14.7 cells while for intranasal infection the LPI was 4830 cells.  The 144 
intravenous-infected C57BL/6 also had a lower LPI than the intravenous-infected ICR strain 145 
(288 cells), which could be indicative of immune variations between the strains.  146 
 147 
Pathogenicity Constant for C. neoformans  148 
 We observed a linear relationship between Fs/T and log(I) and noted that the slope of 149 
this linear best-fit equation incorporated all the components of pathogenicity symptomatic 150 
fraction, median time until death (LT50), and inoculum into a value that is constant at all 151 
inoculums. This constant value (slope) could allow comparisons between microbial strains and 152 
species even between experiments performed at different inoculum, which is where the PP and 153 
PPT values have their limitations. Using the equation of the line derived from Figure 3C, this 154 
pathogenicity constant, kPath, can be described by (Equation 3.1-3.2).  155 
 156 
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Equation 3.1  log(I) = + &
'!"#$

, !"
%
+ log(LPI) 157 

Equation 3.2  𝑘()*+ =	
!"

%[-./(#)2-./(34#)]
 158 

 159 
 The calculated value of kPath for C. neoformans (H99) infection of G. mellonella is 0.0369 160 
based on our experimental data. We calculated a kPath for C. neoformans infections in mice 161 
ranging from 0.032 to 0.046 depending on the mouse strain, route of infection, and study 162 
(Figure 4C), which is comparable in magnitude to that for G. mellonella. The kPath value is 163 
defined as the fraction of symptomatic hosts per LT50 log inoculum. Essentially, kPath is a 164 
measure of how fast the hosts get sick and die per log inoculum. High values represent microbes 165 
that cause greater and faster damage with each additional order of magnitude of cells, 166 
conversely, smaller values represent microbes that cause a steady, slower pathogenicity in which 167 
additional orders of magnitude of cells do not have a substantial effect.  168 
   169 
Fungal PP, PPT, Fs/T and kPath in G. mellonella  170 
 From these insights with the C. neoformans-G. mellonella system we explored their 171 
applicability to other pathogenic microbes and analyzed published G. mellonella data to 172 
calculate the experimental PP, PPT, Fs/T and kPath of other fungi.  For the entomopathogenic 173 
fungus Beauveria bassiana, the relationships between fungal inoculum and PP, PPT, and Fs/T  174 
were each similar to those calculated for  C. neoformans with a slightly higher kPath equal to 0.1 175 
(Figure 5A-C) (5,6). However, we saw different trends for the three other fungal species. In the 176 
case of Candida albicans, there was no clear relationship between inoculum and PP and PPT, 177 
however, the Fs/T versus I relationship was logarithmic, like B. bassiana and C. neoformans, 178 
but with a much steeper slope, and thus the higher kPath of 0.566. (Figure  5D-F, black) (7,8). 179 
Similar trends and values were seen in G. mellonella infections performed by our group (Figure 180 
5D-F, teal). The steeper kPath and the higher LPI indicate there is a higher barrier for the fungus 181 
to be pathogenic, but once that threshold is met, pathogenicity increases rapidly.  For G. 182 
mellonella infected with Histoplasma capsulatum and Paracoccidioides lutzii, the plotting 183 
yielded negative exponential relationships between inoculum and PP and PPT, and an Fs/T vs I 184 
relationship that was essentially flat with a kPath value near zero (Figure 5G-I) (9). Essentially, 185 
based on the Fs/T vs I and kPath values, there was no inoculum-dependent mortality for the 186 
infected larvae for these two pathogenic fungi. However, in one study (10) that used a higher 187 
inoculum, there was a dose-dependent effect on host death, where larvae infected with 5 x 106 188 
cells died faster than those infected with 1 x 106. Future studies may want to further investigate 189 
the mechanism underlying the unique dose-dependency, or independency, of H. capsulatum 190 
and P. lutzii infections in G. mellonella. The general dose-independent effect on survival could 191 
be the result of the slow and irregular growth of the microbe (11–13), or a damaging immune 192 
response that kills the host in response to few or many microbes (Table 1). In this regard,  P. 193 
lutzii, P. brasiliensis, and H. capsulatum are both slow growing fungi with doubling rates in 194 
media ranging from 13 to 21 hours (11–13), compared with the ~2 hour doubling time of C. 195 
neoformans in culture (14) and ~5 hours in vivo during infection of G. mellonella hosts (15). 196 
  197 
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Table 1. Relationships between PP, PPT, and Fs/T with inoculum, proposed 198 
explanation, and examples of microbes.  199 

Relationships Explanation Examples 
PP vs I is Positive 
Linear/Exponential 

Each microorganism contributes a 
measurable amount of pathogenicity 
directly. Possibly mediated by a toxin or 
compound produced by the organism 

S. aureus, S. 
agalactiae 

PPT vs I is Positive 
Linear/Exponential 

Each microorganism contributes a 
measurable amount of pathogenicity 
including time to death. Possibly 
mediated by a toxin or compound 
produced by the organism 

S. aureus, S. 
agalactiae, P. 
aeurigninosa 

Fs/T vs I is Positive 
Linear 

Speed of disease onset and death is 
directly related to number of 
microorganisms present in the infective 
inoculum. Possibly indicates that time 
until death mediated by a toxin or 
compound produced by the organism. 

L. monocytogenes, 
S. aureus, S. 
agalactiae, P. 
aeurigninosa 

Fs/T vs I is Positive 
Logarithmic 

Speed of disease onset is related to the 
number of microorganisms present in 
the infective inoculum. Thus, additional 
organisms have less individual impact on 
speed of disease, and death is possibly 
mediated by organisms’ ability to grow 
and their doubling time.  

C. neoformans, C. 
albicans, B. 
bassiana 

PP vs I is Negative 
Exponential 

Pathogenicity is related to the number  
the microorganisms in infective 
inoculum. Thus, additional organisms 
have less individual impact on 
pathogenicity, which is possibly 
mediated by organisms’ ability to grow.  

C. neoformans, L. 
monocytogenes, B. 
bassiana, GmNPV 

PPT vs I is Negative 
Exponential 

Pathogenicity over time is related to the  
number of microorganisms  present in 
the infective inoculum. Additional 
organisms have less individual impact on 
pathogenicity. Pathogenicity possibly 
mediated by organisms’ ability to grow 
and their doubling time.  

C. neoformans, L. 
monocytogenes 

Fs/T vs I is Flat Speed of disease progression and 
mortality is not dependent on number of 
organisms. Such curves could  potentially 
due to slow growth, host immune 
response, or toxicity. 

H. capsulatum, P. 
brasiliensis 

 200 
  201 
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 202 
Bacterial PP, PPT, Fs/T in G. mellonella   203 

Next, we considered data found in literature that would allow us to calculate PP, PPT and 204 
Fs/T  for bacterial infections of G. mellonella (16–21). In general, the relationships between 205 
pathogenicity and inoculum for bacteria were different from those relationships in fungi. For 206 
example, all the bacterial species analyzed, aside from Salmonella enterica Typhimurium had 207 
an Fs/T vs I relationship that was linear, compared to the logarithmic one in fungi (Figure 208 
6C,F,I,L,O). This indicates a direct relationship between disease progression over time and the 209 
starting inoculum, rather than one related to the inoculum’s order of magnitude (log[I]). 210 
Because of this, the kPath formula described above would not be accurate for Salmonella, 211 
however, it could be modified to simply be a metric like the PPT value without the consideration 212 
of mortality: 213 
 214 

Equation 4  𝑘()*+ =	
!"

%[(#)2(34#)]
 215 

 216 
  There was also variation between the PP vs I and PPT vs I relationships in bacteria, where 217 
the relationships were positive and linear, as opposed to the negative exponential ones in the 218 
fungi we analyzed (Figure 6 A-B, D-E,F-H, J-K, M-N). This would suggest that in infections of 219 
these species (S. aureus., P. aeruginosa, and Streptococcus spp.) that each additional bacterium 220 
causes a set unit of damage, whereas for fungi, there are diminishing returns with increasing 221 
inoculum with regards to damage from each additional fungal cell. There does not seem to be an 222 
association between the positive linear PP, PPT, and Fs/T relationships and whether the bacteria 223 
are Gram-negative or Gram-positive. However, this pattern would suggest there is a dose-224 
dependent effect causing death in the G. mellonella larvae, such as the secretion or production 225 
of a toxin or inflammatory molecule (Table 1). 226 
 227 

PP, PPT, and Fs/T of entomopathogenic nematodes in G. mellonella.  228 
 G. mellonella are common models for infection with entomopathogenic nematodes, 229 
including the purpose of culturing the nematodes and even using them as bait to collect 230 
nematode species in the wild.  We calculated the PP, PPT, and Fs/T for two entomopathogenic 231 
nematode species (22) in G. mellonella. The PP and PPT vs I relationships, like those seen in C. 232 
neoformans, L. monocytogenes, and Salmonella enterica, manifested a negative exponential 233 
trend, with some variability in the middle inoculum infections (Figure 7A,B,D,E). The Fs/T vs I 234 
curve was positive and roughly linear, although it has a sigmoidal shape, closely fitted by an 235 
exponential one phase decay line (Figure 7C, F). It is worth noting these nematodes themselves 236 
do not kill the insect larvae. Once the larvae are infected with the nematodes, the nematodes 237 
release bacteria that are highly pathogenic and encode toxins that kill the host.  238 
 239 
PP of the G. mellonella Nuclear Polyhedrosis Virus (GmNPV) 240 
 We calculated the PP of the G. mellonella Nuclear Polyhedrosis Virus (GmNPV), which is 241 
a baculovirus that primarily infects Lepidoptera.  The results of Stairs 1965 study (23), yielded  a 242 
clear negative exponential relationship between PP and inoculum of virus, whereas the data 243 
from Fraser and Stairs’ 1982 study (24) yielded  an inverted U-shaped curve with an exponential 244 
negative relationship at the higher viral inoculum (Figure 8).  245 

 246 
Simulating relationships between pathogenicity and inoculum   247 
 After noting various relationships between the pathogenicity metrics (PP, PPT, Fs/T) and 248 
inoculum we sought to understand how these differences occurred.  Hence, we simulated PP, 249 
PPT, and Fs/T calculations for a hypothetical microbe at different inoculum (Figure 9). For one 250 
microbe, we calculated the Fs value as a direct function of the inoculum, represented by 251 
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Equations 5 and 6, where x1 and y1 represent variables dependent on the mortality, Fs, T, and I 252 
of the infection (Equations 5.1 and 6.1). For the purposes of Figure 9, we used x = 10-5 and y = 253 
105. 254 
 255 

Equation 5  𝐹𝑠 = 𝑥& × 𝐼 256 
Equation 5.1   𝑥& = 𝐹𝑠/𝐼 257 
 258 
Equation 6  𝑇 = 	 6%

7
 259 

Equation 6.1  𝑦& = 𝐼𝑇 260 
 261 
Plotting the PP, PPT, and Fs/T values revealed a pattern similar as expected (Figure 9, black data 262 
points). For the second microbe, we aimed to model disease progression based on the 263 
magnitude of the inoculum, and in doing so, used Equations 7 and 8, where x2 and y2 represent 264 
variables dependent on the mortality, Fs, T, and log(I) (Equations 7.1 and 8.1). For the purposes 265 
of Figure 9, we used x = 0.1 and y = 10. 266 

 267 
Equation 7   𝐹𝑠 = 𝑥8 × log	(𝐼) 268 
Equation 7.1   𝑥8 = 𝐹𝑠/log	(𝐼) 269 
 270 
Equation 8  𝑇 = 	 6&

-./	(7)
 271 

Equation 8.1  𝑦8 = 𝑇log	(𝐼) 272 
 273 
This resulted in PP, PPT, and Fs/T values that when plotted yielded negative exponential PP and 274 
PPT and a positive logarithmic Fs/T, such as C. neoformans and B. bassiana (Figure 9, pink data 275 
points).  276 
 277 
Calculating PP, PPT, and Fs/T across microbes for the same infectious inoculum 278 
 Through the fitted exponential or linear lines for the PP, PPT, and Fs/T versus I plots, we 279 
are able to use the equations of the line to calculate theoretical PP, PPT, and Fs/T values for 280 
infectious inoculums that have not yet been experimentally studied. This provided a way to  281 
compare measures of pathogenicity amongst microbes, even when the original experiments are 282 
performed at different inoculum. These calculated values are found in Table 2. It is worth noting 283 
that these values are preliminary, and based on literature, and should not be taken as definitive 284 
until experimentally confirmed using the exact inoculum. It can, however, be used to 285 
approximate disease severity outcomes when planning experimental design.    286 
 287 
Table 2. Calculated PP, PPT, Fs/T, and kPath values for inoculum of 105 organisms 288 
or virions. tested.  289 

Organism PPa PPT
a Fs/Ta kPath Reference 

Cryptococcus neoformans 4.60 x 10-4 1.70 x 10-5 1.38 x 10-1 3.69 x 10-2 This Work 
Candida albicans N/A N/A 1.51 x 10-1 5.67 x 10-1 (7,8) 
Beauveria bassiana  

80.2 (Injected) 1.00 x 10-2 4.00 x 10-3 5.89 x 10-1 1.00 x 10-1 (6) 
BbaAUMC 3263 3.20 x 10-4 N/A N/A N/A (5) 
BbaAUMC 3076 3.61 x 10-5 N/A N/A N/A (5) 

Histoplasma capsulatum  
G184 25˚C 1.00 x 10-5 1.40 x 10-6 1.37 x 10-1 -1.89 x 10-2 (9) 
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G184 37˚C 1.00 x 10-5 2.00 x 10-6 1.92 x 10-1 -8.33 x 10-3 (9) 
G217 25˚C 5.00 x 10-5 2.30 x 10-6 2.79 x 10-2 4.30 x 10-3 (9) 
G217 37˚C 3.70 x 10-4 4.00 x 10-5 9.50 x 10-2 5.68 x 10-4 (9) 

Paracoccidioides lutzii  
Pl01 25˚C 1.00 x 10-5 2.50 x 10-6 2.50 x 10-1 2.09 x 10-17 (9) 
Pl01 37˚C 1.00 x 10-5 5.00 x 10-6 4.95 x 10-1 3.07 x 10-2 (9) 
Pl01 37˚C N/A N/A -1.62 x 10-1 2.21 x 10-1 (10) 

Paracoccidioides brasiliensis  7.79 x 10-7 1.02 x 10-7 -1.19 x 10-1 1.98 x 10-1 (10) 
Listeria monocytogenes  

LS1209 4.53 x 10-5 1.43 x 10-5 2.03 x 10-1 9.78 x 10-7 (17) 
LS9 1.27 x 10-5 1.81 x 10-6 5.51 x 10-2 4.29 x 10-8 (17) 

LS166 5.98 x 10-6 8.55 x 10-7 2.80 x 10-2 8.79 x 10-8 (17) 
LS4 1.58 x 10-5 2.26 x 10-6 6.53 x 10-2 1.87 x 10-7 (17) 
LS6 1.27 x 10-5 1.81 x 10-6 2.84 x 10-2 9.56 x 10-8 (17) 

EGDE 1.32 x 10-5 1.87 x 10-6 4.79 x 10-2 9.62 x 10-8 (18) 
Salmonella enterica 2.31 x 10-4 N/A 4.19 1.52 (19) 
Staphylococcus aureus  1.74 x 10-7 5.43 x 10-7 2.33 x 10-2 2.24 x 10-7 (20) 
Pseudomonas aeruginosa 4.00 x 10-3 N/A 78.9 7.88 x 10-4 (21) 
Streptococcus agalactiae 1.19 x 10-6 3.95 x 10-7 1.26 x 10-2 3.69 x 10-7 (16) 
Heterorhabditus spp.  1.44 x 10-2 -9.92 x 10-4 1.26 2.54 x 10-1 (22) 
Steinernema carpocapsae 1.96 x 10-2 1.13 x 10-2 1.15 2.11 x 10-1 (22) 
GmNPV  

 1.34 x 10-5 N/A N/A N/A (24) 
 1.34 x 10-5 N/A N/A N/A (23) 

a Value calculated using 105 organisms or virions as the inoculum.  290 
 291 
 292 
Discussion 293 

The concept of Pathogenic Potential (PP) was spawned from the notion that all microbes 294 
have some capacity to cause disease if acquired by a host in sufficient numbers.  Disease occurs  295 
when the host has incurred sufficient damage to affect homeostasis and host damage can come 296 
from direct microbial action (e.g., toxins), the host immune response, or both (Casadevall & 297 
Pirofski 1999).  According to this view,  no microbes can be unambiguously  labelled as either 298 
pathogens or non-pathogens, since pathogenicity is dependent on inoculum, host immunity, and 299 
other factors that affect the outcome of  the host-microbe interaction(1). In this work, we 300 
experimentally derived values for the PP and PPT for the fungi Cryptococcus neoformans in the 301 
invertebrate model organism Galleria mellonella and analyzed literature data with our 302 
mathematical formalisms. This analysis revealed deep differences between pathogenic microbes 303 
that are interpreted as reflecting different type of virulence mechanisms. To place this work in 304 
the context of discovery we rely on the canvass proposed by Richard Feynman for how of the 305 
laws of nature are identified (25).  Previous papers  have imagined the concept of Pathogenic 306 
Potential (1,2), or as  Feynman would say, these works have “guess[ed] it,” which he describes as  307 
the first step in seeking new laws to describe the natural world (25). In this work, we undertook 308 
the next step, which according to Feynman, is to, “compute the consequences of the guess,” or in 309 
other words, to experimentally determine the guess’ validity, then further expand the 310 
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comparisons to additional “real-world” experiential observations. The current data supports the 311 
guess that microbes have diverse relationships between Pathogenic Potential and inoculum. 312 

For C. neoformans, we investigated how the PP and PPT correlated with the infective 313 
inoculum  moth larvae. We found that infections with smaller inocula had a larger PP and PPT, 314 
despite fewer host deaths (Fs and M values) and longer survival times (T). Further, this 315 
relationship i was exponential, meaning that the PP and PPT values increased exponentially with 316 
decreasing inoculum. While this result may seem counterintuitive because lower inoculum 317 
would be expected to produce less severe disease in infected larvae, it makes sense when 318 
considering the survival data. For example, almost 40% of the larvae infected with 103 cells of C. 319 
neoformans died, while less than twice as many (~75%) died from the larvae infected with ten 320 
times as many cells (104). Thus, the average fungal cell in a lower inoculum infection contributes 321 
more towards death than fungal cells in a higher inoculum infection. This relationship may be 322 
exponential because in many microbes, proliferation and growth are exponential, as evident by 323 
the doubling of yeast cells during reproduction. Although immune defenses could reduce the 324 
growth rate in vivo, microbial survivors would still grow exponentially albeit at lower replication 325 
rates. If the pathogenicity of a microbe is related to microbial burden within tissues, then it 326 
makes sense that the relationship between symptomology, mortality, and pathogenicity and the 327 
initial inoculation concentration are also exponential relationships rather than simple linear 328 
ones. 329 

The relationship between Fs/T and inoculum, For C. neoformans infections the 330 
experimental data for the relationship between Fs/T and inoculum was logarithmic . Unlike the 331 
relationship between PPT and inoculum, the Fs/T value increased with increasing inoculum but 332 
plateaued as inoculum increased. This makes intuitive sense since the value of Fs/T roughly 333 
equates to the number of symptomatic individuals or deaths over time. Plotting the linear 334 
relationships of Fs vs. inoculum and Fs/T vs. inoculum allowed us to derive the minimum 335 
inoculum required to cause symptomatic cases/death.  These relationships for C. neoformans 336 
infection in G. mellonella larvae were generally conserved in mammalian models of infection 337 
using different mouse backgrounds and through different inoculation routes. Our calculated LPI 338 
for C. neoformans was one order of magnitude lower for intravenous infection than intranasal 339 
infection, which may be reflective of the extra physical and immunological barrier of the 340 
respiratory mucosa.  The consistency of results between mice and moths suggests that C. 341 
neoformans causes disease in a similar manner in both hosts, and that the resulting 342 
relationships are due to a property of the fungus and/or the immune response, suggesting a 343 
conserved mechanism of virulence.  In mammals the inflammatory response to C. neoformans 344 
can contribute to host damage (26), while in moths, infection can trigger widespread 345 
melanization, which could also damage tissues (27). 346 

The PP and PPT analysis revealed the importance of comparing results from experiments 347 
performed using the same inoculum, especially when comparing the difference in pathogenicity 348 
of different strains of the same microbial species, or when comparing a mutant strain to the 349 
wildtype. Comparing different PP and PPT derived from experiments using different inoculum 350 
could cause the ∆PP to be off by orders of magnitude depending on the nature of the curve.  351 
However, we also demonstrate how pathogenicity data collected using different inocula can be 352 
compared by fitting Fs/T versus I plots thus providing new options for comparative analysis. 353 
Our results provide support for the view the capacity for virulence is relative, such that labelling 354 
a microbe a pathogen under one set of circumstances does not mean the microbe is equally as 355 
pathogenic under a separate set of circumstances. PP and PPT themselves are not intrinsic and 356 
immoveable statements on the absolute pathogenicity of a microbe, but rather provide a way to 357 
holistically and situationally evaluate pathogenicity given specific factors and variables.  358 

We used published data of G. mellonella infection with other microbes to analyze PP vs. I 359 
and PPT vs. I relationships, and found that the linearity of the relationship varied, depending on 360 
the microbe. Fungi such as B. bassiana, nematode species, GmNPV virus, and some bacteria 361 
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manifested an exponential negative relationship between PP and I, while some other bacteria, 362 
namely Streptococcus and Staphylococcus, had linear positive relationships between PP and I, 363 
indicating that each bacteria contributes directly to pathogenicity in a fixed and measurable 364 
amount. Similar trends are seen when we evaluated the PPT vs. I relationship.  365 
 The slope of the linear relationship Fs/T and log(I)  was defined as kPath. The kPath 366 
provides a new way describe the relationship between all the components of pathogenic 367 
potential (morbidity, time until onset of mortality, and inoculum) in a manner that is constant 368 
at any inoculum and can thus allow for comparisons of pathogenicity between different strains 369 
or isolates where the experiments were performed at different inoculum – a comparison that 370 
cannot be fairly made using other pathogenic potential metrics. A high kPath would indicate a 371 
highly pathogenic microbe, as each additional microbe results in a steep increase in disease and 372 
death over time, while a low kPath would indicate a relatively weak microbial pathogen. A kPath of 373 
zero could indicate that the microbe is not pathogenic or that the outcome is not dependent on 374 
the initial infective inoculum. When this is not the case, as it may not be with H. capsulatum or 375 
P. lutzii, it could indicate that the starting inoculum is irrelevant to disease either because of the 376 
presence of a potent toxin that is equally effective in low doses as it is in high doses, or an 377 
irregular and slow growth within the host.  We note that for some for H. capsulatum the values 378 
the kPath had a negative sign, which would indicate less severe disease from increasing inocula. 379 
While we caution on drawing conclusions from this experimental data until confirmed, it is 380 
possible that in some infectious diseases that a threshold inoculum is needed to trigger effective 381 
immunity to control infection, which could result in negative kPath values. In some microbes, 382 
predominantly in bacteria, the relationship between Fs/T and I is linear and not logarithmic. 383 
For these microbes, the kPath would be defined differently, and instead rely on the direct 384 
inoculum itself. The linear kPath equation could be used to compare bacterial virulence in similar 385 
ways between different strains and inoculums. Interestingly, the kPath of C. neoformans in G. 386 
mellonella was nearly the same as it was in mice, again, consistent with the notion that C. 387 
neoformans behaves similarly in murine and Gallerian host immune systems with regards to 388 
virulence. The lines of best fit for PP vs. I, PPT vs. I, and Fs/T vs. I could be used as a method to 389 
roughly predict disease progression and pathogenicity of certain infectious inoculums. This 390 
could be helpful for planning experimental design, where a certain disease progression or 391 
pathogenicity may be desired for the conditions tested (i.e., antimicrobial drug efficacy during a 392 
mild infection).  393 

The relationships between these measures of pathogenicity (PP, PPT, Fs/T, kPath) provide 394 
new potential insights into how the organism cause disease and death within the host. If the 395 
microbe has a positive linear relationship in the PP vs I, PPT vs I, or Fs/T vs I plots, it is 396 
consistent with the notion that disease and death primarily result from increasing microbial 397 
burden, such that each additional microbial cell causes a proportional increase in host damage 398 
that when cumulative would result in the death of the host. This could be a pathogen that 399 
damages the host directly through the production of toxic substances or indirectly by eliciting a 400 
tissue-damaging inflammatory response that kills the host in a dose-dependent manner or that 401 
the host mounts a tissue-damaging inflammatory response that is dependent on microbial 402 
burden or a combination of both. The two microbes with the most consistent linear positive 403 
relationship were Staphylococcus aureus and Streptococcus spp.,  both of which are known to 404 
produce a large suite of toxins during infection (28,29).  Conversely, for a microbe that has a 405 
negative exponential PP vs I or PPT vs I relationship, with a positive logarithmic Fs/T vs I, the 406 
magnitude of starting inoculum makes a large contribution to the outcome of the host-microbe 407 
interaction and the severity of any ensuing disease.  For these microbes, growth and survival in 408 
the host determines disease severity, and abundant growth within the host causes death. 409 
Microbes that fall under this category included C. neoformans, which produces virulence factors 410 
such as melanin, polysaccharide capsule, and urease that predominantly allow the fungus to 411 
persist and survive within the host rather than intoxicate the host. Consistent with this view, 412 
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cryptococcosis tends to be a chronic disease that kills the human host after months of slow and 413 
progressive damage in the brain, often mediated by increased intracranial pressure resulting 414 
from fungal proliferation (30).   415 

In contrast, microbes that produce virulence factors that help survival within the host 416 
and damage the host tissues directly (C. albicans with candidalysin, adhesins, and proteases), 417 
have mixed patterns in their PP, PPT, and Fs/T vs I relationships. C. albicans has no clear PP or 418 
PPT vs I relationship, which may be indicative of complex pathogenesis, where it produces a 419 
smattering of virulence factors that induce host damage, such as serine aspartyl proteases, 420 
candidalysin, and confronts the host with both hyphal and yeast cells (31–36),  biofilms, and 421 
multiple adhesins (35,37–40). For C. albicans, the mixture of the damage and persistence-type 422 
virulence factors could cause no clear PP vs I relationship.  C. albicans does not have a clear 423 
correlation between PP/PPT and inoculum but does have a positive logarithmic Fs/T vs I 424 
relationship, suggests that a mix of host damage and host survival factors may play a role in 425 
determining PP and PPT, but the positive logarithmic Fs/T values are determined more by the 426 
replication and growth of the fungus within the host.  427 

Overall, we note remarkable heterogeneity in the relationships between PP, PPT, I, and 428 
Fs/T for various microbes with one host, Galleria mellonella. We also note that the similarities 429 
observed for C. neoformans curves with G. mellonella and mice suggests commonalities 430 
between the interaction of this fungus with a mammalian and insect host, respectively, and hint 431 
that certain patterns may be conserved.  We consider this study a preliminary exploration of a 432 
complex topic, but we note that it is discriminating amongst pathogenic microbes and provides 433 
new insights into the problem of virulence. We caution that the results described here involved 434 
mostly involved data in the G. mellonella host, which lacks an adaptive immune response. While 435 
we find similarities between PP, PPT, and Fs/T versus I C. neoformans infections in murine and 436 
Gallerian hosts, a more detailed  understanding of the commonalities and differences in host-437 
microbe interactions will require detailed studies in other systems. This is especially the case 438 
with human infections, where there is tremendous variability in immune systems, underlying 439 
conditions, and environmental variables within the global population that would require 440 
nuanced studies and analysis.  441 

In summary, we use the pathogenic potential formalism to describe new and unexpected 442 
relationships between important variables in the study of microbial pathogenesis such as Fs, I 443 
and T. The differences observed here in PP vs. I and Fs/T, imply differences in pathogenesis that 444 
are likely to reflect different strategies to survive within the host, promote their own 445 
dissemination, and cause host damage over time.  For example, if a microbe causes damage 446 
through growth and survival, the order of magnitude (log) inoculum would likely be the relevant 447 
determining factor of disease, whereas if the microbe causes damage through toxins or lytic 448 
proteins, pathogenicity would likely be directly dependent upon each microbial cell 449 
(Summarized in Figure 10). Explaining the differences in the shape and sign of the PP vs. I, PPT 450 
vs. I, and Fs/T curves suggests new avenues for research that could provide fresh insights into 451 
the problem of virulence. 452 

 453 

Materials and Methods 454 
Biological Materials 455 

G. mellonella last-instar larvae were obtained from Vanderhorst Wholesale, St. Marys, 456 
Ohio, USA. Cryptococcus neoformans strain H99 (serotype A) and Candida albicans strain 457 
90028 were kept frozen in 20% glycerol stocks and subcultured into Sabouraud dextrose broth 458 
for 48 h at 30°C prior to each experiment. The yeast cells were washed twice with PBS, counted 459 
using a hemocytometer (Corning, New York, USA), and adjusted to the correct cell count.  460 

 461 
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Infections of Galleria mellonella 462 
Last-instar larvae were sorted by size and medium larvae, approximately 175-225 mg, 463 

were selected for infection. Larvae were injected with 10 µl of fungal inoculum or PBS control. 464 
Survival of larvae and pupae was measured daily through observing movement with a physical 465 
stimulus. 466 
 467 
Literature survey for calculating PP, PPT, and Fs/T for other microbes.  468 

We performed a literature search using combinations of the search terms “Galleria 469 
mellonella,” “inoculum,” “Kaplan-Meier,” “LT50,” “10^4, 10^5, 10^6,” along with the specific 470 
name of the microbe or murine strain we were interested in investigating further. PP, PPT, and 471 
Fs/T were calculated from literature that used G. mellonella as a model to study various 472 
infectious diseases using the following criteria: (1) the survival of at three inoculums were 473 
measured for each microbe, (2) the survival data was measured with enough time resolution to 474 
see the individual Kaplan-Meier survival curve (3) there was clear data that had overall 475 
mortality of the larvae (i.e. an appropriate y-axis to estimate percent mortality), and (4) there 476 
was at least a reported LT50 (median survival time) or a Kaplan-Meier curve (with the exception 477 
of the GmNPV data) in order to calculate the T and Fs values. Overall, we analyzed data from 478 
sixteen papers which mostly fit our criteria. There are other examples in literature that could be 479 
used, however, many do not test more than three inoculums, have host survival data with 480 
insufficient temporal resolution to accurately determine median survival, or do not report 481 
median survival time.  482 
 483 
Statistical analysis and Regressions 484 
 Linear and non-linear regressions were performed using GraphPad Prism Version 8.4.3. 485 
Simple linear regressions were used for the linear regressions. Both semi-log non-linear 486 
regressions and one-phase exponential decay non-linear regressions were used. Regression 487 
method used is described in the figure legend. For some graphs, the 95% confidence interval was 488 
plotted, as calculated by the GraphPad Prism software. Equations of the line used for theoretical 489 
PP, PPT, and Fs/T values were generated by GraphPad and calculated using Microsoft Excel.  490 
 491 
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 623 

 624 
Figure 1. Pathogenic Potential of C. neoformans in G. mellonella. (A). Overlapping plots of the 625 
survival of G. mellonella infected with C. neoformans at an inoculum of 105 cells/larvae. Each of 626 
the 16 survival curves represents a replicate infection with 15 to 30 larvae. The red line indicates 627 
the combined survival curve with a 95% confidence interval. The individual pathogenic potential 628 
(PP) (B) and pathogenic potential in respect to time (PPT) were calculated and plotted. Each 629 
data point in (B) represents the calculated PP or PPT of an individual experiment. Error bars 630 
represent mean with 95% confidence interval.  631 
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 637 

 638 
Figure 2. Pathogenic Potential of C. neoformans as a function of inoculum. (A) Survival curves 639 
of G. mellonella infected with different inocula of C. neoformans, and the calculated FS, T, M, 640 
and pathogenic potentials (PP and PPT) (B). Plots of PP (C) and PPT (D) versus I on log-scaled 641 
x-axes. These show a negative exponential relationship between pathogenic potential and 642 
inoculum, as fitted by a one phase exponential decay function. 95% CI of the exponential fit line 643 
is shown with dotted lines.  644 
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 646 
Figure 3 Determination of kPath for C. neoformans in G. mellonella. (A) Fraction symptomatic 647 
and (B) fraction symptomatic relative to the LT50 for larvae infected with different inocula of C. 648 
neoformans plotted on a log-scaled x-axis. These show that there is a positive logarithmic 649 
relationship between FS and FS/T versus inoculum, as fitted by a semi-log line, in which the x-650 
axis is logarithmic, with 95% CI shown as dotted lines (A and B), or a simple linear regression 651 
for log(I) vs. Fs/T (C).  This relationship can be used to calculate the pathogenicity constant 652 
(kPath) and the lowest pathogenic inoculum (LPI) (C). 653 
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 655 

Figure 4. Pathogenic Potential of C. neoformans in mice. Using  literature values (41–43), we 656 
calculated the (A) pathogenic potential (PP), (B) pathogenic potential in respect to time (PPT), 657 
(C) Fs/T, (C) lowest pathogenic inoculum (LPI),  and (C) kPath for C. neoformans in mouse 658 
models through various inoculation routes. Generally, the trends were consistent between the 659 
fungus in G. mellonella and murine hosts. (A) PP vs I and (B) PPT vs I data was fitted by a one 660 
phase exponential decay function, (C) log(I) vs. Fs/T was fitted by a linear regression, and (D)  661 
Fs/T vs I data was fitted by a semi-log line in which the x-axis is logarithmic. The (C) log(I) vs. 662 
Fs/T and (D) Fs/T vs I slopes were similar between the two hosts, indicating similar kPath values.  663 
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  665 

 666 
Figure 5. Pathogenic potentials of other fungi in G. mellonella hosts. Using existing published 667 
values (5–10), we calculated (A) PP, (B) PPT , and (C) Fs/T for the entomopathogenic fungus 668 
Beauveria bassiana’s. These showed similar relationship to inoculum as C. neoformans. 669 
Similarly, we calculated C. albicans’ (D) PP, (E) PPT, (F) and Fs/T and plotted it versus 670 
inoculum from previously published and new experimental data. We did not see a clear 671 
association of PP and PPT with the inoculum, however, there was a logarithmic relationship 672 
between the inoculum and Fs/T (F). For Histoplasma capsulatum, Paracoccidioides lutzii, and 673 
Paracoccidioides brasiliensis, we used literature sources to calculate the (G) PP, (H) PPT, and (I) 674 
Fs/T vs. inoculum with different strains and temperatures and found that the PP and PPT mostly 675 
had a relationship with inoculum that was best fitted by a one phase exponential decay line.  The 676 
Fs/T values were mostly independent of inoculum used, with the exception of the Pb18 and Pl01 677 
strains at higher inoculums.  (A,D,E) PP vs I and (B,E,H) PPT vs I data was fitted by a one phase 678 
exponential decay function, and (C,F,I) Fs/T vs data was fitted by a semi-log line in which the x-679 
axis is logarithmic. 680 
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 682 
Figure 6. Pathogenic potentials of bacterial species in G. mellonella hosts. Using literature 683 
values (16–21) we calculated the Pathogenic Potential (PP), Pathogenic Potential in regards to 684 
time (PPT), and Fs/T  for (A-C) Listeria spp., (D-F) Salmonella enterica, (G-I) Staphylococcus 685 
aureus, (J-L) Pseudomonas aeruginosa, and (M-O) Group B Streptococcus. Overall, we found 686 
various relationships between the measures of pathogenic potential and the bacterial inoculum 687 
that varied species to species. While most of the (A, D, J) PP values had a negative exponential 688 
relationship with the inoculum and are best-fitted with an exponential decay function, S. aureus 689 
had positive exponential relationships between the (G) PP and (H) PPT versus inoculum, and 690 
(M,N) Streptococcus and (K) P. aeruginosa (PPT only) had positive linear relationships between 691 
the PP and PPT versus inoculum, best-fitted with a simple linear regression. All the bacterial 692 
species investigated besides (F) Salmonella enterica  had a linear Fs/T vs. I relationship, which 693 
is inconsistent with what is seen in fungi. The linear relationship indicates each bacterium 694 
influences the degree and speed of death, rather than the order of magnitude of bacteria.  695 
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  697 
Figure 7. Pathogenic Potential of Nematodes in G. mellonella hosts. Using literature values 698 
(22), we calculated the PP, PPT, and Fs/T for the entomopathogenic nematodes (A-C) 699 
Heterorhabditis spp. strain Hgj  and (D-F) Steinernema carpocapsae strain mg1. Generally, 700 
there were exponential PP vs. I and PPT vs. I relationships (as fitted by a one phase exponential 701 
decay function), as seen with fungi and some bacteria, with some variation in the middle-702 
inoculum groups. The (C,F) Fs/T vs I relationships were best fitted by a one phase exponential 703 
decay (exponential plateau) function .  704 
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  706 
Figure 8. GmNPV Pathogenic Potential. The pathogenic potential of the GmNPV (nuclear 707 
polyhedrosis virus) was calculated from published values (23,24) and plotted against inoculum. 708 
There is a negative exponential relationship between the amount of virus used to infect G. 709 
mellonella and the pathogenic potential in the Stairs 1965 study. In the Fraser and Stairs 1982 710 
study, the relationship is varied, where the lower inocula have a positive exponential 711 
relationship with pathogenic potential, and the higher inocula have a negative exponential 712 
relationship with PP. Both plots are fitted with an exponential one phase decay function.  713 
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   715 
Figure 9. Simulated PP, PPT, and Fs/T values. Simulated PP (A), PPT (B), and Fs/T (C) values 716 
using linear-based methods of calculating Fs and T (black data points) or log-based methods of 717 
calculating Fs and T (pink data points), or a mix of both (green data points), as described by the 718 
formulas in the graph key. Example organisms that fall under each category are listed below 719 
their respective group. PP and PPT values are fitted with a one phase exponential decay 720 
function. The linear based Fs/T values (black and green points) are fitted using a simple linear 721 
regression, whereas the log-based values (pink points) are fitted using a semi-log line.  722 
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 724 
Figure 10. Model for how differing mechanisms of microbial pathogenesis affect PP vs I and 725 
Fs/T relationships. The top panel indicates microbes, such as Streptococcus and Staphylococcus 726 
that produce toxins that have a dose-dependent effect on survival. This results in positive PP vs. 727 
I and a positive linear Fs/T vs I relationships. In the bottom panel is Cryptococcus which has an 728 
exponential negative relationship with PP vs. I and a logarithmic positive relationship with Fs/T 729 
vs. I, which we propose is because Cryptococcus causes host death through fungal burden, 730 
which would be a log-based relationship between starting inoculum and disease, rather than a 731 
dose-dependent linear one.  732 
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